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Abstract 

Mechanical metamaterials have captured the attention of researchers worldwide 

owing to their exceptional mechanical properties. They are poised to emerge as a pivotal 

category of materials that will shape the next generation of innovative materials. 

Research on auxetic materials, a class of mechanical metamaterials, has been ongoing 

for more than four decades, with recent years witnessing a surge in interest in the design 

of 3D auxetic metamaterials. Another class of metamaterials that has shown great 

potential is active metamaterials, which are materials that can have their geometry 

and/or mechanical properties tuned post-fabrication in response to external stimuli. This 

thesis delved into the realm of mechanical metamaterials, focusing on these two distinct 

categories. It introduced a novel design approach for creating 3D auxetic structures and 

conducted an in-depth exploration of magneto-mechanical active metamaterials. The 

3D auxetic systems were intentionally designed to lay the foundation for potential 

future research, envisioning their transformation into active magneto-mechanical 

metamaterials. The mechanical properties of the 3D auxetic structures produced in this 

thesis were investigated through numerical simulations validated by experimental tests. 

It was demonstrated that a system, created through equally sized voids with a constant 

cross-sectional area into a solid material at specific locations in various planes, could 

exhibit a negative Poisson's ratio of approximately -0.5 in multiple directions. This 

behaviour was observed over a significant range of aperture angles for the cross-

sectional areas, especially when the voids were positioned close to each other. A 

scalable inclusion-based active magneto-mechanical metamaterial consisting of 

magnetic inclusions embedded within a non-magnetic matrix was also produced. The 

proposed structure, based on an accordion-like structure, was shown to respond to the 

magnitude and direction of an external magnetic field by tuning its geometry. The basic 

unit was then used to create a number of active systems including the auxetic re-entrant 

honeycomb and egg-rack structures. Finally, iron nanoparticles inclusions were used 

instead of permanent magnets and successfully produced a magneto elastomer. Through 

numerical simulations validated by experimental prototypes, the response to an external 

magnetic field was investigated. The numerical model showed good agreement with the 

experimental tests and following this the effect of nanoparticle concentration and other 

geometric parameters were investigated. 
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Chapter 1 Introduction 

 

Material Science is undergoing a remarkable evolution where new advanced 

materials are transitioning from static and inert systems to sophisticated ones which can 

respond to external stimuli, and others which are capable of dynamically morphing and 

adapting to different environmental conditions. Although these materials are not found 

on the market at present, ongoing research is paving the way for their emergence. The 

field of metamaterials holds tremendous potential in unlocking the possibilities of these 

future materials. Whilst initially the term “Metamaterials” (which refers to materials 

which exhibit counterintuitive properties) was used within the context of optics and 

electromagnetism (Cai et al., 2007; Edel et al., 2023; Maurya et al., 2023; Shalaev, 2007; 

Smith et al., 2004; Sylvere et al., 2021), this notion has branched into other disciplines. 

In fact, mechanical metamaterials (Gatt et al., 2012; J. N. Grima & Caruana-Gauci, 2012) 

are a subset of metamaterials which exhibit unusual mechanical properties, typically a 

negative mechanical index, such as negative Poisson’s ratios(Caddock & Evans, 1989; J. 

N. Grima & Evans, 2000a; R. Lakes, 1987; Wojciechowski, 1995; Wojciechowski K.W., 

Branka, 1994), negative compressibility (Baughman et al., 1998; Gatt et al., 2009; 

Nicolaou & Motter, 2012), and negative stiffness (Hewage, Alderson, Alderson, Scarpa, 

et al., 2016). Their properties are mainly dependent on their geometry and deformation 

mechanism (W. Yang et al., 2004). An important subset of mechanical metamaterials are 

auxetic materials, a term coined by Evans (Evans, 1991a). Auxetic materials are materials 

characterised by a negative Poisson’s ratio (NPR), i.e., materials that contract or expand 

transversely when subjected to a uniaxial compressive or tensile force, respectively, as 

described by Equation 1.1. This behaviour is unlike that of conventional materials which 
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expand transversely in response to a uniaxial compressive force (J. N. Grima, Farrugia, 

Caruana, et al., 2008) as depicted in Figure 1.1.  

𝜈𝑖𝑗 = −
𝜀𝑗

𝜀𝑖
           (1.1) 

where ij
 is the Poisson’s ratio in the Oxi - Oxj plane, 𝜀𝑗  is the strain observed in the Oxj 

direction and 𝜀𝑖 is the strain applied in the Oxi direction. 𝜀𝑗 may be defined as 
𝑑𝑙𝑗

𝑙𝑗
∘  and 𝜀𝑖 

may be defined as 
𝑑𝑙𝑖

𝑙𝑖
∘ , where 𝑑𝑙𝑗 and 𝑑𝑙𝑖 are the changes in length in the Oxj and Oxi 

directions respectively while 𝑙𝑗
∘and 𝑙𝑖

∘are the original lengths in the Oxj and Oxi directions 

respectively. 

 

Figure 1.1. A diagram depicting the difference in the response of a positive, zero and 

negative Poisson's ratio to a uniaxial tensile force. Image adapted from (K. K. Dudek, 

2018) 

The presence of an NPR is associated with several desirable material properties 

including superior shear (Fan et al., 2022), indentation (Argatov et al., 2012; Coenen & 

Alderson, 2011; Z. Li et al., 2021), impact (K. K. Dudek et al., 2019a; T. Li et al., 2020b), 

fracture resistance (Morin-Martinez et al., 2023), as well as better energy absorption 

performance (S. Hou et al., 2015; Imbalzano et al., 2016; L. Jiang & Hu, 2017; Steffens 

et al., 2021), as compared to materials with positive Poisson’s ratio. Furthermore, NPR 

systems can have variable permeability (C. Li et al., 2020a) and exhibit synclastic 

curvature (S. Hou et al., 2015; Imbalzano et al., 2016; L. Jiang & Hu, 2017). For this 
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reason, it is expected that auxetic materials and structures can be used to design innovative 

products having an improved performance across a number of industries including, but 

not limited to, the biomedical (Y. Kim et al., 2021), textiles (Liaqat et al., 2017; Zeng et 

al., 2017) (in particular for sports applications (Allen et al., 2017; Sanami et al., 2014)) 

as well as the automotive (K. K. Dudek et al., 2020; K. K. Dudek, Gatt, et al., 2018; Y. 

Ma et al., 2013) and aerospace industries (Z. Wang et al., 2016). Examples of such 

products comprise vibration dampers (K. K. Dudek et al., 2020; K. K. Dudek, Gatt, et al., 

2018; Y. Ma et al., 2013), smart sensors (Q. Li et al., 2017; S. L. Zhang et al., 2017), 

adaptable body armour (K. K. Dudek et al., 2019a), seat cushions (Y. C. Wang & Lakes, 

2002), smart filters (A. Alderson et al., 2000; Warmuth et al., 2017), acoustic isolators 

(Bertoldi et al., 2010), magnetic auxetic systems (K. K. Dudek, Wolak, et al., 2017) such 

as thin memory films in computer technology (M. R. Dudek & Wojciechowski, 2008) 

and applications where impact (K. K. Dudek et al., 2019a), indentation and fatigue 

resistance (K. L. Alderson et al., 2005; Bezazi & Scarpa, 2009) are required.  

More recent developments include investigations of active auxetic metamaterials 

which possess the unique ability to adjust their properties in response to external stimuli 

(Y. Kim et al., 2018). In this class of materials, magnetically actuated metamaterials have 

garnered significant attention. These reconfigurable metamaterials offer tunable 

properties and geometries after fabrication. Their adaptable and programmable geometry 

has been used in wave manipulation, filtering, and cloaking for aerospace and defence 

applications (S. Wu et al., 2022). A wide range of magneto-mechanical metamaterials 

have been proposed (W. Han et al., 2021; X. Liang et al., 2022; Schroeders, 2021), 

however, the unique properties of metamaterials combined with the magnetically actuated 

tunable geometry has been particularly advantageous in the design of multifunctional soft 

robots and biomedical devices (S. Wu et al., 2019).  
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Another important aspect, which sometimes is not given enough importance, is 

the ability to manufacture such advanced materials. The extensive studies of 2D auxetic 

systems has been led to a large selection of manufacturing methods ranging from 

traditional manufacturing methods namely moulding (Bertoldi et al., 2010; Shen et al., 

2014), milling and perforations (Mizzi et al., 2019) to 3D-printing additive manufacturing 

techniques such as fused deposition modelling (FDM) (Vyavahare & Kumar, 2021), 

stereolithography (SLA) (Varas et al., 2023), selective laser sintering (SLS) (Geng et al., 

2019), selective laser melting (SLM) (Ulbin et al., 2020), electron beam melting (EBM) 

(Gunaydin et al., 2019) amongst others. However, when considering the complex 

geometry of 3D auxetic systems, such systems have been predominantly produced 

through 3D printing (Y. Gao et al., 2021; Khadem-Reza et al., 2022; L. Wang et al., 2022; 

Zheng et al., 2021). In fact, since 3D printing is difficult to scale up and mass produce, 

the reliance on this manufacturing method has limited the adoption of 3D auxetic systems 

for industrial applications.  

Notwithstanding all of the above, there are still several lacunae in the scientific 

knowledge of these systems. For instance, no attempt has been made to propose a design 

method that can be used to produce 3D auxetic metamaterials having continuous voids of 

constant cross-sectional area. Furthermore, the field of magnetically actuated mechanical 

metamaterials is still relatively novel and a wide range of auxetic structures have yet to 

be explored. Research on magnetically actuated metamaterials exhibiting NPR in 

multiple planes is still limited and the possibility of implementing this on a milli-, micro- 

or perhaps nano- scale have yet to be investigated. 

In view of the above, this thesis aims: (1) to propose 3D systems having 

continuous voids of constant cross-sectional area and investigate them vis-à-vis their 

potential to exhibit a negative Poisson’s ratio and (2) to develop a scalable inclusion-



5 
 

based magneto-mechanical metamaterial. In order to achieve these aims, the research 

performed in this thesis will be divided into two main parts, with the first part focusing 

on 3D auxetic designed to have continuous voids of constant cross-sectional area and the 

second part, focusing on active mechanical metamaterial having magnetic inclusions. 

Furthermore, the use of iron nanoparticles as magnetic inclusions in an active mechanical 

metamaterial will also be explored and the structures response to an external magnetic 

field will be studied. 

In order to achieve these aims, Chapter 2 will present a literature review where 

existing literature on auxetic metamaterials will be discussed. Emphasis will be made on 

the present gaps in the research field and the challenges that this thesis aims to tackle. In 

Chapter 3 a novel auxetic material will be proposed and investigated which is capable of 

exhibiting an NPR in multiple directions. This 3D auxetic metamaterial will be composed 

of continuous diamond-shaped voids of constant cross-sectional area and the study will 

investigate its NPR. A plethora of structures that arise from this configuration will be 

discussed and will be later expanded on in Chapter 4 by investigating structures having 

elliptical and stadium-shaped voids.  

In Chapter 5, the focus will shift onto creating an active mechanical metamaterial 

having magnetic inclusions. Initially an accordion-like base unit will be investigated and 

its response to an external magnetic field will be explored. This structure will later serve 

to design multi-layered systems capable of exhibiting an NPR and in Chapter 6 this will 

be extended to an egg-rack-like system capable of exhibiting NPR. Finally, the accordion-

like model will be used as a template to create an active magneto-mechanical 

metamaterial having iron nanoparticles inclusions. Furthermore, the possibility of a 

nanoparticle inclusion-based auxetic mechanical metamaterial and its benefits will be 

discussed.
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Chapter 2  Literature Review 

 

The main aim of this chapter is to introduce the subject matter of this thesis i.e., 

auxetic materials and magnetomechanical metamaterials. Furthermore, since the research 

in this thesis will be mainly conducted through FEA simulations, this methodology as 

applied to mechanical metamaterials (particularly auxetic systems) will also be reviewed. 

In view of this, this chapter will be divided into three main parts. In the first part, a general 

discussion on the main geometries/deformation mechanisms which has been used to 

describe auxetic behaviour will be presented. This section of the review will mainly focus 

on analytical models as further analysis of systems based on these models using FEA will 

be discussed in the second part of the discussion. Also, since most of these models has 

been known for some time, this part of the review will be based on literature of the past 

twenty years. This will be followed by an overview on literature pertaining to the 

application of Finite Element Analysis as applied to research in auxetic materials. The 

third and final part of this chapter will focus on perforated auxetic metamaterials and 

moves on to discuss active auxetic metamaterials with an emphasis on the research of 

magneto-mechanical metamaterials. Having discussed various research on the subject 

matter, lacunae identified in this study will be discussed and the main aims and scope of 

this study will be discussed at the end of this chapter. 
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2.1 Auxetic Metamaterials 

2.1.1 Introduction 

The field of auxetic metamaterials is a rapidly growing area in materials science 

research encompassing a wide range of structures and auxetic systems. The study of 

materials exhibiting a negative Poisson’s ratio sparked from the discovery of naturally 

occurring auxetic crystalline systems (Aouni & Wheeler, 2008; Berlincourt & Jaffe, 

1958; Boppart et al., 1980; Kittinger et al., 1981) and naturally occurring auxetic 

biomaterials (Gatt, Vella Wood, et al., 2015; Veronda & Westmann, 1970). However, the 

major leap in research occurred in 1987 when Roderic S. Lakes and his group successfully 

produced an auxetic foam (R. Lakes, 1987). In this study and subsequent investigations, 

it was shown that auxetic foams possessed enhanced properties when compared to their 

conventional counterparts including increased indentation resistance, shear stiffness and 

damping  amongst others (Allen et al., 2015; Bezazi et al., 2008; Bhullar et al., 2014; J. 

B. Choi & Lakes, 1995; Friis et al., 1988; R. Lakes, 1987; Mohsenizadeh et al., 2019; 

Scarpa et al., 2002, 2005). It was during this time that other researchers designed and 

produced structures to exhibit negative Poisson’s ratios with pioneers such as Kenneth E. 

Evans (Caddock & Evans, 1989; Evans, 1991a, 1991b) and Kryzystof W. Wojciechowski 

(Wojciechowski, 1987, 1989; Wojciechowski & Brańka, 1989) contributing significantly 

to the research of auxetics investigating other classes of auxetic materials.  

In fact in the early days, the theoretical studies by Wojciechowski investigated the 

a new class of auxetic materials where hard discs were organised and attached in 

particular arrangement to exhibit auxetic behaviour (Wojciechowski, 1987; 

Wojciechowski & Brańka, 1989). The hard discs were meant to represent atoms, and in 

fact the hard cyclic hexamers proposed initially were representative of a 2D model of 

benzene molecules adsorbed on a surface. Other researchers expanded on the hard discs 



8 
 

concept and with advances in technology, 3D structures were considered resulting in the 

hard spheres which have been applied in different branches of the nanotechnology 

industry (Narojczyk et al., 2016, 2019, 2022; Pigłowski et al., 2016; Tretiakov & 

Wojciechowski, 2014, 2005, 2007; Tretiakov et al., 2016). One of the most investigated 

arrangements is the FCC (Face-Centered Cubic) crystal structure of Yukawa particles 

(Narojczyk, Tretiakov, et al., 2022; Tretiakov & Wojciechowski, 2005a) which were 

shown to be partially auxetic, reaching a negative Poisson’s ratio of −0.4 in the 

direction   (Tretiakov & Wojciechowski, 2014). In a recent study by Narojczyk 

et al, the effect of inclusions on the auxetic properties of FCC hard sphere crystal were 

investigated. It was found to alter the symmetry of the crystal which decreased the 

Poisson’s ratio, recording values as low as −0.873 (Narojczyk et al., 2019). Other 

structures were investigated namely hard cyclic tetramers (Tretiakov, 2009; Tretiakov & 

Wojciechowski, 2020, 2022) and hard dimers (Narojczyk et al., 2016; Tretiakov & 

Wojciechowski, 2006).  This work is especially interesting when taking into account the 

advances in nanotechnology opening the potential of producing auxetic nanocomposites 

which would be auxetic at the atomic level. 

Another direction in auxetic research led to microstructured polymers exhibiting 

a negative Poisson’s ratio.  The first studies investigated polytetrafluoroethylene which 

was shown to be able of exhibiting a negative Poisson’s ratio of −12 in one 

direction(Caddock & Evans, 1989). Subsequent work on this class of auxetic materials 

investigated the use of other polymers and the mechanical properties the structures 

exhibited (K. L. Alderson et al., 2002; Chirima et al., 2009; Pickles et al., 1995; Ravirala 

et al., 2005, 2006). Over the last few decades, other classes of materials exhibiting a 

auxetic behaviour have been discovered or produced ranging from the nano-scale to the 

macro-scale and research has shown that the auxetic behaviour between the different 
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materials can be distinguished using models based on features in (1) the geometry of the 

system and (2) the deformation mechanism (A. Alderson, 1999). Ample geometries and 

deformation mechanisms that exhibit a negative Poisson’s ratio has been identified. In 

view of this, this review, will only highlight research on the most impactful and 

extensively studied geometries in this field, namely re-entrant structures, chiral structures 

and rotating rigid unit structures. 

 

2.1.2 Re-entrant Systems 

One of the first and most studied re-entrant systems is the hexagonal re-entrant 

honeycombs depicted in Figure 2.1(b). These systems were developed by Abd el-Sayed 

et al. who derived analytical models investigated the in-plane mechanical properties of 

hexagonal honeycombs deforming through the flexure of ribs and concluded that the 

configuration exhibited (Abd El-Sayed et al., 1979). Later theoretical models describing 

re-entrant honeycombs confirmed that such systems indeed exhibit a negative Poisson’s 

ratio (L. J. J. Gibson et al., 1982) and in the following years, researchers proposed models 

that would serve as more reliable representations of these systems by considering the 

deformation of the structure through hinging and stretching in combination with flexure 

(Evans et al., 1995; L. J. Gibson & Ashby, 1997; Masters & Evans, 1996). These models 

showed that the Poisson’s ratio was dependant on both the geometry and the deformation 

mechanism of the system, where the conventional honeycomb was shown to exhibit a 

negative Poisson’s ratio when deforming through stretching and a positive Poisson’s ratio 

when deforming through hinging (see Figure 2.1). On the other hand the re-entrant 

honeycomb was shown to exhibit a positive Poisson’s ratio when deforming through 

stretching and a negative Poisson’s ratio when deforming through hinging (see Figure 

2.1), emphasising the point that the Poisson’s ratio of a system depends on both the 
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geometry and the deformation mechanism. Subsequent studies on re-entrant honeycombs 

were carried out over the years investigating their off-axis properties (Grediac, 1993; Ju 

& Summers, 2011; Scarpa et al., 2000), out-of-plane behaviour (D. H. Chen & Ozaki, 

2009; Evans, 1991b; Lorato et al., 2010) and the effect of changes to geometric 

parameters (Overaker et al., 1998; Whitty et al., 2002; D. U. Yang et al., 2003). In other 

studies, the acoustic and vibration properties of re-entrant honeycomb structures were 

shown to be superior  to their to their conventional counterparts through their ability to 

reduce transmissions of vibrations and sound (Sparavigna, 2007a, 2007b). 

 

Figure 2.1. Depiction of the effect of geometry and deformation mechanism on the 

Poisson’s ratio of (a) honeycomb and (b) re-entrant honeycomb systems. Image taken 

from Grima et al. (J. N. Grima et al., 2013) 

 

Apart from re-entrant honeycombs, there are also other types of re-entrant systems 

that may exhibit auxetic behaviour. One such example is structures composed of star-
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shaped units, often referred to as STAR-n systems, depicted in Figure 2.2. These 

structures were investigated in several studies where they were primarily used to design 

systems with the potential to exhibit negative Poisson’s ratio and negative compressibility 

(A. Alderson, Alderson, Attard, et al., 2010; J. N. Grima, Gatt, et al., 2008). In a study 

by Rad et al. this system was extended to a 3D auxetic system based on the STAR-4 

system (Rad et al., 2015). Other noteworthy auxetic systems based on the re-entrant 

geometry include Almgrem’s re-entrant honeycombs having additional rods which was 

used to produce 2D and 3D auxetic systems (Almgren, 1985) and the arrow-head system 

proposed by Larsen et al. (Larsen et al., 1997), shown in Figure 2.3. Properties of the 

latter have been investigated numerically and experimentally in several studies indicating 

that this design is also suitable for the design of more complex mechanical metamaterials 

(Crumm & Halloran, 2007; Larsen et al., 1997; J. X. Qiao & Chen, 2015; Rafsanjani & 

Pasini, 2016; Spagnoli et al., 2015).  

 

Figure 2.2. A depiction of the various tessellations that can be constructed using the 

STAR-n model where n is the rotational symmetry. The structures depicted above were 

acquire when (a) n = 1, (b) n = 3, (c) n = 4 and (d) n = 6. Image taken from Grima et 

al.(J. N. Grima, Gatt, et al., 2005b). 
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Figure 2.3. (a) Double arrow auxetic honeycomb and (b) the unit cell’s parameters 

suggested by Larsen et al. Image taken from Qiao and Chen (J. Qiao & Chen, 2015).  

 

Recently, a shift toward 3D auxetics has led to the design of 3D re-entrant 

honeycomb structures due to research and advances in manufacturing processes. 3D 

auxetics offer a number of advantages over their 2D counterparts especially in 

applications where forces could be applied in multiple directions such as car bumpers and 

protective equipment. This allows the structure to exhibit indentation and impact 

resistance in multiple directions. To this end a number of studies proposed re-entrant 

mechanisms designed to deform auxetically in three-dimensions, with some examples 

being the tetrakaidecahedron system (see Figure 2.4(a)) (J. B. Choi & Lakes, 1995) and 

modified version of hexagonal honeycombs (see Figure 2.4(b)) (Almgren, 1985; Evans 

et al., 1994; J. N. Grima, Caruana-Gauci, et al., 2012a; Krödel et al., 2014; Schwerdtfeger 

et al., 2012; Shokri Rad et al., 2014; K. Wang et al., 2015).  These 3D lattices were 

experimentally shown to have excellent energy absorption capabilities and compression 

stiffness and in fact some structures were proposed for the automobile industry as 

dampers (Lvov et al., 2020; S. Wang et al., 2022) and other protective structures (Teng 

et al., 2022). 
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Another type of 3D re-entrant system that can exhibit auxetic behaviour is the so-

called “fibril and node” system, whose concept was initially proposed by Alderson et al. 

in 1993 (K. L. Alderson & Evans, 1993). Similarly to their two-dimensional counterparts, 

these systems can exhibit negative Poisson’s ratio in three dimensions (see Figure 2.4(c-

d))  (K. L. Alderson et al., 1997; Gaspar et al., 2011; Z. Zhang et al., 2013; Z. K. Zhang 

et al., 2013). Other studies produced re-entrant structure which were organised into 

tubular structure resulting in a structure which was able to deform in three dimensions. 

An example of this was done in the study by Ruan et al. on the intravascular stent (Ruan 

et al., 2019).  

 

Figure 2.4. Three-dimensional auxetic structures based on the re-entrant mechanism 

namely; (a) the tetrakaidecahedron system, image taken from Choi et al.(J. B. Choi & 

Lakes, 1995), (b) Three-dimensional re-entrant honeycombs proposed by Evans et al., 

image taken from Evans et al. (Evans et al., 1994), (c-d) fibril and node system, image 

taken from Gaspar et al. and Zhang et al. respectively (Gaspar et al., 2011; Z. Zhang et 

al., 2013). 
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2.1.3 Chiral 

Auxetic chiral systems are another class of auxetic structures in which structure 

and/or sub-units cannot be superimposed on their mirror image. Chiral systems with a 

negative Poisson’s ratio were first described by Wojciechowski in 1989 (Wojciechowski, 

1989) and later implemented as a structure by Lakes (Prall & Lakes, 1997). In his work, 

Lakes described a structure composed of circular nodes connected to each other by means 

of ligaments, with each node having six tangentially attached ligaments of equal length. 

Furthermore, in this structure, two nodes to a single ligament reside on different sides of 

the ligament. The resulting structure was termed by Lakes and co-workers as hexachiral, 

see Figure 2.5(a). When loaded, the hexachiral structure was shown to deform through 

flexure of the ligaments and to exhibit a Poisson’s ratio of -1, independently of the size 

of the nodes and length of the ligaments (R. S. Lakes, 1991; Prall & Lakes, 1997). 

 Another system made from rigid nodes connected together through ligaments that 

flex upon deformation was proposed by Sigmund et al. (Sigmund et al., 1998; Sigmund 

& Torquato, 1999). The configuration proposed by Sigmund had four tangentially 

attached ligaments to each node, with two nodes attached to a single ligament situated on 

the same side of the ligament (see Figure 2.5). This results in a system that has chiral sub-

units (one quarter of a unit cell), but the system as a whole is not chiral. Furthermore, due 

to the different alignment of the nodes with the ligaments these structures deform in a 

different manner when compared to the hexachiral system. In fact, in the hexachiral 

system, the nodes rotate in the same direction when deformed, whilst in the system 

proposed by Sigmund, neighbouring nodes rotate in opposite directions. A general 

nomenclature system was then proposed by Grima and co-workers where systems having 

the nodes on different sides of the connecting ligament were termed as ‘Chiral’ while 

those having the nodes on the same side of the connecting ligament were termed as ‘anti-
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chiral’ (J. N. Grima, 2000). Another additional configuration was investigated where both 

chiral and anti-chiral systems were combined to create meta-chiral systems which are 

only possible for n = 3 or 4 (J. N. Grima, Gatt, et al., 2008). It is also worth noting that in 

the case of systems that have ligaments which are tangentially attached to the nodes 

(having n-fold symmetry), have equal ligament lengths and have equal node sizes, it was 

shown that space-filling chiral systems may only assume n-fold symmetries which 

correspond to n = 3, 4, 6 (A. Alderson, Alderson, Attard, et al., 2010), whereas the anti-

chiral systems may only form a space-filling configuration for n = 3, 4 (J. N. Grima, Gatt, 

et al., 2008). These structures were later characterised and the 4- and 6- connected 

honeycombs were shown to be auxetic, having a Poisson’s ratio close to -1 provided that 

the structure was not allowed to shear. However, trichiral systems were shown to exhibit 

a positive Poisson’s ratio whilst anti-trichiral systems exhibited a negative Poisson’s 

ratios only in the short ligament limit(A. Alderson, Alderson, Attard, et al., 2010).  

 

Figure 2.5. The various configurations of space-filling chiral and anti-chiral structures 

namely (a) hexachiral, (b) tetrachiral, (c) trichiral, (d) anti-tetrachiral and (e) anti-

trichiral 
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 Chiral auxetics have gained increasing attention over the years due to the advances 

in additive manufacturing and in fact numerous chiral and anti-chiral systems are 

proposed and investigated every year (Afdhal et al., 2023; Bodaghi et al., 2023; Lorato 

et al., 2010; Miller et al., 2010; Scarpa et al., 2007; Spadoni et al., 2005; Yusuf İnan et 

al., 2023; Y. Zhou et al., 2023). Studies have established that chiral systems exhibit 

enhanced flat-wise compressive strength and enhanced transverse shear resistance. In a 

recent study on the effect of geometric dimensions of a trichiral system on its strength 

was investigated experimentally. It was shown that whilst thickness, diameter, and length 

of ligament are inversely related to compressive strength, thickness and ligament length 

have a parabolic relationship with tensile strength and in fact through changes in 

geometric dimensions the researchers obtained a 4.5 times increase in tensile strength 

(Yusuf İnan et al., 2023).  

 More recently, research in auxetics has shifted to 3D auxetic systems with a 

number of studies having successfully produced 3D chiral systems namely, cross chiral 

auxetic structure (Q. Wang et al., 2020), axisymmetric chiral cellular structures (Novak, 

Mauko, et al., 2022; Novak, Nowak, et al., 2022) and cubic chiral auxetic structure (H.-

H. Huang et al., 2016). In the latter study by Huang et al. a set of design rules and 

procedures were developed for creating 3D chiral cubic auxetic structures due to the 

complexity of these structures (H.-H. Huang et al., 2016). Whilst the complexity of these 

structure is a significant hurdle, research has sought to bypass this by using computers. 

In fact, in a recent study by Zhou et al., a ready-to-manufacture optimization design of 

3D chiral auxetics for additive manufacturing was developed. In this study, the estimated 

numerical Poisson’s ratio and experimentally tested Poisson’s ratio showed good 

agreement providing a reliable design method (Y. Zhou et al., 2023).  
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2.1.4 Rotating rigid units systems 

In the rotating rigid units mechanism, auxetic behaviour occurs as a result of rigid 

units connected at their vertices rotating relative to each other upon the application of a 

stress. The first tesselatable structure based on the rotation of rigid units was proposed by 

Grima and Evans (J. N. Grima & Evans, 2000a) and Ishibashi and Iwata (Ishibashi & 

Iwata, 2000), inspired by the design of Sigmund (Sigmund, 1995). The Poisson’s ratio 

may depend on a number of factors, such as the shape of the rigid unit, relative lengths 

and the angle between the rigid units. For example, it was shown through analytical 

modelling that systems composed of connected squares (see Figure 2.6(a)) or connected 

triangles (see Figure 2.6(B)), that deform through relative rotation of connected polygons, 

yield a Poisson’s ratio of -1, with the assumption of having fully rigid units (J. N. Grima 

& Evans, 2000a, 2000b, 2006).  

 

Figure 2.6. A depiction of the auxetic deformation of the proposed (a) rotating rigid 

squares mechanism (image taken from Grima and Evans (J. N. Grima & Evans, 2000a)) 

and (b) rotating rigid equilateral triangles (image taken from Ali et al.(M. N. Ali et al., 

2014a)).  

 

Research was also extended to other geometrical systems made up of rigid rotating 

units. For example research has shown that changing the geometry from an equilateral 

triangle to an isosceles or scalene triangle results in a multitude of different Poisson’s 

ratios (both positive and negative) whose magnitude and sign was dependant on the 
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triangle’s shape and angle between the triangles(J. N. Grima, Chetcuti, et al., 2012). 

Similarly, the rotating rigid squares model was extended to other polygons, namely 

rectangles, rhombi and parallelograms (see Figure 2.7(a)) (Attard et al., 2016; J. Grima 

et al., 2004; J. N. Grima, Gatt, et al., 2005; J. N. Grima et al., 2011). When using such 

polygons, the possibility of having different connectivities arise. When employing rigid 

rectangles, two types of connectivities are possible (see Figure 2.7(b)). In the first 

configuration, the long side of a rectangle is joined to the long side of the adjacent 

rectangles and short side of a rectangle is joined to the short side of the adjacent rectangle, 

in which case Type I rotating rectangles are obtained. The second possible connection is 

when the long side of a rectangle is connected to the short side of the adjacent rectangle, 

in which case Type II rotating rectangles are obtained. The Poisson’s ratio obtained is 

dependent on the type of connectivity. In the case of Type I rotating rigid rectangles, both 

positive or negative Poisson’s ratio may be obtained, depending on the aspect ratio of the 

rectangle, and the angle between the rectangles, whilst in the case of the Type II rotating 

rectangles a Poisson’s ratio of −1 is always obtained. 

In the case of rhombi, it was also determined that two types of connectivities are 

possible; Type α where the obtuse angle of the rhombus is attached to the acute angle of 

the adjacent rhombus and Type β, where the obtuse angle of a rhombus is attached to the 

obtuse angle of the adjacent rhombus (J. N. Grima, Farrugia, Gatt, et al., 2008). Type α 

rhombi were found to be highly anisotropic and could exhibit both negative and positive 

Poisson's ratios depending on the shape of the rhombi and the angle between them 

whereas Type β systems were shown to be isotropic with a constant in-plane Poisson's 

ratio of –1(Attard & Grima, 2008). When using parallelograms as the rigid units, four 

different connectivities are possible, Type I and Type II as in the case of the rectangles 

and Type α and Type β as in the case of the rhombi (Attard, Manicaro, & Grima, 2009a; 
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J. N. Grima, Farrugia, Gatt, et al., 2008). In the same work, mathematical models were 

derived describing their behaviour when deforming through hinging from which the 

Poisson’s ratio could be acquired.  

 

Figure 2.7. Rotating rigid units based on irregular polygons namely (a) scalene triangles 

(image taken from Grima et al.(J. N. Grima, Chetcuti, et al., 2012)) and (b) Type I 

(above) and Type II (below) rectangles (image taken from Grima et al. (J. N. Grima, 

Gatt, et al., 2005a)) 

 

Figure 2.8. A figure depicting six different models; (a) Type α rhombi, (b) Type I α 

parallelograms, (c) Type II α parallelograms, (d) Type β rhombi (e) Type I β 

parallelograms, (f) Type II β parallelograms for the rotating rigid units mechanism using 

rhombi and parallelograms with different connectivity. (Image taken from Grima et al. 

(J. N. Grima, Farrugia, et al., 2008)) 
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Further studies also investigated the auxetic behaviour by connecting different-

sized squares and rectangles (see Figure 2.9). In this case it was shown that the resulting 

Poisson ratios were shown to be dependent on the shape and relative size of the rectangles, 

the angle between the rectangles and also the direction of loading (J. N. Grima et al., 

2011). Other studies also investigated semi-rigid systems where it was found that the 

deformation of the rigid units compete with the auxetic mechanism and thus the interplay 

of the deformation mechanisms determine whether the structure would exhibit a positive 

or negative Poisson’s ratio and its magnitude (Attard, Manicaro, Gatt, et al., 2009; 

Dmitriev, 2007; Dmitriev et al., 2005; J. N. Grima et al., 2007).  

 

Figure 2.9. Auxetic structures created by connecting (a) different-sized squares, (b) 

squares and rectangles, (c-e) different-sized rectangles using different connecting 

points. (Image taken from Grima et al. (J. N. Grima et al., 2011). 

 

Another breakthrough in the research on rotating rigid units was proposed by Gatt 

et al. with the introduction of hierarchical auxetic structures based on the rotating rigid 

units mechanism. The multi-levelled, square-based structure was proposed whose extent 

of auxeticity, aperture and the several pores’ sizes could be controlled through the design 
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(Gatt, Mizzi, et al., 2015). A number of studies proposed other designs of hierarchical 

auxetic structures and investigated the enhanced mechanical properties and variable 

auxeticity that is innately attributed to them due to the nature of hierarchical structures 

(K. K. Dudek et al., 2022; X. Li et al., 2021; Mizzi & Spaggiari, 2020; Y. Tang & Yin, 

2017). 

A major leap in auxetic research came with the proposal of 3D auxetic 

mechanisms which broadened the applicability of the materials in question. As discussed 

previously, 3D auxetic mechanisms are capable of exhibiting a negative Poisson’s ratio 

in multiple directions and are therefore superior to 2D auxetic mechanisms in areas where 

forces may be applied from multiple directions. In 2012, Attard and Grima proposed a 

3D rotating rigid cuboids mechanism where cuboids were attached solely through the 

edges, shown in Figure 2.10(a), forming a hexagonal pattern (Attard & Grima, 2012). 

This structure was shown to exhibit NPR in some planes depending on the angle between 

the cuboids. In the study, a system in which rotating cubes were joined by their vertices 

was also suggested to exhibit an NPR. Meanwhile in the work by Andrade et al., they 

proposed a structure where the cubes were connected through the vertices and edges, 

shown in Figure 2.10(b), which yielded anisotropic NPR nearing -1 magnitude (Andrade 

et al., 2018). In the study by Kim et al. the Poisson’s ratio of three-dimensional structures 

made of triangular prisms, hexagonal prisms and square prisms connected at their vertices 

which deformed via a 3D auxetic mechanism was also investigated (J. Kim et al., 2017). 

In this study an analytical model was derived verified through numerical simulations and 

the Poisson’s ratio formula for three 3D auxetic structures were derived. As 

manufacturing methods improve, complex architected structures consisting of connected 

polyhedral units were also produced such as the systems by Sorrentino et al. and Tanaka 
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et al. which were shown to exhibit negative Poisson’s ratio (see Figure 2.10(d)) 

(Sorrentino & Castagnetti, 2023a; Tanaka et al., 2021).  

 

Figure 2.10. Three dimensional structures proposed by (a) Attard and Grima (Attard & 

Grima, 2012), (b) Andrade et al. (Andrade et al., 2018), (c) Kim et al. (J. Kim et al., 

2017) and (d) Sorrentino et al. (Sorrentino & Castagnetti, 2023b), which deform via an 

auxetic 3D rotating rigid units mechanism. (Images taken from the respective studies) 

 

2.2 Finite Element Analysis in Auxetics Research 

2.2.1 Introduction 

 The last three decades have seen an extensive growth of our knowledge about 

auxetics. Recognizing the benefits associated with having a negative Poisson’s ratio, 

scientist have availed themselves of various research tools to characterize, optimize end 

even design de novo metamaterials which exhibit a negative Poisson’s ratio. In order to 

advance in the budding field of auxetics with such a wide variety of potential structures, 

pure experimental research approaches were not always deemed feasible, especially 

before the advent of 3D printing. This may be attributed in part to complex geometries 

that auxetic structures, particularly 3D systems have. As a consequence of this, 

researchers have mostly used numerical analysis to study potential auxetic metamaterials, 

using experimental results and analytical studies to verify the numerical results obtained 

(Abbaslou et al., 2023; M. N. Ali et al., 2014b; Alomarah et al., 2019, 2020; S. Z. Khan 

et al., 2021; C. Li et al., 2021; Shah, Khan, Koloor, et al., 2022; W. Wu et al., 2018b; W. 

Yang et al., 2022; J. Zhang, Lu, Ruan, et al., 2018; J. Zhang, Lu, Wang, et al., 2018a). 
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 One of the numerical approaches which researchers have used to make significant 

inroads in the field of auxetics is the Finite Element Analysis (FEA), a method that is able 

to calculate how a system behaves under specific physical conditions. This method dates 

back to the 1940s where researchers such as Hrennikoff and Courant sought to overcome 

the mathematical difficulties when applying the theory of elasticity (Courant, 1943; 

Hrennikoff, 1941). In 1956, the FEA method was adopted by the aerospace industry, since 

the method of finite elements allowed the modelling of complex geometries and provided 

an instant analysis on their mechanical properties (Trivedi, 2014). The method has been 

shown to determine the location, magnitude, and direction of forces and assign stresses 

which are then theoretically measured. Furthermore, especially during the design stages, 

a reliable finite element analysis reduces the need for prototypes as it provides a quick 

and non-invasive and repeatable analysis (J. Gao et al., 2006; Moens & Vandepitte, 2006; 

Viceconti et al., 2007). 

 Within a few decades the method was adopted by a number of research fields from 

dentistry (Aparna et al., 2021; Srirekha & Bashetty, 2010; Tatarciuc et al., 2021; Thresher 

& Saito, 1973; Valera-Jiménez et al., 2020) to biomechanics (Galbusera et al., 2020; 

Huiskes & Chao, 1983; Mengoni, 2020; Phellan et al., 2021) amongst others (Cremonesi 

et al., 2020; Fadiji et al., 2018; X. Liang et al., 2020; Müzel et al., 2020), since the finite 

method provided a solution to many of the problems of material analysis by calculating 

the physical measurements of stress within a structure (Wood et al., 2008). The use of 

FEA was observed in some of the earliest seminal papers on negative Poisson’s ratio by 

Evans and his group, and was used to model auxetic foams (Evans et al., 1994), 

continuous fibre composites (Nkansah et al., 1993) and auxetic microporous polymers 

(A. Alderson & Evans, 1995) even at a time when computational power was much more 

limited than today. Nowadays, commercially available software such as ANSYS and 
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ABAQUS combined with high computational power are essential tools when conducting 

research in the mechanical properties of materials and has thus been utilized by several 

research groups in the study of auxetic metamaterials (Afshar & Rezvanpour, 2022; K. 

Chen et al., 2021; Gunaydin & Turkmen, 2019; Kavakli & Ali, 2023; Logakannan et al., 

2022; Rad et al., 2019; Y. L. Wei et al., 2021; W. Xu et al., 2020; W. Yang et al., 2022; 

X. Y. Zhang et al., 2021). 

 

2.2.2 The study of auxetic structures through FEA 

2.2.2.1 Two dimensional systems 

 Since the Poisson’s ratio measures a 2D property, many studies were devoted to 

investigate the mechanical properties of two-dimensional geometries that are capable of 

exhibiting a negative Poisson’s ratio.  As discussed above, re-entrant systems are an 

important subset of auxetic systems and have been research thoroughly. In fact, a number 

of modified re-entrant structures were tested through FEA in order to optimise the 

geometry (Gohar et al., 2021; Harkati et al., 2017; Z. Y. Li et al., 2022) and to analyse 

the resulting mechanical properties such as energy absorption capacity (Gohar et al., 

2021), synclastic behaviour (J. Lee et al., 1996; Zied et al., 2015) and impact resistance 

(Usta et al., 2021, 2022; H. Wang et al., 2019). It is worth discussing the significant 

studies over the past decade where novel structures were produced and investigated for 

their properties and the role of FEA in the studies. One major benefit of FEA is the ability 

to test modified and novel structures in a time-efficient manner. An example of which is 

the study by Gohar et al. where a set of novel re-entrant structures, termed as mixed star 

structures (shown in Figure 2.11(b)) were designed and investigated. These re-entrant 

structures were shown to have a number of superior properties, including a high energy 

absorption capacity (Gohar et al., 2021). Similarly, Huang et al. investigated a new type 
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of honeycomb design consisting of two distinct parts, a re-entrant hexagonal component, 

and a thin plate section, shown in Figure 2.11(c). The authors created theoretical models 

to describe the in-plane uniaxial tensile modulus, shear modulus, and Poisson's ratios, 

which were verified through FEA (J. Huang et al., 2017). Another study was carried out 

by Zhang et al. which investigated two new hybrid metamaterial concepts that combine 

a core unit cell of re-entrant or cross-chiral shape with lateral missing ribs. FEA 

simulations were used to optimize specific effective properties, and non-linear 

simulations were used to understand the Poisson’s ratio and stiffness of these 

metamaterials under large deformations (W. Zhang et al., 2021). Lu et al. similarly 

utilized FEA simulations to calculate the in-plane Poisson’s ratio and Young’s modulus 

of modified honeycomb-like configurations under uniaxial loading (Z. Lu et al., 2016). 

 FEA has also been used to confirm analytical and experimental methods as shown 

in the work by Khan et al. and Mustahsan et al. where FEA and experimental testing were 

used to validate the analytical model accounting for the bending, shear, and axial 

deformation of modified re-entrant honeycomb structures showing a close agreement 

between the three methods (S. Z. Khan et al., 2019; Mustahsan et al., 2022)(shown in 

Figure 2.11(d-e)). Similarly, Li et al. proposed a composite auxetic structure, which was 

studied using FEA in conjunction with experiments and theoretical analysis to investigate 

the variables affecting the Poisson’s ratio and mechanical properties of the structure, as 

well as shape optimization (Z. Y. Li et al., 2022). 

Another major benefit of FEA is that it reveals insight into the internal stresses 

within the material which is important when understanding the deformation mechanisms 

when loaded. For example, Harkati et al. investigated the shear and axial deformation 

mechanisms of re-entrant honeycombs using FEA. This analysis successfully provided 

better insight into the responsible deformation mechanism for auxetic behaviour and the 
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geometric parameters governing them specifically the cell wall thickness (Harkati et al., 

2017) (shown in Figure 2.11a).  

 

Figure 2.11. Modified re-entrant structures proposed by (a) Harkati et al. (Harkati et al., 

2017) (b) Gohar et al. (Gohar et al., 2021), (c) Huang et al. (J. Huang et al., 2017), (d) 

Khan et al. (S. Z. Khan et al., 2019), (e) Mustahsan et al. (Mustahsan et al., 2022), (f) 

Guo et al. (M. F. Guo et al., 2020), (g)Wang et al. (W. Wang et al., 2023).  

 

Numerous other studies have utilised FEA to investigate a number of 2D-re-

entrant honeycomb systems and obtain their mechanical properties in-plane Poisson’s 

ratio and Young’s modulus under uniaxial loading (Bezazi et al., 2005; Y. Chen et al., 

2022; Etemadi et al., 2023; N. Xu et al., 2021; Zhu et al., 2022). Some noteworthy 

examples are the investigations on the Double U honeycomb structure in which the arrow-

shaped system by Larsen et al. was optimised to have better load resistance and a higher 

energy absorbing capacity  (M. F. Guo et al., 2020) (shown in Figure 2.11f) and the WSH 

honeycombs composed of stars and hexagons and shown to exhibit excellent energy 

absorption capacity and enhance anti-impact behaviour (W. Wang et al., 2023) (shown 

in Figure 2.11g). Through FEA simulations, a number of studies were carried out on the 

shape optimisation of the re-entrant honeycombs by analysing the effect of a number of 

variables on the physical properties. Most significant of which was the work by Bezazi et 
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al. and Lu et al. who employed FEA to study the in-plane Poisson’s ratio and Young’s 

moduli under uniaxial loading of modified structures shown in Figure 2.12 and Figure 

2.13 respectively. Bezazi et al. reported that for certain internal angles, the proposed 

structure exhibits a decrease in the Poisson’s ratio. Also, the presence of edge corners in 

the proposed configuration gives rise to a cellular structure with enhanced flexibility 

compared to the classical centrosymmetric one (Bezazi et al., 2005).  Moreover, Lu et al., 

reported that the addition of a narrow rib in the unit cell of re-entrant honeycomb 

configuration gives rise to a cellular structure with significantly enhanced Young’s 

modulus (Z. Lu et al., 2016).  

 

Figure 2.12. Various layouts of centrosymmetric auxetic honeycomb cell. (a) Type 1: 

classical re-entrant cell. (b) Type 2: new design proposed, re-entrant cell configuration. 

(Bezazi et al., 2005) 

 

 

Figure 2.13. New design unit cell geometry and coordinate system for (A) re-entrant 

cells; (B) unit cell proposed by Lu et al. (Z. Lu et al., 2016) 
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 The FEA method has also been used for other auxetic mechanisms including 

rotating rigid units mechanism and chiral systems. The use of FEA provided insight into 

the auxetic behaviours of rotating rigid units by highlighting the stresses and strains 

within the material when loaded, something that could not be shown easily through 

experimental studies (Chang et al., 2023). This was particularly useful in a study by 

Afshar et al. where non-porous perforated rotating rigid units, having soft inclusion in the 

perforations, were investigated (see Figure 2.14(a)). It was shown that soft inclusions 

reduced the auxetic behaviour, however, still exhibited a negative Poisson’s ratio which 

would be useful in applications of non-porous auxetic materials (Afshar & Rezvanpour, 

2022). Other studies have been carried out investigating the mechanical properties and 

deformation mechanisms of rotating rigid units systems, such as the peanut-shaped 

perforated structures, depicted in Figure 2.14(b) (Atilla Yolcu & Okutan Baba, 2022) and 

the rectangular perforations by Acuna et al. (Acuna et al., 2022), amongst others (Chetcuti 

et al., 2014; Grima-Cornish et al., 2020; Hur et al., 2021; J. Zhang, Lu, Ruan, et al., 

2018).  Similarly numerous chiral systems were also investigated where FEA was a key 

tool when carrying out parametric studies to optimising the geometries of the proposed 

chiral systems as well as when investigating mechanical properties such as auxeticity, 

energy absorption capacity, shear resistance and much more (Alomarah et al., 2018; 

Attard et al., 2020; Gang et al., 2022; D. Gao et al., 2021b; Z. Y. Li et al., 2022; Nečemer 

et al., 2020; D. Qi et al., 2019; Shim et al., 2013; K. Zhang et al., 2020) (see Figure 

2.14(c-d) for examples). 
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Figure 2.14. Auxetic structures proposed by (a) Afshar et al. (Afshar & Rezvanpour, 

2022), (b) Atilla et al. (Atilla Yolcu & Okutan Baba, 2022), (c) Attard et al. (Attard et 

al., 2020) and (d) Li et al(Z. Y. Li et al., 2022).  

 

 In conclusion, FEA has proven to be an essential tool in developing and 

understanding the mechanical properties of 2D cellular solids, such as honeycomb 

structures, as well as optimising their geometry to elicit superior properties. These studies 

highlight the usefulness of FEA in the shape optimization of novel structures, the 

investigation of their properties under different loading conditions, and the validation of 

analytical models. 

 

2.2.2.2 Three-Dimensional Systems 

More recently, research is shifting to the study of 3D auxetic materials due to the 

fact that they are capable of exhibiting a negative Poisson’s ratio in multiple planes and 

are therefore useful in applications where forces may be applied in multiple directions. In 

Section 2.2.2.1, the benefits of FEA when studying 2D materials was discussed. 

Considering the complexity of 3D auxetics when compared to their 2D counterparts it is 

evident that FEA is an indispensable tool when studying the auxetic behaviour of 3D 

materials. In fact FEA has been used when investigating a wide range of 3D auxetic 

materials including composites (J. N. Grima et al., 2013; Z.-Y. Li et al., 2023; Lyngdoh 

et al., 2022; Poźniak et al., 2016; Roche et al., 2011), cellular materials (A. Alderson, 
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Alderson, Chirima, et al., 2010; Atilla Yolcu & Okutan Baba, 2022; Z. Y. Li et al., 2022) 

and surface auxetic structure (SAS)(Changfang et al., 2022a).  

 FEA was particularly useful when considering composites, as the structure would 

be composed of a number of materials and FEA has been shown to be useful in capturing 

their interaction. In fact, in a study by Grima and his co-workers simulations were 

employed to investigate an auxetic 3D composite using metal honeycombs embedded in 

a soft rubbery matrix. FEA allowed the study of the effects of changes in framework 

geometry in relation to changes in the Poisson’s ratio both in-plane and out-of-plane, 

hence it served as a method to optimise the parameters of the composite for maximum 

auxetic behaviour (J. N. Grima et al., 2013). These simulations also led to an analytical 

study to deduce the requirements for an auxetic behaviour. Similarly, Li et. al. (2023) 

used FEA to investigate the mechanical and auxetic characteristics of a composite fibre-

reinforced stacked origami structure (see Figure 2.15(b)). It was deduced that composite 

stacked origami structures have lower density and better energy absorption characteristics 

compared to those made from metal using additive manufacturing process (Z.-Y. Li et 

al., 2023). 

This can be extended to other auxetic structures as shown in the study by Wang 

et. al. on 3D re-entrant honeycomb (depicted in Figure 2.15(a)) (X.-T. Wang et al., 2017) 

and in the study of cellular structures proposed by Nasim & Etemadi (depicted in Figure 

2.15(c)) (Nasim & Etemadi, 2018) where in both cases FEA was used to assess the effect 

of geometric parameters on the mechanical properties and deformation mechanisms.  
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Figure 2.15. Three-dimensional auxetic structures proposed by (a) Wang et al. (X.-T. 

Wang et al., 2017), (b) Li et al. (Z.-Y. Li et al., 2023),(c) Nasim & Etemadi (Nasim & 

Etemadi, 2018) 

 

2.2.2.3 Emulation of properties 

 As discussed before, since the properties of auxetic materials are interlinked with 

their geometry, in order to achieve the desired properties, researchers have investigated 

the effect of the geometric parameters on the mechanical properties. In this area, the use 

of FEA has been key as it is both more time efficient and cost effective since it eliminates 

or reduces the production and testing of experimental prototypes with expensive 

equipment (Q. Gao et al., 2018; Z.-Y. Li et al., 2023) (Nasim & Etemadi, 2018). The 

FEA method is advantageous as it can accurately acquire the desire mechanical properties 

and analyse the behaviour of different sections of the material. This is crucial in obtaining 

the response of the material to loads and other desirable properties as required by the 

intended application.  

 In fact, this can be seen in a study by Chow et al. where they proposed the use of 

3D printed thermoplastic polyurethane (TPU) with an auxetic architecture insert for 
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pressure therapy to treat hypertrophic scars (HSs). The auxetic structure had to easily 

accommodate the contours of the human body during joint movement. Prior to any 

prototyping, the concept was initially tested in FEA where the synclastic effect of out-of-

plane bending was investigated. Following this the formability, structural deformation, 

and auxetic response of re-entrant (RE) and double arrowhead (DAH) auxetic structures 

are evaluated numerically followed by an experimental prototype. The study successfully 

showed how the design was able to facilitate a stable level of pressure during body 

motion, promoting the recovery of HS. (L. Chow et al., 2022). 

 This section will focus on papers that use FEA to study the mechanical properties 

and energy absorption capacity of auxetic materials under dynamic and quasi-static 

loading, analyse the mechanical properties and deformation modes of specific auxetic 

structures, and investigate the energy absorption capacity of specific auxetic structures. 

 

2.2.2.3.1 Mechanical properties of auxetic materials under dynamic and quasi-static 

loading 

 In recent years, there has been growing interest in the mechanical properties and 

energy absorption capacity of auxetic materials under dynamic and quasi-static loading. 

One of the key challenges in this area is to develop a deeper understanding of the factors 

that influence the mechanical properties of auxetic materials under different loading 

conditions. FEA has been widely used to investigate the mechanical properties and 

deformation modes of specific auxetic structures.  

 Han et al. used FEA to investigate the mechanical properties and deformation 

modes of gradient auxetic tube and uniform auxetic tube under axial and inclined loads, 

shown in Figure 2.16(a). They found that the gradient auxetic tube had better energy 
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absorption capacity and higher strength compared to the uniform auxetic tube (D. Han, 

Zhang, et al., 2022). Novak et al. explore the mechanical behaviour of chiral auxetic 

cellular structures under different loading conditions, including quasi-static, low-velocity 

dynamic compression, and high strain rate loading, as shown in Figure 2.16(c). They use 

experimental measurements, infrared thermography, high-speed camera images, and 

computational simulations to study the deformation mechanism of chiral auxetic 

structures. The computational simulations enable a more detailed analysis of mechanical 

behaviour at different strain rates and allow for the estimation of plateau stress at arbitrary 

loading velocities. Overall, the paper provides insights into the use of chiral auxetic 

structures in crashworthiness, ballistics, and blast protection applications (Novak et al., 

2020). 

 Similarly, W. Wang et al. conducted numerical simulations to study the static and 

dynamic plateau stresses of windmill-like (WSH) honeycombs and their energy 

absorption capacity, shown in Figure 2.16(b). They found that the windmill-like (WSH) 

honeycombs had excellent energy absorption performance under both static and dynamic 

loading conditions(W. Wang et al., 2023). Han, Ren, et al. used FEA to investigate a 

design for ribbed metamaterials with high-quality energy-absorption capabilities speeds 

(D. Han, Ren, et al., 2022). In the study by Chen et al., the authors propose a set of auxetic 

lattices with enhanced stiffness by adding a strengthening rib into conventional auxetic 

unit cells in a direction perpendicular to the re-entrant direction. The effective mechanical 

properties of these variants are calculated using the fast Fourier transform-based 

homogenization method, which shows that their Young's modulus in 2D can be improved 

by approximately 200% along the strengthening direction without significant sacrifice of 

auxetic property. However, such an enhancement is weakened in 3D. The paper provides 
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insight into the design of new structures of unit cells with enhanced stiffness and negative 

Poisson's ratio (Z. Chen et al., 2020) 

 Other noteworthy studies that have made use of dynamic and quasi-static 

compression as well as different impact velocities include a number of modified re-

entrant diamond structures which exhibited a superior specific energy absorption (J. Liu 

& Liu, 2022; Logakannan et al., 2020), modified re-entrant honeycombs which were 

tested for crashworthiness applications (H. Jiang et al., 2020; H. L. Tan et al., 2019) and 

the investigation of the energy absorption capacity of star-circle honeycomb structures 

(H. Lu et al., 2021). 

 

Figure 2.16. The use of FEA to analyse the mechanical properties of auxetic materials 

when loaded. Images taken from (a) Han et al. (D. Han, Zhang, et al., 2022), (b) Wang 

et al. (W. Wang et al., 2023), and (c) Novak et al. (Novak et al., 2020) 

 

 FEA has also been implemented to expose the materials to dynamic and static 

crushing conditions. Li et al. study the in-plane uniaxial and biaxial crushing 

characteristics of three honeycombs through explicit dynamic finite element analysis in 

order to compare the deformation mode, plateau stress, energy absorption, and impact 

response. (Z. Li et al., 2019). Qi et al. analysed in-plane crushing response of tetra-chiral 
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honeycombs under both quasi-static and dynamic loading conditions which revealed the 

different modes of deformation in response to the different loading conditions shown in 

Figure 2.17(a) (C. Qi et al., 2019). A more recent student by the same author made use 

of the FE predicted deformation to reveal the underlying mechanisms by analysing 

patterns in the internal stresses. The article identifies three distinctive regions in the REC 

unit cell configuration map, each corresponding to a meso-scale interaction pattern and a 

macro-scale deformation mode as shown in Figure 2.17(b) (C. Qi et al., 2021).  

 Other noteworthy studies analysing the crushing performance through FEA 

include a paper by Wei et al. investigating a new type of auxetic honeycomb structure 

and its deformation (see Figure 2.17(c)) (L. Wei et al., 2020) and a study by Singh et al., 

where FEA was used to investigate the deformation mechanisms observed during the 

static inclined compression of re-entrant honeycomb (RH) auxetic structure. This study 

introduced a new method to extract micro deformation mechanisms under inclined 

loading, which were related to the macro deformation regime and the overall mechanical 

response of the RH structure. By detecting elements experiencing plastic strain of more 

than 10%, they successfully identified micro modes shown in Figure 2.17(d)(R. Singh et 

al., 2021). Furthermore a 3D re-entrant structure was also analysed under dynamic 

crushing condition in order to observe its behaviour under extreme deformation (T. Wang 

et al., 2019). 
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Figure 2.17. Analysis using FEM of the deformation mechanisms during the crushing of 

auxetic materials taken from (a) Qi et al. (C. Qi et al., 2019),(b)Qi et al. (C. Qi et al., 

2021),(c) Wei et al. (L. Wei et al., 2020)and (d) Singh et al. (R. Singh et al., 2021) 

 

2.2.2.3.2 FEA analysis of auxetic material behaviour in impact and indent loading 

 Auxetic materials are also associated with impact resistance and have been 

proposed in applications of protective gear and automotive bumpers. In recent years, FEA 

has been used extensively to investigate the behaviour of auxetic materials in impact 

scenarios which was crucial in material testing for the automotive, aerospace, and other 

industries. This is due to the fact that FEA is a repeatable and rapid test, in lieu or in 

conjunction with the more time-consuming experimental tests, to investigate the 

behaviour of auxetic material to impact by analysing the dispersal and redirection of the 

force as well as the energy absorption properties. This has proved particularly useful in 

analysing the crushing patterns and the deformations as was shown by Liu et al. when 

loading the re-entrant auxetic honeycomb under different loading speeds, shown in Figure 

2.18(a) (W. Liu et al., 2016). 

 Guo et al. investigated the effect of impact velocity and indenter size on a Double 

U honeycomb structure. They found that the Double U honeycomb structure had better 
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energy absorption capacity and stress distribution compared to the conventional 

counterpart (M. F. Guo et al., 2020). Similar to the work above, FEA was used to 

investigate the effect of impact velocity and crashworthiness of auxetic structures 

including a number of honeycombs (Ou et al., 2021) and modified honeycombs; the WSH 

honeycombs(W. Wang et al., 2023), hierarchical honeycombs (H. L. Tan et al., 2019), 

and chiral auxetic structure, shown in Figure 2.18(b) (D. Gao et al., 2021a). 

 

Figure 2.18.  Studies carried out by (a) Liu et al. (W. Liu et al., 2016) and (b) Gao et al. 

(D. Gao et al., 2021a), investigating the effect of impacts on auxetic materials through 

FEA. 

 

 A number of studies have used FEA in order to investigate the effect of 

indentation of the deformation mechanism (Z. Li et al., 2021). In two studies, FEA was 

used to verify the obtained results on indentation resistance of the hexagonal honeycombs 

(L. L. Hu et al., 2019) and  the indentation behaviour of the 3D printed auxetics reinforced 

composites (T. Li et al., 2020a). 

 In conclusion, FEA has been an essential tool in the investigation of auxetic 

materials, and the studies reviewed here demonstrate the usefulness of FEA in analysing 

the mechanical properties and energy absorption capacity of these materials. The research 

has shown that auxetic materials have great potential for use in applications requiring 

high energy absorption capacity, such as in the automotive and aerospace industries. 
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2.2.2.3.3 Others 

 FEA has also been used in acoustic and vibration frequency analysis. In two 

studies by Li et al., they developed and applied a finite element method to evaluate the 

propagation of acoustic and elastic waves through 3D phononic crystals. The method 

accurately computed band structures and identified band gaps and eigenmodes. The 

results showed that the finite element method was precise and efficient for computing 

band structures of complex phononic crystal structures with irregular unit shapes and 

could provide accurate results with commercial finite element code (Jianbao et al., 2008; 

J. Li et al., 2009). The research has been subsequently used by numerous studies 

(Koutsianitis et al., 2019, 2021) for numerical and experimental investigations of 

phononic crystal structures and design of new acoustic devices.  

 In a study by Li et al., the fundamental frequencies for a structure consisting of 

sandwich plates with functionally graded (FG) auxetic 3D lattice core were modelling, 

and a non-linear FEA revealed that the effects of FG configurations and strut incline 

angles are significant, and the FG-X specimen possesses the highest fundamental 

frequency. The study also investigates the large amplitude vibration characteristics of 

sandwich plates with FG-NPR 3D lattice core in different thermal environments. The 

effects of FG configurations on the natural frequencies, non-linear-to-linear frequency 

ratios of sandwich plates, and Electron Paramagnetic Resonance (EPR)-amplitude curves 

are studied using full-scale non-linear FE simulations. Results indicate that the FG 

configurations have a distinct effect on the linear and non-linear vibration behaviour of 

sandwich plates and that the EPR-amplitude curves become stable when the vibration 

amplitude is sufficiently large. Overall, the study sheds light on the vibration behaviour 
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of functionally graded auxetic 3D lattice metamaterials and sandwich plates with such 

core and provides insights for further investigations (C. Li et al., 2020b). 

 

2.2.2.4 Added understanding 

Over the years of research, advances in computational power and improvements 

in FEA has led to its application to more complex structures. This has allowed the use of 

FEA to simulate more real and complex scenarios which is required for the end-product 

design. Recently, Wan et. al. made use of FEA to deduce the ideal 4D printed 

programmable metamaterial (out of three structures) for biomedical scaffolds, which is 

shown in Figure 2.19 (c). The analysis illustrated that, the proposed cylindrical shells with 

desired mechanical properties and configurations demonstrate potential applications in 

biomedical scaffolds (M. Wan et al., 2022). Similarly, Wu et al. studied the mechanical 

properties of artery stent which are of key importance to both the mechanical integrity 

and biomechanical performance reliability of stent-plaque-artery system. Wu et al. 

proposed two types of innovative chiral stents with auxetic properties- anti-tetrachiral 

stent with circular and elliptical nodes and hierarchical anti-tetrachiral stents with circular 

and elliptical nodes, shown in Figure 2.19 (a). FEA was employed to study the effects of 

stent geometrical parameters on the tensile mechanical behaviours of the proposed stents. 

It was deduced that the mechanical behaviours of anti- tetrachiral stent can be tailored 

through adjusting the levels of hierarchical structures and unit cell design parameters. 

FEA allowed for the study of the deformation mechanism of the stents during stenting. 

The proposed structures exhibit remarkable radial expanding abilities while maintaining 

axial stability, hence allow practical clinical applications (W. Wu et al., 2018a). 
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 Recently, FEA has been employed for the study of surface auxetic structures 

(SAS). Changfang et. al. studied two types of SAS- RAS (reversed auxetic structure) and 

CAS (crimped auxetic structure). FEM was employed to conduct compressive 

simulations of the plane and surface auxetic structures, and hence obtain the mechanical 

behaviours and energy absorption characteristics. Through this study, it was deduced that 

RAS realized the auxetic effect of compression shrinkage as well as the supermechanical 

effect of compression twist. Such behaviour only appeared in the local positions of the 

beams giving the structure great potential in engineering applications (Changfang et al., 

2022b).  

 

 Similar studies such as the one carried by Photiou et al. and Su et. al. use FEA in 

order to study the mechanical performance of the proposed SAS. Photiou et al. proposed 

3D prototypes SAS, whose compression tests demonstrated a Poisson’s ratio of -0.6, thus 

providing support for preliminary finite element studies on unit cells. 3D finite element 

models were used to replicate the mechanical performance of the auxetic structures. The 

obtained results illustrated a coherent deformation behaviour with experimental 

measurements and image analysis (Photiou et al., 2021). Similarly, Su et. al. investigated 

3D printable auxetic metamaterial realized by a unique sliding mechanism, shown in 

Figure 2.19 (d). Both experimental and FEA simulations were carried out to study the 

mechanical behaviour of the proposed structure. The FEA results illustrated coherence 

with the experimental results and the proposed structure exhibited superior performance 

to the 3D re-entrant honeycomb, due to higher compression resistance and more stable 

auxetic behaviour (Su et al., 2021). 
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Figure 2.19. Three-dimensional auxetic structures analysed using FEA proposed by; (a) 

Wu et al. (W. Wu et al., 2018a)  (b) Changfang et al. (Changfang et al., 2022b) (c) Wan 

et al. (M. Wan et al., 2022) and (d) Su et al. (Su et al., 2021). 

 

 Finite Element Analysis (FEA) is not limited to the conventional test parameters 

and can more accurately simulate a real-life scenario. Thus, FEA has been used to 

investigate re-entrant hexagonal honeycombs' post-yield behaviour under tension, shown 

in Figure 2.20(a), which revealed plastic collapse mechanism and identified three stages 

of force-displacement curves (J. Zhang, Lu, Wang, et al., 2018b).  

 FEA has been particularly useful in investigating complex structures such as the 

proposed hierarchical re-entrant honeycombs (H-ReHs) that exhibit enhanced mechanical 

properties under compression. The analysis of the deformation to compressions showed 

that the addition of a 2nd order triangular hierarchy converts the deformation mechanism 

from bending-dominated to stretching-dominated, shown in Figure 2.20(c), revealing a 
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unique combination of deformation mechanisms contributing to significant improvement 

of the mechanical properties of H-ReHs (Zhan et al., 2022). Furthermore, through FEA, 

a study examined the size effect of mechanical properties for a double-arrowed auxetic 

honeycomb (DAAH) using a bending energy-based method and a strain-based expansion 

homogenization method (T. Wang et al., 2022). 

 Additionally FEA has been applied to a wide range of materials, including 

composite structures like carbon fibre reinforced polymer(Z. Y. Li et al., 2022), 

composite origami cellular materials(Z.-Y. Li et al., 2023) and cementitious composites 

(Lyngdoh et al., 2022). The latter implemented a FEA-based machine learning to generate 

accurate predictions of auxetic behaviour in cementitious composites (Lyngdoh et al., 

2022). Crespo, Duncan, Alderson, & Montáns developed a continuum-equivalent data-

driven computational approach for modelling orthotropic auxetic foams in a finite 

element context. The approach involves resolving a system of functional equations using 

experimental tests as functional data and energy derivatives as unknowns, depicted in 

Figure 2.20(b). The algorithms are verified using analytical energies as a reference, and 

experimental validation from a real specimen is performed. The method is 

computationally efficient and capable of capturing auxetic behaviour in orthotropic foams 

(Crespo et al., 2020). 
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Figure 2.20. (a) The investigation of re-entrant honeycombs under tension by Zhang et 

al. (J. Zhang, Lu, Wang, et al., 2018b) (b) Analysis of energy density by Crespo et al. 

(Crespo et al., 2020) (c) Analysis of  deformation mechanisms by Zhan et al. (Zhan et 

al., 2022). 

 

2.2.3 Design of Products 

 Finite Element Analysis excels at replicating testing scenarios and analysing the 

behaviour of the material in that particular scenario. Thus, FEA is not limited to the 

conventional lab testing but can be used to replicate the conditions in which the product 

is meant to perform and observe the response. In the construction industry, Menon et al. 

used FEA to observe the deflection behaviour of existing auxetic re-entrant beams 

compared with traditional beam designs, shown in Figure 2.21(a), and proposed two new 

improved auxetic beam designs with minimal deflection, improved load bearing capacity 

and 64% reduction in material (Menon et al., 2022). Another study also used FEA to 

investigate auxetic hexagonal honeycomb sandwich panels for structural application due 

to the weight reduction provided, shown in Figure 2.21(b) (Sadegh et al., 2018). In a 

number of studies, FEA was also implemented to replicate loading conditions of a 

passenger vehicle to investigate auxetic non-pneumatic tyres having different structures 
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such as the example shown in Figure 2.21(c) (Andriya et al., 2022; T. Wu et al., 2021; 

Zang et al., 2021). FEA has also been used in the design of anti-tetrachiral stent and 

hierarchical anti-tetrachiral stent with circular and elliptical nodes. Through FEA the 

effects of stent geometrical parameters on the tensile mechanical behaviour of these stents 

were studied (Wu et al., 2018). 

 

Figure 2.21. Products designed by (a) Menon et al. (Menon et al., 2022), (b) Sadegh et 

al. (Sadegh et al., 2018) and (c) (K. Wu et al., 2022) with the aid of FEA.  

 

 Given the mimicking of high impacts, with adjustable impact velocities, indents 

and more, finite element modelling has also been used to facilitate and explore the use of 

auxetics in military and sports equipment. FEA has already been used to predict material 

and product behaviour under certain conditions and analyse design parameters in 

snowboard wrist protectors (Newton-Mann et al., 2018), helmets (Foster et al., 2018; 

Hernández et al., 2003; Mosleh et al., 2018), and other sports equipment (Allen et al., 

2009; Kays & Smith, 2017; Valentini et al., 2016), an example of which is shown in 

Figure 2.22(a). Within this context, FEA has been used to investigate the effects of unit-

cell geometry and Poisson's ratio on mechanical properties in auxetic structures and 

plates, and to analyse the potential of auxetic constituents in composite materials, similar 
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to the analysis shown in Figure 2.22(b) comparing the FEA and experimental analysis 

(Nallavan, 2020; Shepherd et al., 2020).  

A number of studies also investigated the ballistic impact behaviour of auxetic 

material. In the study by Novak, chiral auxetic cellular structures are tested and the effect 

of ballistic velocity and deformation behaviour of composite sandwich panels, shown in 

Figure 2.22(c), are evaluated. The experimental results are used for validation of the 

computational model of cover plates, which is further used for the development of 

computational models of auxetic composite sandwich panels. The study shows that by 

using the auxetic sandwich panel, the ballistic performance is enhanced in comparison to 

the monolithic cover plates (Novak et al., 2019). A recent study analysed the ballistic 

impact behaviour of auxetic sandwich composite human body armour using finite 

element analysis. Numerical simulations showed improved indentation resistance and 

higher energy absorption in the auxetic armour compared to conventional monolithic 

armour (Shah, Khan, Koloor, et al., 2022). Similar auxetic sandwich panel were also 

considered for blast protection in military vehicles. The results show that the auxetic 

sandwich panel performs better in terms of both lightweight and protection than a solid 

plate and has an advantage in lightweight aspect compared with a square honeycomb core 

sandwich panel (Y. Wang et al., 2018). Similarly, other studies also investigated the use 

of auxetics in body protection pads (C. Yang et al., 2020)  
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Figure 2.22. The use of FEA in prototyping (a) helmets (Mosleh et al., 2018), (b) sport 

equipment (Shepherd et al., 2020) and (c) ballistic armour (Novak et al., 2019) 

 

2.2.4 Conclusion 

 In conclusion, over the years FEA has played a significant role in the study of 

auxetic materials. Through the use of FEA, researchers are able to model and simulate a 

wide variety of structures to determine their mechanical properties prior to experimental 

testing. FEA provides a quick and reliable analysis during the design stages, reducing the 

need for physical prototypes and accelerating advances in the field. Over the years, FEA 

has been adopted by a number of research fields and has become an essential tool in the 

study of mechanical properties of materials. With the availability of commercially 

available software and high computational power, FEA continues to play a vital role in 

the study of auxetic materials and other research areas. 

 



47 
 

2.3 Perforated auxetics 

The perforated sheet model, proposed by Grima and Gatt (J. N. Grima & Gatt, 

2010), is a model which allows a conventional material to exhibit 2D auxetic behaviour 

through perforations at strategic loci. In their work, diamond (J. N. Grima & Gatt, 2010), 

triangle (J. N. Grima, Gatt, et al., 2010) and star-shaped (J. N. Grima & Gatt, 2010; J. N. 

Grima, Gatt, et al., 2010) perforations were performed strategically to mimic the rotating 

rigid squares, rectangles and triangles models. Using FEA, the structures were shown to 

achieve an NPR comparable to the conventional rotating rigid units when the parameter 

s, shown in Figure 2.23, was relatively small.  

 

Figure 2.23.(a) A comparison between the rotating rigid squares mechanism and the 

perforated model mimicking it. (b) Perforated sheets employing diamond and star-

shaped perforations to mimic the rotating rigid squares, triangle, and rectangles systems. 

All images were taken from Grima and Gatt (J. N. Grima & Gatt, 2010). 

 

The simplicity with which the perforated auxetic structures can be produced has 

revolutionised the production of 2D auxetic metamaterials from conventional materials. 

In fact, to date; at least forty-four publications have been published describing a wide 

range of perforated 2D auxetic systems. Studies have investigated the use of a range of 

perforation shapes, comprising star (J. N. Grima & Gatt, 2010; J. N. Grima, Gatt, et al., 
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2010; Mizzi, Mahdi, et al., 2018), triangular (J. N. Grima & Gatt, 2010; J. N. Grima, Gatt, 

et al., 2010), diamond (rhombus)(Attard et al., 2016; Bonfanti & Bhaskar, 2019; Y. Chen 

& He, 2020; Mizzi et al., 2021; Mohanraj et al., 2016; Y. Zhang et al., 2022), circular 

and elliptical(Francesconi et al., 2020; Galati et al., 2022; D. Han, Ren, et al., 2022; Hao 

et al., 2022; Harinarayana, 2022; Harinarayana & Shin, 2022; F. Hou et al., 2021; 

Linforth et al., 2021; Mizzi et al., 2021; Mullin et al., 2007, 2013; Nedoushan & Yu, 

2020; Orhan & Erden, 2022; X. Ren, Shen, et al., 2018; Shim et al., 2013; M. Taylor et 

al., 2014; Tikariha et al., 2022; H. Wang, Xiao, & Wang, 2021; H. Wang, Xiao, & Zhang, 

2021; Yeon et al., 2021; Y. Zhang et al., 2021, 2022), rectangular (Gordanshekan et al., 

2022; X. Ren, Shen, et al., 2018; Ripplinger et al., 2018; Slann et al., 2015; Tian et al., 

2020; Uddin et al., 2022; Yao et al., 2021; Yeon et al., 2021) and others (Cheng et al., 

2022; Sorrentino et al., 2021), leading to systems mimicking the rotating rigid triangles, 

rotating rigid quadrilaterals and even chiral systems. It is worth noting that studies on 

circular and elliptical perforation pre-date the development of the perforated sheet model, 

in investigations of cellular solids and their porous microstructures (Mullin et al., 2007, 

2013). The elliptical perforations structure also shares some insight into the essentials of 

the mechanism as it is not the rigid squares themselves that form the bases of the model 

but the vertices of the square (Stavric & Wiltsche, 2019). Thus, elliptical, and rectangular 

perforations allowed for the removal of “non-essential” volume resulting in a lighter and 

more porous material.  

This research has led to applications which were previously simply not feasible 

and allowed auxetic materials to be seamlessly introduced in existing systems. Through 

the use of diamond perforations in nylon and short carbon fibre reinforced nylon 

structures, the previously conventional material having a positive Poisson’s ratio yielded 

an NPR of -1 (Y. Chen & He, 2020) under compression.  In fact, despite being a novel 
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research field  introduced in 2010, perforated systems have been implemented in existing 

systems such as the use of diamond perforations in stretched sheets and membranes 

implemented in order to suppress the wrinkling (Bonfanti & Bhaskar, 2019) (shown in 

Figure 2.24(d))and as well as end-product applications have comprised designs for nails 

(X. Ren, Shen, et al., 2018) (shown in Figure 2.24(c)), electronic skin (Yeon et al., 2021) 

and body support structures (Mohanraj et al., 2016) making use of elliptical and diamond 

indents.  

 

Figure 2.24(a) A proposed perforated system having elliptical indents, image taken from 

Mizzi et al. (Mizzi, Gatt, et al., 2015) (b) A proposed perforated system having 

rectangular perforations. Image taken from Slann et al. (Slann et al., 2015) (c) 

Application of elliptical indents to design auxetic nails. Image taken from Ren et al. (X. 

Ren, Shen, et al., 2018) (d) Application of rectangular perforations for auxetic 

membranes. Image taken from Bonfanti and Bhaskar (Bonfanti & Bhaskar, 2019) 
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  The work of Mizzi et al. was a major innovation in this field, as it put forward a 

novel approach using patterned slits (Carta et al., 2016.; Francesconi et al., 2020; Mizzi 

et al., 2020b, 2020a; Mizzi, Azzopardi, et al., 2015; Shan et al., 2015; Sharma et al., 

2019; H. Tang et al., 2020) or I-shaped (Mizzi et al., 2020b, 2020a; Mizzi, Attard, et al., 

2018; Mizzi, Azzopardi, et al., 2015; Rafsanjani & Pasini, 2016) perforations to produce 

systems resembling the 2D re-entrant, chiral, and rotating rigid units mechanisms. 

Through this method conventional materials have been transformed into auxetic materials 

through strategic cuts as was the case in the study by Mizzi et al. where they introduced 

patterned nano-slits to create rubber and Kapton metamaterials exhibiting an NPR of 

− 0.78 through the use of focused ion beam milling (Mizzi et al., 2020a).  

Another breakthrough was the proposal of randomly oriented slits in the study by 

Grima et al. shown in Figure 2.25(c). Their use of quasi-random cuts to produce auxetic 

behaviour (J. Grima et al., 2016) increased the design freedom when generating auxetic 

materials. In other studies, rectangular (Billon et al., 2016, 2017) and slit perforations (Y. 

Cho et al., 2014; K. K. Dudek, Gatt, et al., 2017; Y. Tang & Yin, 2017) were used to 

create 2D hierarchical auxetic systems in order to achieving better compressive and 

expansive systems while obtaining the enhanced mechanical properties and stability 

associated with them.  
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Figure 2.25. Examples of auxetic structures having (a) ordered slits(Mizzi et al., 2020a), 

(b) I-shaped slits(Mizzi et al., 2020b) and (c) randomly oriented slits (J. Grima et al., 

2016) 

 

2.3.1 Active auxetic metamaterials 

 One of the major limitations of auxetic material is that once manufactured, the 

mechanical properties of the auxetic metamaterials show a lack of tunability 

(Montgomery et al., 2020). This limits the use of these materials, where more responsive 

and adaptable materials with mechanical functionalities beyond those offered by the 

traditional machines are needed (Lum et al., 2016). To this end, a number of researchers 

started to investigate shape-programmable metamaterials, i.e. a type of active materials 

whose geometry can be controlled through specific stimuli such as heat (see Figure 2.26 

(b)) (Mohr et al., 2006; Zou et al., 2022), light (see Figure 2.26 (a)) (Lendlein et al., 2005) 

and magnetic fields (see Figure 2.26 (c)) (K. K. Dudek et al., 2019a, 2020; K. K. Dudek, 

Gatt, et al., 2018; M. R. Dudek & Wojciechowski, 2008; Fang et al., 2019; J. N. Grima 

et al., 2013; Jackson et al., 2018; Y. Kim et al., 2018; Lum et al., 2016; Montgomery et 

al., 2020; Raghunath & Flatau, 2015; Z. Ren et al., 2019; Schaeffer & Ruzzene, 2015b, 

2015a; K. Singh et al., 2013; Slesarenko, 2020a; X. Tan et al., 2019; Zou et al., 2022). 

These materials are capable of providing a more precise and finer control needed in 
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certain applications (Q. Li et al., 2017; Lum et al., 2016; Montgomery et al., 2020; 

Scarpa, 2008; S. L. Zhang et al., 2017).  

 

Figure 2.26. Shape-programmable materials which geometry can be manipulated via (a) 

light (Lendlein et al., 2005),(b) heat (Mohr et al., 2006) and (c) magnetic fields. 

   

2.3.2 Magneto-mechanical metamaterials 

 One promising class of shape-programmable materials is that of magnetically 

actuated materials, as their shape can be manipulated not only through the magnitude of 

the external stimulus, but also through its direction and spatial gradient as well as by the 

internal interactions between magnetic inclusions (K. K. Dudek et al., 2019a; M. R. 

Dudek & Wojciechowski, 2008; J. N. Grima et al., 2013; Jackson et al., 2018; Lum et 

al., 2016; Schaeffer & Ruzzene, 2015a; Slesarenko, 2020a). Combining the unusual 

properties of auxetic materials and the control that magnetic systems provide results in a 

magnetic auxetic material which can be manipulated using magnetism. This has resulted 
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in the control of stiffness even allowing for “negative” stiffness (K. K. Dudek et al., 2020; 

K. K. Dudek, Gatt, et al., 2018), controlled changes in shape (M. R. Dudek et al., 2007), 

as well as enhanced impact resistance(K. K. Dudek et al., 2019a) amongst other properties 

(Scarpa et al., 2004; Schaeffer & Ruzzene, 2015b, 2015c). Applications of these 

properties range from adaptable body armour (K. K. Dudek et al., 2019a) and vibration 

dampers (K. K. Dudek et al., 2020; K. K. Dudek, Gatt, et al., 2018) to and magnetic 

auxetic systems (K. K. Dudek, Wolak, et al., 2017) such as thin magnetic films used as 

memory elements in computer technology (see Figure 2.27(b)) (M. R. Dudek & 

Wojciechowski, 2008).  

 

Figure 2.27.(a) Magneto-mechanical materials designs mimicking auxetic systems. 

(image taken from Grima et al.(J. N. Grima et al., 2013). (b) Application of magneto-

mechanical materials as memory elements in computer technology (M. R. Dudek & 

Wojciechowski, 2008). 
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 As the demand for shape-programmable materials has grown, researchers have 

developed a range of mechanical metamaterials, including magneto-elastic lattices and 

magneto-mechanical foams (Fang et al., 2019; Raghunath & Flatau, 2015; X. Tan et al., 

2019). For instance, Scarpa et al. (Scarpa et al., 2004; Scarpa & Smith, 2004), showed 

that a magneto-mechanical auxetic polyurethane (PU) foam coated in magnetorheological 

(MR) fluid can have its acoustic absorption coefficient when subjected to magnetic field 

of constant magnitude, see Figure 2.28(a). Other studies have focused on magneto-

mechanical metamaterials able to undergo a reconfiguration under an external magnetic 

field (Jackson et al., 2018; Lum et al., 2016; Montgomery et al., 2020; Z. Ren et al., 2019; 

K. Singh et al., 2013), with one of the more notable examples being the work by Kim et 

al. (Y. Kim et al., 2018) where 3D-printed soft structures were built using composite ink 

with ferromagnetic particles (see Figure 2.28(b-c)). In the work by Kim and co-workers, 

magnetisable inclusions were embedded in a rubber matrix to create printed auxetic 

structures which were shown to shrink in response to an external magnetic field. A 

different approach was taken in the work by Tipton et al. (Tipton et al., 2012), where 

rare-earth magnets were embedded into elastomers. The composite structures proposed 

in their work were designed to exhibit a coupled twist-buckle behaviour when subjected 

to large magnetic fields. Other studies investigated structures composed or rigid 

constituents. For example, Grima et al.  showed that auxetic behaviour of the rotating 

squares system can be controlled via an external magnetic field when magnets are placed 

in the rigid squares themselves (J. N. Grima et al., 2013). The control over the 

deformation of different other rigid and semi-rigid mechanical lattices with magnetic 

inclusions was also demonstrated in other studies (K. K. Dudek et al., 2020; K. K. Dudek, 

Gatt, et al., 2018; J. N. Grima et al., 2013; Schaeffer & Ruzzene, 2015b). 
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Figure 2.28.(a) PU foam coated in MR fluid proposed by Scarpa et al. (Scarpa et al., 

2004; Scarpa & Smith, 2004), (b) A depiction of the response of a magneto-mechanical 

metamaterial to magnetic field of different order and direction. (image taken from 

Montgomery et al. (Montgomery et al., 2020)) (c) Magneto-mechanical metamaterials 

printed with ferromagnetic composite ink to create magnetically actuated auxetic 

materials (Image taken from Kim et al. (Y. Kim et al., 2018)) 

 

 Magneto-mechanical metamaterials can also produce unusual mechanical and 

other types of behaviour that would usually not be possible for similar structures without 

magnetic inclusions. A very interesting example of this concept is described in the work 

by Hewage et al. (Hewage, Alderson, Alderson, & Scarpa, 2016), where it was shown 

that a specific quasi two-dimensional mechanical metamaterial composed of hexagonal 

subunits with magnetic inclusions, as shown in Figure 2.29(c), can exhibit auxetic 

behaviour and negative stiffness at the same time. This concept was also observed for 

other quasi two-dimensional magneto-mechanical metamaterials (K. K. Dudek, Gatt, et 

al., 2018; K. K. Dudek, Wojciechowski, et al., 2018; Slesarenko, 2020a) and extended to 

three-dimensional structures (K. K. Dudek et al., 2020) , as shown in Figure 2.29(a), 

something that is particularly important from the point of view of potential applications. 
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It was also reported that auxetic magneto-mechanical metamaterials can exhibit enhanced 

wave attenuation (Schaeffer & Ruzzene, 2015a, 2015b) as well as impact resistance (K. 

K. Dudek et al., 2019b) in the case of a collision with an external body, where these 

results may lead to the design of superior damping and protective devices. It is also worth 

noting that magneto-mechanical metamaterials also have a lot of potential at the 

nanoscale where they can be used to control the magnetic domain evolution(M. R. Dudek 

et al., 2019; Raghunath & Flatau, 2015) which in turn can result in a strong magneto-

caloric effect which may prove to useful in the case of refrigeration technologies. 

 

Figure 2.29.(a) A three-dimensional auxetic material with magnetic inclusions, 

proposed by Dudek et al. ((K. K. Dudek et al., 2020) (b) magneto-mechanical lattices 

proposed by Schaeffer and Ruzzune (Schaeffer & Ruzzene, 2015b) ,(c) A magneto-

mechanical metamaterial proposed by Hewage et al. which could exhibit negative 

stiffness and had a negative Poisson’s ratio (Hewage, Alderson, Alderson, Scarpa, et al., 

2016). (d) A force-strain curves for the magneto-mechanical metamaterial proposed by 

Slesarenko (Slesarenko, 2020) 

 



57 
 

 Shape-programmable materials have been shown to excel in miniature devices, a 

few centimetres in size, as it was demonstrated that the locomotion and manipulation 

capability exceeded their machined counterparts (Bartlett et al., 2015; Frenzel et al., 

2017; Novelino et al., 2020). The concept of functionalised miniature devices has a lot of 

potential amongst others in bioengineering, microfactories and healthcare.  

 

2.4 Conclusion 

In the literature review, the most significant research in the field of auxetics and 

active auxetic metamaterials are highlighted with a particular emphasis on perforated 

auxetics, 3D auxetic structures and magnetically actuated metamaterials. 3D auxetic 

structure have shown potential in a number of applications due to their enhanced 

properties such as high energy absorption, impact and indentation resistance and 

synclastic properties. Similarly, magnetically actuated metamaterials have also gained 

increased attention due to their ability to respond to a magnetic stimulus by tuning their 

geometry and/or mechanical properties which is advantageous in a wide range of 

applications benefitting from responsive smart materials. Both these fields are still at their 

infancy and research has to investigate their properties and manufacturing techniques 

(Novak et al., 2016).  
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Scope 

 

As detailed in the literature review, there has been a significant advance in the 

research of novel materials over the past few decades particularly in the field of 

mechanical metamaterials. Various studies have explored their distinctive mechanical 

properties, leading to the potential introduction of new advanced materials into the 

market.  

The advent of additive manufacturing via 3D printing has given rise to the 

design and production of more complex 3D auxetic materials which exhibit an NPR in 

multiple directions. As discussed in Chapter 2, researchers have successfully produced 

and characterised a number of 3D auxetic structures. The enhanced properties of auxetic 

metamaterials have also led to the evolution of the concept of active metamaterials 

whereby researchers have sought to develop auxetic materials with tunable properties 

post fabrication. These novel materials are revolutionising the materials science 

research field by combining the desirable properties in auxetic materials and the 

responsive and adaptable nature of active materials. Of particular importance is the 

research on magnetically actuated metamaterials due to their ability to respond to the 

magnitude and direction of the magnetic field. These materials have been posed to 

replace traditional machines especially in the fields of soft robotics and biomedical 

devices especially in miniature devices where the lightweight, untethered, and fine 

motion of magnetically actuated metamaterials would be advantageous (see Section 

2.3.2).  
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However, despite the advances in auxetic metamaterials research, the research 

on 3D auxetic metamaterials is still in its infancy. New 3D auxetic structures are 

constantly being proposed and studied.  Similarly significant research is required is in 

the field of active metamaterials specifically magnetically actuated metamaterials, 

which is a very new concept and further research is required to fully explored the 

possible structures that may arise from combining the research fields of active materials 

and auxetic metamaterials.  

In view of the above, this thesis aims: (1) to propose 3D systems having 

continuous voids of constant cross-sectional area and investigate them vis-à-vis 

their potential to exhibit a negative Poisson’s ratio and (2) to design, produce and 

investigate active magneto-mechanical metamaterials which are able to respond to 

an external magnetic field. In order to achieve these aims, the following objectives 

will be addressed. 

• Design 3D systems through the use of diamond-shaped continuous voids, that are 

capable of exhibiting a 3D auxetic mechanism.  

• Investigate through numerical and experimental studies how changes in the 

relative sizes of the diamond voids and their separation effects the mechanical 

properties of these 3D auxetic systems.  

• Study numerically and experimentally how changes in the shape of the cross-

sectional area of these voids effects the mechanical properties of these 3D auxetic 

systems. 

• Design an accordion-like system having magnetic inclusions to produce a 

magnetically actuated material and investigate dependant parameters. 

• Extending the basic unit of the accordion-like system to create multi-layered 

auxetic systems with tunable geometries.  
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• Extend the concept of the accordion-like system to an ‘egg-rack’-like geometry to 

investigate the possibility of having an active 3D auxetic geometry. 

• Investigate the effect of using elastic composites having iron nanoparticle 

inclusion in lieu of permanent magnets.  
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Chapter 3 : 3D Perforated Systems using 

diamond-shaped perforations1 

 

Highlights 

• In this chapter, a novel design method is proposed where 3D auxetic 

metamaterials can be produced by introducing continuous voids of constant cross-

sectional area.  

• Such voids would be inserted at strategic positions in different perpendicular 

planes of a solid block to obtain a continuous three-dimensional mechanical 

metamaterial that can exhibit the desired mechanical characteristics.  

• The use of continuous voids to design the 3D metamaterial makes it possible to 

use a number of manufacturing methods including 3D printing additive 

manufacturing, subtractive manufacturing as well as casting to produce these 

systems. 

• The resulting group of structures can be described as connected polygons and 

were found to have the potential to exhibit a negative or zero Poisson’s ratio. 

• The analysed systems were found to have a strain independent Poisson’s ratio up 

to at least 7% strain. 

 

3.1 Introduction 

 A significant advancement in auxetic research was attained with the development 

of 3D systems that are capable of exhibiting an NPR behaviour in at least two planes that 

are orthogonal to each other i.e., 3D auxetic systems. As discussed in Chapter 2, one such 

 
1 This chapter has been published in Galea, R., Farrugia, P. S., Dudek, K. K., Attard, D., Grima, J. N., & 

Gatt, R. (2023). A novel design method to produce 3D auxetic metamaterials with continuous pores 

exemplified through 3D rotating auxetic systems. Materials & Design, 111596. (Impact Factor 9.417) 
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system is the three-dimensional rotating rigid cuboids structure proposed by Attard and 

Grima (Attard & Grima, 2012) and later expanded by Kim et al. (J. Kim et al., 2017). 

Manufacturing of such 3D systems is quite challenging, however, with the recent 

evolution of additive manufacturing the fabrication of 3D auxetic metamaterials has been 

made more accessible. In fact, additive manufacturing is possibly one of the best 

fabrication methods for such structures, notwithstanding the number of challenges this 

technique presents, which include production time, void formation, anisotropic 

microstructure, and mechanical properties (Ngo et al., 2018). 

 However, additive manufacturing is not the only method that has been useful to 

produce auxetic structures. In fact, subtractive manufacturing has been successfully 

employed for the fabrication of 2D auxetic metamaterials, as discussed in detail in 

Chapter 2. It has been the focus of extensive research in recent times (Attard et al., 2016; 

J. Grima et al., 2016; J. N. Grima, Gatt, et al., 2010; Linforth et al., 2021; Mizzi et al., 

2021; Nedoushan & Yu, 2020; Scarpa et al., 2004; Slann et al., 2015; H. Wang, Xiao, & 

Zhang, 2021; Yao et al., 2021) due to the ease and simplicity with which 2D auxetic 

structures can be produced. Various perforation shapes have been adopted to re-create 

known 2D auxetic structures(A. Alderson, Alderson, Attard, et al., 2010; Attard, 

Manicaro, & Grima, 2009b; Chetcuti et al., 2014; K. K. Dudek, Gatt, et al., 2017; Evans 

et al., 1995; J. N. Grima & Evans, 2000c, 2006; J. N. Grima, Gatt, et al., 2005; Masters 

& Evans, 1996; Mizzi, Attard, et al., 2018; Prall & Lakes, 1997), including star, diamond 

(rhombus), elliptical, rectangular, and hexagonal ones, leading to systems mimicking the 

rotating rigid triangles (J. N. Grima, Gatt, et al., 2010; G. Wu et al., 2015), rotating rigid 

quadrilaterals (Attard et al., 2016; Bertoldi et al., 2010; J. Grima et al., 2016; J. N. Grima 

& Gatt, 2010; Mizzi, Azzopardi, et al., 2015; Slann et al., 2015; M. Taylor et al., 2014), 

and chiral systems (Mizzi, Attard, et al., 2018; Mizzi, Mahdi, et al., 2018; Scarpa et al., 
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2004; Shim et al., 2013; Slann et al., 2015).  Notwithstanding the amount of research in 

3D auxetics and 2D perforated auxetic systems, to date, no attempt has been made to 

propose a design method that can be used to produce 3D auxetic metamaterials having 

continuous voids of constant cross-sectional area. The structures obtained from such a 

design method can be produced through various methods, including subtractive 

manufacturing, additive manufacturing, and casting. Such systems would combine the 

advantages specific to 3D auxetic structures with multiple streamlined production 

processes, depending on the case. In view of these considerations, a novel design method 

will be proposed in this study which utilises the application of continuous voids of 

constant cross-sectional area on different planes of a solid block of material. This process 

will be exemplified by using continuous voids having a diamond shaped cross-sectional 

area. It will be shown for the first time that several 3D auxetic metamaterials, having 

negative or zero Poisson’s ratios can be obtained using such diamond shaped voids. 

 

3.2 Concept 

3.2.1 Description of the proposed design method used to produce 3D auxetic 

metamaterials with continuous voids 

In this section a description of how auxetic metamaterials may be produced 

through the proposed novel design method will be given. To achieve this, continuous 

voids having a diamond shape perforation will be used as an example (see Figure 3.1). 

For ease of reference, the continuous voids having a constant cross-sectional area will 

henceforth be referred to as ‘perforations’. Referring to Figure 3.1 (a), without loss of 

generality, starting from a cube made of conventional material, a first set of perforations 

can be carried out on the xy plane using equally sized diamond shaped perforations (i.e., 

all diamond shaped perforations have equal side lengths). The perforations traverse the 
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whole length of the material which is orthogonal to the xy-plane, i.e., that is aligned along 

the z axis. Once applied, the pattern of perforations is such that the nearest neighbouring 

rhombi are rotated by 90° with respect to each other, meaning that their longest diagonals 

are aligned along perpendicular directions. At the same time, the nearest corners of the 

diamond shaped perforations are separated by an equal distance s. This is required to 

provide spacing material so as to connect the different rigid units. The resultant structure 

mimics the 2D rotating squares system. Thus, provided that s is small enough, the system 

is expected to show a negative Poisson’s ratio in the xy plane, but the constituting material 

Poisson’s ratio in the yz and xz planes. 

 

Figure 3.1: (a) The process by which consecutive perforations on different planes are 

performed (b) A unit cell of the system showing the cross-sectional areas of the 

continuous columns being removed on each plane. 

 

 A second set of analogous perforations can then be performed in the yz plane. 

This will result in a system which has a projected ‘rotating squares’ geometry in both the 

xy and yz planes. It would thus be expected that such a system will exhibit a negative 
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Poisson’s ratio in both planes. To complete the structure, a third set of analogous 

perforations is performed in the xz plane, yielding the 3D polygons system shown in 

Figure 3.1(b, panel 4). Based on the previous considerations, the resulting system is 

expected to exhibit a negative Poisson’s ratio when loaded in all three planes.  

The concept outlined above can easily be extended to one where the diamond 

shaped perforations are not the same resulting in a cuboidal unit cell shown in Figure 3.2. 

To do this, diamond perforations having different side length and internal angles need to 

be used as illustrated in Figure 3.1(a). In this case, it is expected that the Poisson’s ratio 

will depend on the dimensions of the diamond perforations used in each orthogonal plane, 

meaning that it can vary between planes. 

 

Figure 3.2. 3D perforated system using differently sized diamond perforation.  

 

3.3 Methodology 

3.3.1 Geometric considerations of the proposed design method used to produce 3D 

auxetic metamaterials with continuous voids 

In the case of the proposed design method, one must ensure that the perforations 

performed on one plane do not cut through the material between the different units of 

another plane as this would result in disjointed parts. The geometric requirements for the 
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diamond shaped perforations used in this study as an example of the proposed design 

method are given in this section. The diamond shaped perforations which can be applied 

to each major plane of a block of material is characterised by the side lengths and internal 

angles of the diamond/rhombi shaped perforation as well as the separation between the 

nearest corners of the perforations, s. Given the existing relations between the internal 

angles of a rhombi, only one angle needs to be specified for each plane. This will be 

referred to as the aperture angle. Considering the simplest case proposed here, whereby 

all the side length of the rhombi are equal to a, and the aperture angle in each plane is 

also equal, and referenced by , the side lengths of the unit cell along the x, y, and z 

directions are given respectively by:  

𝑥 = 𝑦 = 𝑧 = 2 {𝑎 [cos (
𝜃

2
) + sin (

𝜃

2
)] + 𝑠}                   (3.1) 

The resultant perforated system will henceforth be referred to as the regular 3D perforated 

system. 

In the case that rhombi of different dimensions and internal angles are used, as 

indicated in Figure 3.1 (a), the side lengths of the unit cell along the x, y, and z directions 

are given respectively by:  

𝑥 = 2 [𝑎 cos (
𝜃1

2
) + 𝑏 sin (

𝜃1

2
) + 𝑠]        (3.2) 

𝑦 = 2 [𝑎 sin (
𝜃1

2
) + 𝑏 cos (

𝜃1

2
) + 𝑠]         (3.3) 

𝑧 = 2 [𝑑 cos (
𝜃2

2
) + 𝑐 sin (

𝜃2

2
) + 𝑠 ]         (3.4) 

Here, a and b are the side lengths of the rhombi in the xy plane while c and d are those in 

the yz plane (Figure 3.1 (b)). In addition, θ1 and θ2 are respectively the aperture angles in 

the xy and yz planes. Geometric analysis shows that the c, d, and θ2 are related to each 

other as well as to the corresponding parameters in the xy-plane through the equations, 
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𝜃2 = 2 cos−1 [
𝑏 cos(

𝜃1
2

)

𝑐
]          (3.5) 

𝑑 =
𝑎 sin (

𝜃1
2

)

sin(
𝜃2
2

)
                     (3.6) 

It can be noted from Equation (3.5) that when 𝑐 = 𝑏cos (
𝜃1

2
), the angle θ2 is equal to zero, 

implying that no perforations can be made. In practice this sets a minimum value for c, 

as this side length must be larger than 𝑏 cos (
𝜃1

2
). 

In a similar way, the side lengths of the rhombi in the xz plane, namely e and f, 

and the aperture angle θ3 are related to the previously defined parameters through the 

equations, 

𝑒 =
𝑏 sin (

𝜃1
2

)

sin(
𝜃3
2

)
             (3.7) 

𝑓 =
𝑎 cos (

𝜃1
2

)

cos(
𝜃3
2

)
           (3.8) 

𝜃3 = 2tan−1 {
min[𝑐 sin(

𝜃2
2

),𝑑 cos(
𝜃2
2

)]

𝑎 cos(
𝜃1
2

)
}           (3.9) 

where the function “min” returns the minimum of the input values. It should be mentioned 

that the definition of θ3 has been chosen so as to prevent the perforations from cutting 

through the spacing material as this would remove the connection between the different 

units. This is not the only constraint that is needed to ensure that the geometry is not split 

up in disjointed parts. Testing has shown that the following relation also needs to hold:  

𝑓 cos (
θ3

2
) ≤ 𝑏sin (

θ1

2
) +

𝑏 cos (
θ1
2

)

tan(
θ1
2

)
         (3.10) 
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The constraints mentioned need not be exhaustive of all possible ones. Identifying them 

would require a thorough investigation of all possible parameter space, something that 

was considered beyond the scope of the analysis. 

The more general system being described here is thus characterised by six lengths 

(a, b, c, d, e, and f) and three angles (θ1, θ2, and θ3) leading to a total of nine geometric 

parameters. In turn, these are related through five equations based on the geometric 

relations presented above. Hence, only four of the parameters are independent. Without 

loss of generality, these can be taken to be a, b, c and θ1. The projections of each plane of 

the resulting 3D system may be described by Type I rotating rectangles system. 

 

3.3.2 Finite element simulations 

3.3.2.1 Pre-processing FEA parameters 

To study the mechanical properties of 3D structures produced through the design 

method proposed in this study, finite element simulations were performed on the 3D 

structures resulting when using diamond shaped perforations. As explained above, 

diamond shaped perforations were used as an example of the properties that can be 

obtained when using this design method. The mechanical properties of the novel 3D 

perforated systems were investigated using the Finite Element method, using the 

commercially available software ANSYS® Mechanical APDL Release 13. For the 

simulations, the symmetry that exists along lines parallel to the principal axes, passing 

through the middle of the connecting material between the polygons, were availed of. 

These lines of symmetry exist not only at the edges of the unit cell, but also midway 

through each side length of the original cuboid. Thus, only one eighth of the unit cell 

needed to be simulated. A benefit to using a reduced representative volume was a 

decreased simulation time. 
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The element type for the simulation was set to SOLID187, this being a higher 

order 3D element with quadratic displacement behaviour that is able to model both elastic 

and plastic behaviour, as well as allowing for irregular meshes. For the initial 

investigation, the Young’s modulus was set to 1.1 GPa, while the Poisson’s ratio was set 

to 0.45 (these values were derived from the mechanical properties of plastics in literature).  

Symmetry boundary conditions were used for the simulation. In the case of 

loading in the x direction this was attained by applying equal compressive strains on the 

nodes located on the outer faces aligned perpendicularly to the loading direction as shown 

in Figure 3.3 as black arrows. The nodes on the face perpendicular to the y direction 

having the minimum value of the y coordinate were set to have a zero displacement 

(depicted by rollers) in the y direction whilst those on the opposite side were coupled to 

move together in the y direction with the red boxes indicating coupled nodes. Similar 

settings were then applied to the nodes on the faces perpendicular to the z direction. This 

allowed the structure to be modelled as an infinite system, with the results providing the 

bulk properties of the material when loaded in the x direction. Inferentially, loading of the 

y, or z directions, were thus obtained by interchanging the boundary conditions. 

 

Figure 3.3.  A representative drawing of the projections of the 3D perforated system on 

the (i) xy, (ii) xz, and (iii) zy planes together with the boundary conditions used for 

loading in the x direction.  
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Prior to performing the simulations, the optimal mesh size had to be determined. 

This was done to find the right balance between the accuracy of the results and the 

computational time needed for the solution to be obtained. To this end, eight structures 

pertaining to the regular 3D perforated system (where a = 10 mm, s = 0.5 mm and  = 

10, 20, …, 80) were analysed using six degrees of increasing mesh refinement. All 

structures were first meshed using the smart element sizing with the finest mesh 

configuration. This was followed by a mesh refinement procedure for nodes found at the 

boundary of the perforations. The mesh refinements which were used are detailed in Table 

1 below: 

Table 1: Different Levels and Depth use in different sets of mech refinement. The 

number of elements for the structure with  = 40, a = 10 mm and s = 0.5 mm. 

Set Level2 Depth3 Number of elements 

1 0 0 9399 

2 1 5 43167 

3 2 5 109204 

4 3 5 282487 

5 4 3 498578 

6 5 3 613387 

 

Each set was then compared to the finest mesh (set 6) and their deviations were 

analysed. The maximum percentage deviation from all computed Poisson’s ratio (xy, yx, 

xz, zx, yz, and zy) and Young’s moduli (Ex, Ey and Ez) was used to assess the difference 

between the generated results. 

 

 
2 Amount of refinement to be done 
3 Number of elements to include outward of the selected nodes 
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3.3.2.2 Parametric analysis using linear simulations. 

Initially, a parametric analysis was carried out using linear simulations. The first 

set of these simulations sought to investigate the relation between the ‘degree of 

openness’ of the diamond shaped perforations and the mechanical properties (namely the 

Poisson’s ratios and Young’s moduli) of the regular 3D perforated system. For the 

analysis, the following parameters were used; a = b = c = 10.0 mm, s = 0.5 mm, while θ 

was varied between 1° and 90° in increments of 1°. 

In the second set of simulations, the effect of s on the mechanical properties of the 

regular 3D perforated system was investigated. To do so, the following set of parameters 

was chosen: a = b = c = 10.0 mm, s was varied from 0.1 mm to 2.0 mm in increments of 

0.1 mm, and angle θ was varied between the values of 10° to 80° in increments of 10°. 

The third set of simulations considered the more general system. For this case, parameter 

a was set to 10.0 mm, parameters b and c were varied between 2.0 mm and 20.0 mm in 

increments of 2.0 mm, s was set at 0.5 mm while angle θ was assigned values from 10° 

to 80° in increments of 10°. The chosen parameter space allowed the investigation to have 

the aspect ratios of  and  span from relatively small to the relatively large values 

thus encompassing a wide variety of structures. Not all parameter combinations resulted 

in a tesselatable system due to the constraints mentioned. 

From the numerical results obtained, the engineering Poisson’s ratio and Young’s 

moduli in all loading directions were derived. Furthermore, the distribution of forces 

within the material was studied using the strain concentration factor (K) which was 

defined as: 

 

 

/b a /c a
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max

ave






=K                (3.11) 

where max is the von Mises strain at a specific region and ave is the strain applied to the 

structure. 

 

3.3.2.3 Non-linear Simulations 

Based on the analysis of the initial parametric investigation, two structures were 

identified for further investigation. The first one represented the regular 3D perforated 

system having dimensions a = b = c = 4.0 mm and  = 40°, while the second one the more 

general cuboid system having dimensions a = 4.0 mm, b = 4.8 mm, c = 4.8 mm, and 1 = 

40°. These will be referred to as System I and System II respectively, see Figure 3.4.  

Non-linear simulations were carried out for these structures with the intention of 

comparing the results with those of the mechanical testing of physical prototypes. For the 

purpose, the mechanical properties of the material that was meant to be used for the 

manufacturing of the prototypes were determined from the mechanical testing of a 

number of dog bones (see section 3.3.3.1 below).  

 The Poisson’s ratio of the constituting material in the linear region was found to 

be 0.42 while the Young’s modulus was estimated to be 1.52 MPa. Simulations that take 

into consideration large deflections were then carried out. To do so, the stress-strain 

results obtained from the dog bones were used as inputs to the hyperelasticity model with 

the selection of the experimental response function model available in ANSYS APDL. 

The results could then be compared with those obtained through the mechanical testing 

of the prototypes.  
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Figure 3.4. A depiction and experimental prototype of (a) System I and (b) System II 

used in this study.  
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3.3.3 Experimental method 

3.3.3.1 Measuring the mechanical properties of the 3D printing material 

As discussed in Section 3.3.2.3, the mechanical properties of the material used to 

produce the experimental prototypes, three dog bones were 3D printed using the same 

printer and resin as that adopted for the prototypes. These had a width w = 5.0 mm, a 

thickness t = 3.0 mm, and a length l = 20.0 mm as shown in Figure 3.5. 3D printing was 

done by using a Formlabs Form 3 SLA 3D printer using the Elastic 50A resin. The 

resolution in the xy plane was set to 100 µm and a layer thickness of 100 µm was adopted. 

Once printed the prototypes were washed with isopropyl alcohol (IPA) in the Formlabs 

Form Wash tank for 10 minutes. The parts were then removed from the build plate and 

washed once more for 10 minutes. Formlabs Form Cure was then used to cure the 

prototypes for 20 minutes at 60 °C. The dog bones were loaded under tension using a 

Testometric universal loading machine (M350-20CT) with a 100 kg load cell (Serial 

Number: 31931). A 10.0 mm min−1
 loading rate was used for this analysis. Using a black 

marker, two sets of two black spots were applied in the axial direction and one set of two 

black spots was applied in the transverse direction, as illustrated in Figure 3.5. The 

deformation was recorded with a duly calibrated Messphysik-Videoextensiometer 

camera. The change in lengths were monitored using the pattern recognition feature found 

within the videoextensiometer software. This yielded two readings for the axial direction 

and one reading for the transverse direction from which the Poisson’s ratio was then 

determined. The Young’s modulus was calculated using the force displacement data 

obtained from the universal loading machine. 
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Figure 3.5. Diagram of the dog bone and its dimensions together with the strain-strain 

and stress-strain plot obtained. 

 

3.3.3.2 Investigation of experimental prototypes 

 Experimental prototypes of 3D structures obtained by the design method proposed 

in this study when using diamond shaped perforations were also produced, see Figure 3.4. 

This was achieved by applying the diamond shaped perforations in-silico and 3D printing 

the resultant 3D structure, using the same procedure as described in Section 3.3.3.1 above.  

Once the process was completed, the structure dimensions (parameters a and b) and the 

separation between different perforations (parameter s) were measured. This was done 

using a Trinocular Stereo Microscope (HK 1Kins Technology Co Ltd) mounted with a 

duly calibrated Industrial UHD 4K SONY IMX334 HDMI Measuring Video Camera. 

One hundred measurements were taken for each parameter considered, from which the 

average, standard deviation, and distribution were determined. 

The prototypes were then loaded under compression using a Testometric universal 

loading machine (M350-20CT) with a 100 kg load cell (Serial Number: 31931), as shown 

in Figure 3.6. One set of two black spots were drawn in the axial direction and two sets 
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of two black spots were drawn in the transverse direction using a black marker. The 

markings represented the edges of a unit-cell of the system and were used to record the 

deformations. A compressive strain of circa 7% was then applied at a rate of 10.0 mm 

min−1
 on the prototype with the deformation being recorded with a duly calibrated 

Messphysik-Video extensiometer camera. This yielded one measurement of the change 

in length in the axial direction and another two for the transverse direction from which 

the Poisson’s ratio was then determined. 

 

Figure 3.6. The experimental setup used to measure the Poisson’s ratio and Young’s 

moduli of the experimental prototype. 
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3.4 Results and Discussion 

3.4.1 Mechanical properties for the 3D-printing material used 

 The data for the dog bones produced using the elastic resin as described in Section 

3.3.3.1, is shown in Figure 3.7. The transverse strain against axial strain plot of the 

material was found to be linear within 50% extension and the value of the Poisson’s ratio 

was found to be 0.42. Meanwhile, the stress against strain plot was found to have a linear 

region within 7% strain with a resulting Young’s modulus of 1.52 MPa.   

 

 

Figure 3.7. (a) The transverse strain against axial strain plot and the (b) the stress 

against strain plot for Elastic 50A resin as printed using the method described in 

Section 3.3.3.1. 

 

3.4.2 Mesh-independent analysis 

The results of the mesh independence study carried out, indicated that using 

automatic (smart) element sizing with the finest mesh configuration, followed by a level 4 

refinement around boundary nodes up to a depth of three elements inward from these 

nodes, produced results that were within 1% of those obtained with a finer mesh. It should 

be noted here that the adopted mesh density required extensive computational resources. 

In fact, simulating the whole of the unit cell with such a mesh density would not have 
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been viable. Thus, the use of symmetry considerations to reduce the volume simulated to 

one eight of the unit cell was, in this case, logistically necessary to obtain the needed 

results. This is particularly true when considering that in this study 663 simulations were 

performed. 

From the results obtained (see Figure 3.8) it is evident that the first four sets 

deviate significantly when compared to the finest mesh used. This is especially true for 

the Young’s Modulus. On the other hand, a comparison of set 5 and set 6 shows that the% 

change between these two sets was of 0.09% and 0.48% for the Poisson’s ratio and 

Young’s Modulus respectively. Thus set 5 was deemed to be suitable as it was accurate 

enough.  

 

 

Figure 3.8(a) A bar graph depicting the % change between sets of increasing degrees of 

mesh refinement. (b) A typical mesh on a regular 3D perforated structure  
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3.4.3 Regular 3D perforated systems  

3.4.3.1 Geometric analysis and volume fraction  

 For a constant side length of the rhombi, the pore size of this structure can be 

controlled by changing the angle θ, whereby the larger the value of θ the larger the pore 

size. This change in pore size will be accompanied by a change in the structure’s volume 

fraction. As it may be anticipated, an increase in θ will result in a decrease of the volume 

fraction of the regular 3D perforated system. This is clearly shown in Figure 3.9(a) were 

the change in volume fraction with respect to θ for systems produced from perforations 

having side lengths, a, of 10.0 mm separated from each other by a distance, s, of 0.5 mm 

are shown. It is interesting to note that the relation between the volume fraction and the 

angle θ is not linear. In fact, for small values of θ, an increase in this angle is followed by 

a relatively large decrease in the material’s volume fraction whilst for large values of θ, 

an increase in this angle is followed by a relatively small change in the material’s volume 

fraction. This is related to the change in volume of the diamond shaped perforations, 

although it cannot be directly calculated by subtracting the volume of the diamond 

perforations from the volume of the material. The reason being that there are regions of 

overlap between the different perforations performed on the different planes. 

 Further analysis shows that the shape of the polygons resulting from the 

perforations vary as a function of θ. A system produced by diamond perforations having 

a very small angle θ may be described as cubes connected through their vertices. As the 

aperture angle increases, systems composed of irregular dodecahedra connected at their 

vertices are obtained, while when θ is 90°, the system may be described as being made of 

rhombic dodecahedron connected through their vertices. The vertices are highlighted 

through arrows in Figure 3.9(b). It is interesting to note that the resulting polygons are 

always connected from six vertices. Furthermore, the connectivity area between any two 
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adjacent polygons is s2, i.e., it is independent of angle θ. In the case that θ is approaching 

zero, i.e., the polygon is approaching the shape of a cube, two vertices from each cube 

will not be connected. On the other hand, in the region where the shape of the polygon 

may be described as an irregular dodecahedron (i.e., for large θ), eight vertices will not 

be connected.  

 

Figure 3.9. (a) Volume fraction against perforation angle with the insets showing 

structures having a perforation angle, θ, of 10°, 45°, and 80°. (b) An irregular 

dodecahedron obtained by taking one eighth of a unit cell (θ = 50°). 

 

3.4.3.2 Poisson’s ratio and Young’s Moduli 

The variation of the Poisson’s ratios and Young’s moduli with θ and s for the 

regular 3D perforated systems are shown in Figure 3.10. Given the symmetry of the 

structure, its mechanical properties are the same in the xy, yz, and zx planes. Thus, only 

those for the xy plane will be discussed in detail. With this in mind, it is evident from 

Figure 3.10 (a) that for the regular system having s = 0.5 mm, a negative Poisson’s ratio 

of circa −0.5 is attained when the values of θ vary between 0° and 70°. Within this range 

of θ, the material between the perforations is primarily acting as a hinge, allowing the 

polygons to rotate in three dimensions when a uniaxial load is applied.  
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Figure 3.10. Results for the regular 3D perforated system (a) The Poisson’s ratio against 

θ. (b) A 3D plot of the Poisson’s ratio for the various combinations of s and θ values (c) 

The Poisson’s ratio against parameter, s, when θ = 50°. (d) A 3D plot depicting the 

percentage change in the ratio between the Young’s modulus of the structure and that of 

the material for the various combinations of s and θ. 

The internal stresses and strains of the regular 3D perforated systems when 

subjected to compression were analysed in more detail to better understand their 

distribution (Chapter 4 for a detailed analysis). Figure 3.12, illustrates the effect that the 

perforation angle (θ) has on the distribution of the von Mises stresses and the strain 

concentration factor when the distance between the perforations (s) is set to 0.5 mm. From 

this figure, it can be noted that for all angles considered, the stresses (and hence the 

strains) are always concentrated in the regions between the polygons, with the other parts 

experiencing a negligible amount of stress. It then follows that under these conditions 

these systems may be considered as rigid polygons connected through flexible hinges, 

this being an integral feature of the rotating rigid units mechanisms, both in 2D and 3D. 



82 
 

Considering further the internal stresses in the x, y, and z directions when θ = 10° (Figure 

3.13), it can be noted that each hinge is characterised by a compressive stress along one 

edge of the connecting region and a tensorial stress along the opposite edge. This indicates 

that these hinges are undergoing bending. Additionally, the internal stress profiles at the 

connection points in the x, y, and z directions are similar, suggesting that this bending 

behaviour occurs in all three directions. The indications are thus that when the regular 

perforated system is being compressed in the x direction, the rigid polygons rotate relative 

to each other in the xy, yz, and zx planes. 

As the value of θ starts to approach 90°, the rotation of the polygons becomes 

more difficult. In fact, when θ is equal to 90° the polygons are unable to rotate because 

the geometry is such that the hinges are aligned along the line of action of the applied 

uniaxial force. Figure 3.12 also suggests that as the perforation angle becomes larger, the 

internal stresses experienced by the system become slightly more diffused and larger in 

magnitude. The increase in von Mises stress in the region between the perforations is 

mirrored by an increase in the strain concentration factor at the same locations. This 

indicates that as θ increases, the effect of a second deformation mechanism, whereby the 

region between the polygons (in the direction of the applied stress) starts to elongate or 

shorten (depending on if the system is under tension or compression), becomes important. 

Thus, under these conditions, the Poisson’s ratio of the system would depend on the 

interplay of two mechanisms, namely the polygon rotation and elongation mechanisms.  

Interestingly, when θ = 90° (Figure 3.14), one can observe that the stresses are 

solely present at the connecting points oriented along the loading direction (the x direction 

in this case). At this point, there could be the expectation that the Poisson’s ratio of the 

structure would be equal to that of the constituting material in view of the fact that the 

rotation mechanism cannot operate. However, the numerical results obtained indicate 
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otherwise, with the Poisson’s ratio of the structure approaching zero as θ approaches 90°. 

All stresses within this region are compressive (as the structure is being subjected to a 

compressive stress) indicating that as expected, no rotations are taking place. The system 

can be viewed as being constituted of rigid polygons connected together by springs 

oriented along the x, y, and z directions (see Figure 3.11). The net effect is that the 

configuration would exhibit a Poisson’s ratio of zero. Considering that the induced 

deformation is localised, this mechanism will henceforth be referred to as the connection 

point elongation mechanism. It should be noted that in this confirmation, the connection 

points between the polygons will experience high internal stresses and strains. This can 

be verified from Figure 3.10 and Figure 3.14 where it can be observed that the strain 

concentration factor at the connection points increases dramatically as θ increases. For 

instance, when s = 0.5 mm the maximum strain concentration factor increases from 

2.0 mm when θ is 10°, 4.1 when θ is 50° to 35.0 when θ is 85° (see Figure 3.10). This is 

also indicative that as θ increases, the probability of the structure failing at the connection 

points increases due to the fact that the strain (and stress) experienced by the material in 

these regions would be relatively large. 

 

 

Figure 3.11. An illustration of the deformation of the system when θ = 90° through 

which the hinges stretch resulting in a Poisson’s ratio of zero. 
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Figure 3.12. The results for the compressed regular 3D perforated system having (a) θ = 10°, (b) θ = 50°, (c) θ = 85°, and (d) θ = 90°. For each 

panel (i-iv) show the von Mises stresses along planes while (v) the strain concentration factor. In all cases a = b = c = 10.0 mm and s = 0.5 mm. 
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Figure 3.13. Analysis of the regular 3D perforated system, with θ = 10°, 

a = b = c = 10.0 mm, and s = 0.5 mm, being subjected to a compression in the x 

direction. The panels show the resultant internal stresses in the (a) x, (b) y, and (c) z 

direction. For each panel (i) illustrates the results in the xy plane, (ii) the yz plane, and 

(iii) xz plane. 
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Figure 3.14. Analysis of the regular 3D perforated system, having θ = 90°, 

a = b = c = 10.0 mm, and s = 0.5 mm, being subjected to a compression in the x 

direction. The panels show the resultant internal stresses in the (a) x, (b) y, and (c) z 

direction. For each panel (i) illustrates the xy plane, (ii) the yz plane, and (iii) xz plane. 
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The stiffness of the connection between rigid units certainly plays a role in the 

deformation mechanism. In order to investigate this, a set of simulations were undertaken, 

whereby the diamond shaped perforations are situated at a larger distance from each other 

i.e., the parameter s was increased for a number of fixed angles θ. The results indicate 

that up to moderately small θ (circa 50°) the Poisson’s ratio is not affected to a large 

degree when s is increased from 0.1 to 2.0 mm. For example, when θ = 50° it changes 

from −0.495 to −0.419 (see Figure 3.10(c)). On the other hand, for relatively large 

perforation angles, the changes in Poisson’s ratio can be significant. For example, in the 

case that θ = 86° the Poisson’s ratio changes from −0.479 to −0.039 when s increases 

from 0.1 to 2.0 mm. Yet, close to the fully open system (θ = 90°), the variation can be 

small again. For example, when θ = 90°, the Poisson’s ratio changes from 0.004 when 

s = 0.1 mm to 0.076 when s = 2.0 mm. The way that the Poisson’s ratio varies with s and 

the perforation angle may be understood by taking into consideration the strain 

concentration factor plots presented in Figure 3.10(c) and the von Mises stress 

distribution shown in Figure 3.15 and Figure 3.16. These plots indicate that an increase 

in s is accompanied by a progressive propagation of the deformation of the polyhedrons 

beyond the connection point. As expected, the stresses in the immediate vicinity of the 

connection points turn out to be different from those experienced in the rest of the 

polyhedron. The larger the value of s, the larger the region of the polyhedron which is 

acting as the ‘immediate vicinity’ of the point of application of load onto the polyhedron. 

As s increases, the local deformation at the connection points extends to the bulk of the 

polyhedrons, something that can be considered as a ‘third deformation mechanism’. The 

deformation of the polygons can be predicted to lead to a positive Poisson’s ratio 

(assuming that the constituting material has a positive Poisson’s ratio). In fact, it is 

expected to approach that of the constituent material as the size of the pores decrease in 
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relation to the unit cell, something that progressively occurs as s increases. In 

consequence, the observed Poisson’s ratio will be determined through the interplay of 

these mechanisms acting together.  

The degree to which these three types of deformation mechanisms operate will 

also have an effect on the Young’s moduli of the perforated systems proposed here. When 

s is small, i.e. when the perforated system is mainly deforming through the rotation and 

connection point deformation mechanisms, the change in the ratio%
𝐸S
𝐸M

 =
𝐸S

𝐸M
× 100%, 

where ES and EM are respectively the Young’s moduli of the structure and the constituting 

material, Figure 3.10(d)), is always less than 1% across the range of perforation angle. In 

fact, for s = 0.1 mm the%
𝐸S
𝐸M

 changes from 2.97×10−5% when θ = 10° to 2.96×10−1% when 

θ = 90°. On the other hand, the Young’s modulus of the system changes to higher 

percentages when s is larger.  For example, when s = 2.0 mm the%
𝐸S
𝐸M

 changes from 

2.11×10−1% when θ = 10° to 5.81% when θ = 90°.
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Figure 3.15. The results for the compressed regular 3D perforated system having (a) s = 0.5 mm, (b) s = 1.0 mm, and (c) s = 2.0 mm. For each 

panel (i-iv) show the von Mises stresses along different planes while (v) the strain concentration factor. In all cases a = b = c = 10.0 mm and 

θ = 50°
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Figure 3.16. The results for the compressed regular 3D perforated system having (a) θ = 10°, (b) θ = 50°, (c) θ = 85°, and (d) θ = 90°. For each 

panel (i-iv) show the von Mises stresses along different planes while (v) the strain concentration factor. In all cases a = b = c = 10.0 mm and 

s = 2.0 mm. 
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3.4.4 General 3D perforated systems with different sized perforations 

3.4.4.1 Poisson’s ratio 

In addition to the range of configurations that can be attained by altering s and θ, 

the perforation of a cuboid using different sized diamonds (see  Figure 3.17 and Figure 

3.18) can result in a plethora of structures having a diverse range of mechanical 

properties. In the cases when 𝑎 ≠ 𝑏 ≠ 𝑐, the projections of the structures in the xy, xz, 

and yz planes may be described as rectangles connected through their corners, albeit the 

dimensions of the projected rectangles may be different in different planes. In general, it 

was observed that such structures exhibited an NPR in at least one direction, the 

magnitude of which can be relatively large in some cases. From the sets of parameters 

tested in this study, the most auxetic 3D perforated system (having a = 10 mm, b = 12 mm, 

c = 10 mm and θ = 70°) had a Poisson’s ratio of −13.14 in the zy plane, for loading in the 

z direction.  

Comprehensive analysis of the result indicated that the deformation of these 

cuboidal perforated systems is similar to that of the regular 3D perforated system. When 

the structures are not fully open and s is relatively small, they deform mainly through the 

relative rotation of the polygons (see Figure 3.18). Furthermore, the Young’s moduli in 

the x, y, and z directions were observed to increase to a small extent when the aperture 

angle   and/or the ratio  increased. This indicates that the connection point 

elongation mechanism starts to operate when these parameters have large values. 

Partial symmetry in the general systems can be attained when any two of the 

dimensions a, b, and c are equal. In this case, the initial block has the shape of a square 

cuboid. The resultant perforated system has a projection in one plane that may be 

described as squares connected through their corners, whilst in the other two planes, the 

projections may be described as rectangles connected through their corners. These 

/b a
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systems showed a negative Poisson’s ratio in all planes investigated (see Figure 3.17). 

The internal stresses and strains for systems with different sized perforations are shown 

in Figure 3.19. The von Mises stress distribution displayed a similar trend to that shown 

in the case of the regular 3D perforated system, with the maximum stress increasing and 

becoming more diffused as the perforation angle increases. 

 

 

Figure 3.17 (a) Poisson’s ratio against 1 for the general 3D perforated systems having 

b = c = 8.0 mm and (b) the undeformed and deformed structures for this system 

when  1 = 40°. (c) Poisson’s ratio against 1 when b = c = 12.0 mm and (d) the 

undeformed and deformed structures for this system when 1 = 40°. In all cases, 

a = 10.0 mm, and s = 0.5 mm. 
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Figure 3.18. The variation of the Poisson’s ratio with the lengths b and c for structures 

having (a) θ = 10° and (b) θ =  80°. For each panel (i) showing ν12, (ii) ν13, (iii) ν21, 

(iv) ν23, (v) ν31, and (vi) ν32. In both cases a = 10.0 mm and s = 0.5 mm. 
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Figure 3.19. The results for the compressed irregular 3D perforated system having (a) b = c = 12.0 mm and θ = 10°,  (b) b = c = 12.0 mm and θ = 

80°, (c) b = c = 8.0 mm and θ = 10°, and (d) b = c = 8.0 mm and θ = 80°. For each panel (i-iv) show the von Mises stresses along different planes 

while (v) the strain concentration factor. In all cases a = 10.0 mm and s = 0.5 mm



95 
 

3.4.5 Experimental and non-linear numerical analysis of Systems I and II  

The linear numerical results presented above were also compared to the 

corresponding non-linear simulations. In the case of the regular 3D perforated system 

(System I), the structure showed an initial negative Poisson’s ratio of −0.44 in all planes 

studied, as predicted by the linear simulations performed earlier. Furthermore, the non-

linear simulations indicate that the Poisson’s ratio of this system is strain independent up 

to the maximum compression used in this study (7% of the original length; see Figure 

3.20).  

Analysis of the more general cuboid system (System II) gives a similar result 

whereby the initial Poisson’s ratios ij are in line with those determined from the linear 

simulations (see Figure 3.21). More specifically, the values for xy, yx, xz, zx, yz and 

zy were found to be −0.260, −0.718, −0.305, −0.427, −0.678 and −0.415 respectively. 

Once again, the Poisson’s ratios obtained for the various planes were strain independent 

up to the maximum strain used in this study. This is a very important result as invariance 

in Poisson’s ratio with strain is rather uncommon amongst auxetic systems mainly due to 

the fact that during the deformation there is a change in geometry, usually resulting in a 

change of the ij. Thus, these systems can be used for applications where a constant value 

of the Poisson’s ratio is required over a relatively large strain range. Examples of such a 

situation include any impact absorption setups such as car bumpers and personal 

protective equipment (Allen et al., 2017; Duncan et al., 2018; Foster et al., 2018; 

Moroney et al., 2018). 
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Figure 3.20 (a) Comparison of the Poisson’s ratio between the experimental and non-linear numerical results for System I. (b) Part of the 

experimental prototype of System I. (c) Frequency distribution graphs for different parameters of System I. 
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Figure 3.21. (a) Comparison of the Poisson’s ratio between the experimental and non-linear numerical results for System II. (b) Part of the 

experimental prototype of System II. (c) Frequency distribution graphs for different parameters of System II. 
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Further analyses of the numerical results were carried out by comparing them with those 

obtained through the mechanical testing of the physical prototypes. As can be observed from 

Figure 3.20 and Figure 3.21, the general trends obtained from the experimental prototypes were 

the same as those derived from the non-linear analysis. In fact, the experimental prototypes 

showed that these systems can indeed exhibit a negative Poisson’s ratio that is strain 

independent up to a compression of 7%. However, for both the regular 3D perforated 

(System I) system and the more general system (System II), the values obtained experimentally 

for the Poisson’s ratio differed significantly from those predicted by the non-linear simulations. 

In fact, for the regular 3D perforated system, the experimentally determined Poisson’s ratios 

xy, yz, and zx were measured to be −0.229, −0.224, and −0.301 respectively. These results 

suggest that some anisotropy is present in the regular 3D perforated system, something which 

was not expected based on the symmetry and the numerical results.  Furthermore, in the case 

of the more general system, the xy, yx, xz, zx, yz, and zy were measured to be of −0.068, 

−0.471, −0.067, −0.276, −0.531, and −0.291 respectively so that these too deferred from those 

obtained using non-linear simulations.  

To investigate the differences between the numerical and experimental results, the 

actual dimensions of the 3D printed structures were measured using microscopy as described 

in Section 3.3.3. For both System I and System II there were some discrepancies between the 

expected perforation dimensions and the actual dimensions. In fact, s, which should have been 

set to 0.8 mm, was found to vary between 0.9 mm and 1.5 mm in the case of the System I, and 

between 1.0 mm and 1.4 mm in the case of System II. This problem probably arose due to the 

poor drainage of the uncured resin from the edges of the perforations while cleaning the model 

with iso-propanol. The extra resin, which did not drain during the cleaning phase, then cured 

at the intersections during the post curing stage. A change in s is not expected to cause a large 

change in the Poisson’s ratio. However, this change in s is necessarily accompanied with a 
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change in the dimensions of the perforations. Indeed, in the case of System I, a was found to 

vary between 3.7 and 4.3 mm whilst in the case of System II, a varied between 3.7 and 4.3 mm 

while b ranged between 4.5 and 5.1 mm. This means that in the case of System I, the 

perforations were not of the same dimension leading to an anisotropic behaviour of the 

structure. Similarly, the deviations of a and b from the intended ones can explain the 

discrepancies obtained between the simulated and experimental values. Such production 

problems can be resolved in different ways. When using additive manufacturing, the shape of 

the perforation can be optimised. For example, using ellipse shaped perforations instead of 

diamond ones allows for better resin drainage. This would require further research to study any 

changes in the mechanical properties because of this change in perforation shape. The proposed 

systems could also be produced using casting methods. This is possible as the pores in this 3D 

system are continuous and thus allow for the design of a mould with removable rods to produce 

the perforated system discussed in this study. Once casting is complete one would simply 

remove the rods and obtain the system which was investigated in this study. The systems 

investigated in this study could also be produced by a subtractive method. Subtractive methods 

are generally easier to implement than additive manufacturing, however, they may be less cost-

effective due to material wastage. When using subtractive methods, the cost effectiveness 

would highly depend on the size of the perforations. For example, in the case of the regular 3D 

perforated system, using small values for angle  will result in ‘slit’ like perforations. 

Production of such a system using subtractive methods will probably be cost effective as 

minimal material loss will occur. On the other hand, if large values for angle  are used, 

subtractive methods may not be cost effective due to the large amount of lost material. This 

may be clearly inferred form Figure 3.9 where the volume fraction of the regular system for 

various values of   is given.  
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3.5 Innovation and application of the study 

At this stage it is important to point out that the 3D structures that result when using 

this novel design method with diamond shaped perforations are also innovative. First and 

foremost, such 3D structures can be fabricated using a number of fabrication methodologies. 

This is due to the fact that the perforations extend across the whole length of the cuboid in the 

x, y, and z directions (continuous voids of constant cross-sectional area). Thus, such systems 

can also be produced through casting by creating a mould chamber having interpenetrating and 

detachable diamond-shaped rods, an example of which is depicted in Figure 3.22. For ease of 

visualisation, the mould being shown here is for a system where diamond shaped perforations 

are performed across two perpendicular planes. The assembled mould itself would constitute 

the negative image of the perforated cuboid just presented with the diamond shaped rods 

creating the necessary voids. Furthermore, because of the presence of the continuous voids of 

constant cross-sectional area, these systems can also be produced through subtractive 

manufacturing. Such 3D systems would also show advantages when using additive 

manufacturing as they would have a clear drainage channel thus eliminating issues of cupping.  
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Figure 3.22. Proposed mould which can be used to produce the perforated systems. 

 

Furthermore, the results obtained suggest that these 3D systems have a strain 

independent Poisson’s ratio (up to the maximum strain used in this study). This is a desirable 

feature which is not obtained in numerous auxetic structures. For example, the 2D perforated 

systems that mimic the re-entrant honeycomb systems (Mizzi, Azzopardi, et al., 2015) do not 

exhibit a strain independent Poisson’s ratio. Moreover, the systems designed using equally 

sized diamond shaped perforations (the regular 3D perforated systems) where shown to have a 

nearly constant Poisson’s ratio for a large degree of  values (up to 60). This is not the case 

for other 3D rotating polygons. For example, the rotating cubes proposed by Kim et. al (J. Kim 

et al., 2017) were shown to have a Poisson’s ratio that varies between −0.51 and −0.98 as the 

angles between the cubes change between 2 and 60. It was also found that in the case of the 
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3D systems produced with diamond shaped perforations a Poisson’s ratio of 0 can also be 

obtained when the distance between the perforations (s) is small, and  has a value of 90.  

The perforated 3D systems proposed in this study may be used in a plethora of 

applications. For example, they can find use in protection equipment ranging from helmets to 

protective sports equipment. As discussed in Chapter 2, materials with a negative Poisson’s 

ratio have superior indentation resistance since the material tends to move towards the zone of 

impact rather than away from it as is the case for positive Poisson’s ratio materials. However, 

in the case of ‘2D’ auxetic systems such as the rotating squares, one would expect that the 

material would move towards the direction of impact from only one orthogonal direction whilst 

in 3D auxetic systems, such as the regular 3D perforated system proposed here, one would 

expect that the material moves towards the zone of impact from all orthogonal directions, hence 

making the material more resistant to impact. 3D materials like the ones proposed in this study 

would also be useful for the production of 3D actuators, where an extension in the x direction 

would result in the perpendicular motion in the y and z directions. Furthermore, through the 

design of the perforation used, one may design a system which amplifies the strain in one of 

the orthogonal directions. Such applications are possible as the Poisson’s ratio was found to be 

nearly linear with applied strain (up to the maximum strain used in this study, 7%). 

Furthermore, such perforated systems may find use in the production of prosthetics. For 

instance, recent studies have shown that tendons have a highly anisotropic Poisson’s ratio, with 

a large negative Poisson’s ratio in one plane (Gatt, Vella Wood, et al., 2015). Thus, the 

mechanical properties of the proposed perforated systems may be fine-tuned to those of the 

tendon, with the aim of producing prosthetics that mimic the behaviour of real tendons.  

 



103 
 

3.6 Conclusion 

In this study, it was shown that a novel design method may be employed to obtain 

auxetic 3D structures. This method utilises the application of continuous voids of constant 

cross-sectional area in multiple planes. The significant innovation of this work is that it shows 

that perforations i.e., continuous pores within a material may be used to design 3D auxetic 

structures. Since the pores are continuous and have the same cross-sectional area throughout 

the pore, several manufacturing techniques such as additive manufacturing, subtractive 

manufacturing and casting techniques can be employed to produce 3D auxetic structures. Due 

to their pore geometry, such systems are by far easier to produce when compared to current 3D 

auxetic systems with complex geometries. In order to exemplify the proposed design method, 

several 3D structures were constructed using a series of diamond shaped perforations applied 

at strategic locations on multiple planes. The 3D structures obtained are also novel due to a 

number of characteristics which they show. The simplest structure considered here has equal 

sized perforation in the xy, yz, and zx planes. Computational simulations have shown that this 

configuration has a negative Poisson’s ratio of circa −0.5 in the xy, yz, and zx planes as long as 

the spacing between the perforations is relatively small. Furthermore, non-linear simulations 

indicate that the Poisson’s ratio obtained for these systems is strain independent up to the 

maximum strain used in this study (7%). Also of interest is the fact that, when the distance 

between the perforations is small and the perforation angle is 90°, a system with a Poisson’s 

ratio of zero may be obtained. A more general 3D system having diamond shaped perforations 

was also studied, whereby differently sized perforations were used. The results obtained 

showed that an array of structures exhibiting a range of anisotropic Poisson’s ratios and 

Young’s moduli can be obtained.  
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Chapter 4 : 3D Perforated Systems using elliptical 

and stadium-shaped perforations 

 

Highlights 

• This chapter builds on the work in Chapter 3 and makes use of the design method 

developed to design two new systems having elliptical and stadium-shaped 

perforations. 

• The analysed systems were shown to exhibit a more negative Poisson’s ratio when 

compared to diamond-shaped perforations, whilst having a better stress and strain 

distribution.  

• The experimental prototypes of the analysed systems were found to have a strain 

independent Poisson’s ratio up to at least 10% strain. 

 

4.1 Introduction 

A number of the 3D structures obtained when using diamond shaped perforations as an 

example of the novel design method proposed in Chapter 3 were found to exhibit a negative 

Poisson’s ratio in a number of perpendicular planes (see Section 3.4.3.2). The notion of using 

perforations (i.e., continuous pores in the third direction) in multiple planes for the design of 

3D auxetic structures is not limited to the adoption of diamond shaped perforations and other 

types of perforation shapes such as elliptical, rectangular, stadium and I-shaped perforations 

can be expected to lead to 3D auxetic structures when perforations are performed in multiple 
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planes as shown in Figure 4.1. In this chapter, 3D auxetic structures produced through elliptical 

and stadium shaped perforations will be investigated and analysed with respect to the 3D 

auxetic structures produced through diamond perforations.  

 

Figure 4.1. An illustration of possible 3D auxetic structure that may be obtained when using 

(a) elliptical, (b) rectangular, (c) stadium-shaped, (d) I-shaped perforation shapes. Panel (i) 

represents the projections of the 3D structures in the major planes while panel (ii) shows the 

3D structure. 

 

4.2 Materials and methods 

4.2.1 The design of the 3D perforated systems 

In this study, the perforations with a diamond shaped cross-sectional area explored in 

Chapter 3 will be compared to perforations having elliptical and stadium-shaped cross-

sectional areas. To be in a position to assess the properties of the resulting structures, the 

perforations having elliptical, and stadium shaped cross-sectional areas were designed in such 

a way that a diamond shape can be inscribed inside of them. Referring to Figure 4.2, 
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perforations with a diamond shaped cross-sectional area having side length, a, and an aperture 

angle, 𝜃, were used. The diagonals for this geometry may be given by: 

ℎ𝑑 = 2𝑎 cos (
𝜃

2
)         (4.1) 

𝑤𝑑 = 2𝑎 sin (
𝜃

2
)         (4.2) 

 

Based on these, in order to inscribe a diamond shape in the elliptical cross-sectional 

area the major and minor semi axis of the ellipse need to have the following dimensions         

𝑟𝑏 = ℎ𝑑/2 and 𝑟𝑎 = 𝑤𝑑/2 respectively (see Figure 4.2). Similarly, the perforations with a 

stadium shaped cross-sectional area will have the radius of the semicircles 𝑟𝑠 = 𝑤𝑑/2 and the 

length of the straight line 𝑑 = ℎ𝑑 − 𝑤𝑑. 

 

 

Figure 4.2.The figure depicts the parameters used to create (a) diamond perforations and how 

the parameters for (b) elliptical and (c) stadium-shaped perforations are derived.  
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Having established the dimensions of the perforation cross-sectional area, the resulting 

perforated structures were built in-silico using the auto-CAD software, Inventor 2022. This 

was done following the work done in Chapter 3 where continuous voids of constant cross-

sectional area (perforations) were applied at strategic loci and in the xy, yz and zx planes of a 

block of material to produce complex 3D structures, as shown in Figure 4.3. The nearest corners 

of the diamond shaped perforations (or inscribed diamonds in the cased of the elliptical and 

stadium shaped perforations) were separated by an equal distance s. 

 

 

Figure 4.3.The figure depicts how the 3D structures were built using (a) diamond perforations 

(b) elliptical and (c) stadium-shaped perforations. 
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4.2.2 Finite element simulations 

The perforated systems were then analysed using the Finite Element method via the 

commercially available software ANSYS® Mechanical APDL Release 13. Due to the 

symmetry that exists along lines parallel to the principal axes, only one eighth of the unit cell 

needed to be simulated (see Figure 4.4). This allowed the simulation of a smaller volume, 

representative of the larger structure, which decreased simulation time.  

The boundary conditions were imposed in a similar fashion to Chapter 3 in 

Section 3.3.2.1. Referring to Figure 4.4, when loading in the x direction, a compressive strain 

was applied to the nodes having the minimum and maximum value in the x direction shown as 

black arrows. The nodes having the minimum value in the y-direction were constrained to not 

move in the y direction (depicted by rollers) whilst those having the maximum value in the 

y direction were coupled to move together in the same direction with the red boxes indicating 

coupled nodes. Similarly, the nodes having minimum value in the z direction were constrained 

to not move in the z direction whilst those having the maximum value in the z direction were 

coupled to move together in this direction. This allowed the structure to be modelled as an 

infinite system, with the results providing the bulk properties of the material when loaded in 

the x direction. This procedure was repeated for the loading in the y, or z directions by altering 

the boundary conditions accordingly. 

 
Figure 4.4. A representative drawing of the projections of the 3D perforated system on the 

(a) xy, (b) yz, and (c) zx planes together with the boundary conditions used for loading in the 

x direction. 
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The element type for the simulation was set to SOLID187, this being a higher order     

3D element with quadratic displacement behaviour that is able to model both elastic and plastic 

behaviour, as well as allowing for irregular meshes (ANSYS Inc., 2010.). For the initial 

investigation, the mechanical properties of the material to be used were experimentally 

determined and in the linear region the Poisson’s ratio was found to be 0.463 while the Young’s 

modulus was estimated to be 972 MPa. These values were inputted in the numerical 

simulations. Mesh independence tests were then carried out for the three types of 3D perforated 

systems considered.  

For ease of reference, the 3D perforated system having continuous voids of diamond 

shaped cross-sectional areas will be referred to as System D, the perforated system having 

continuous voids of elliptical cross-sectional area will be referred to as System E, whilst the 

system having continuous voids of stadium shaped cross-sectional area will be referred to as 

System S. For each system considered in this study (System D, System E and System S), 

referring to Figure 4.2 and Figure 4.3, parameter a was assigned a value of 10 mm, parameter 

s was given a value of 0.5 mm or 2.0 mm whilst θ was varied between 20° and 90° in increments 

of 5°. This resulted in a total of 90 structures or 270 simulations (for loading along the three 

principal directions).  

From the numerical results obtained the engineering Poisson’s ratios and Young’s 

moduli in all loading directions were derived. Furthermore, the distribution of forces within 

the material was investigated through the use of the von Mises stresses. For the purpose, the 

strain concentration factor (K) was used defined in Section 3.3.2.2. 

To complement the linear analysis, nine non-linear simulations were also carried out 

on three structures from System D, System E and Systems S when loading in the x, y and 

z directions. The geometric parameters adopted for Systems D, E, and S were a = 4 mm, 

s = 0.8 mm, and θ = 50° (see Figure 4.5).  In the case of this study, the non-linear simulations 
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were performed for relatively small strains, i.e., up to 2% strains. As for the previous cases, 

one eighth of the unit cell was simulated. Three non-linear simulations were carried out on each 

structure. For the purpose of simulations, the mechanical properties of the material to be used 

for the experimental prototypes were inputted in ANSYS APDL. The Poisson’s ratio of the 

constituting material in the linear region was found to be 0.463 while the Young’s modulus 

was estimated to be 972 MPa.  

 

Figure 4.5.(a) The repeating unit of the three structures considered for the FEA non-linear 

simulations. (b) The CAD of the three structures considered composed of 3×3×3-unit cells. 

(c) the experimental counterparts of the three structures composed of 3×3×3-unit cells.  
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4.2.3 Experimental method 

To verify the numerical results, experimental measurements were also carried out. 

These were carried out on three structures using the same parameters as those used for the non-

linear simulations described above. The only difference was that the simulated systems and the 

experimental structures was that the latter were composed of 3×3×3-unit cells (see Figure 4.5).  

The experimental prototypes were 3D printed using Formlabs Form 3 SLA 3D printer 

employing the Formlabs Tough 2000 resin. The xy resolution was 50 µm and a layer thickness 

of 50 µm was adopted. Once printed the prototypes were washed with isopropyl alcohol (IPA) 

in the Formlabs Form Wash tank for 10 minutes. The parts were then detached from the build 

plate removing any supporting material in the process. The cleaned models were then washed 

once more for further 10 minutes in IPA. The washed prototypes were than post-cured for 

60 minutes at 60 °C using the Formlabs Form Cure.  

The cured prototypes were tested under compression using a Testometric universal 

loading machine (M350-20CT) with a 100 kg load cell (Serial Number: 31931). The edges 

within the printed structure were marked with white spots and were used to record the 

deformations in the axial and transverse directions (see Figure 4.6). A compressive strain was 

then slowly applied on the prototype at a rate of (10 mm min-1). The deformation was recorded 

at a rate of 5 fps with a Daheng imaging camera (MER2-630-60U3M) having a resolution of 

3088 × 2064 px and mounted with a Get Cameras lens (LCM-5MP-08MM-F1.4-1.5-ND1) 

having a focal length of 8 mm and less than 1% distortion. The camera and lens were stably 

fixed and levelled horizontally in front of the prototype. The change in lengths were monitored 

using an inhouse pattern recognition python script, using an in-built calibration procedure. Two 

sets of axial and transverse measurements were taken (one from each unit cell), from which the 

average Poisson’s ratio was then determined. To the determine the average Poisson’s ratio, the 

raw data was first fitted using a 6th order polynomial from which values for the transverse strain 
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were calculated for particular values of the axial strain. The results were than compared to the 

set of non-linear simulations discussed above.  

 

Figure 4.6. The image observed by the camera which is fed into the python script which 

analysed two-unit cells of the structure. 

 

4.2.4 Deformation Analysis using FEA 

Through the use of FEA, the deformation analysis is carried out to investigate the 

mechanisms leading to an NPR. To do so, linear simulations were carried out on a series of 

structures from System D, E and S, having s = 0.5 and θ ranging from 20° to 90° at 10° 

intervals. The irregular polygons’ six (6) connecting points were mapped out and their 

displacements when a strain of −2% was applied, were noted. Following this, three diagonals; 

α, β and γ, were drawn connecting the centres of opposite connecting points as shown in Figure 

4.7. The rotation angles 𝜑𝑖, i = 1,2,3, and percentage change in length of these diagonals (and 

hence the polygons as a whole) could then be calculated from the deformed and undeformed 

structures.  
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Figure 4.7. A depiction of a System E structure and the parameters used for the analysis of 

the deformation mechanism. 

 

4.3 Results and Discussion 

Prior to discussing the FEA results in detail, it is important to highlight the results 

obtained from the mesh independent studies carried out for Systems E and S. (Note that mesh 

independent studies for System D were carried in Chapter 3). Structures having a = 10 mm, 

s = 2.0 mm and  = 50, were meshed using element sizes ranging from 0.3 to 1.2 mm. In the 

case of element size 0.3 mm, mesh refinement was also applied, whereby thirteen degrees of 

increasing refinement were used. Each set was then compared to the finest mesh and the values 

for the calculated Poisson’s ratio and Young’s modulus were compared. The results obtained 

(see Figure 4.8) show that for Systems E and S, an element size of 0.3 mm is enough to obtain 

values of the Young’s Modulus and Poisson’s ratio within <0.01% of the finest set.  



114 
 

 

Figure 4.8. Mesh-independent studies carried out on System E and S. 

 

As in the case of System D (see Chapter 3), Systems E and S were found to have the 

potential to exhibit auxetic behaviour, with the sign and magnitude of the Poisson’s ratio 

depending on the values and magnitude of θ and s. The variation of the Poisson’s ratio and 

Young’s moduli of the 3D perforated systems analysed in this study are shown in Figure 4.9. 

As expected, given the symmetry of the analysed structures, the Poisson’s ratios and Young’s 

moduli were identical in the xy, yz, and zx planes and thus, only the results in the xy plane are 

shown. For all values of θ and s considered in this study the Poisson’s ratio and the percentage 

ratio of the Young’s modulus of the structures E to that of the material EM (%𝐸∗ = 𝐸

𝐸M
× 100%) 

obtained for Systems E and S are very similar. Calculations indicate that the maximum 

difference in the values of the Poisson’s ratio is of 0.001, while in the case of %E* it is 0.025%. 

On the other hand, the discrepancy in the values between System E and System D (as well as 

between System S and System D) is small only for relatively small values of s and θ, becoming, 

in the main, more pronounced as the values of s and θ increase. For example, when s = 0.5 mm 

and θ = 20°, the difference between the Poisson’s ratio of Systems D and E (S) is 0.005 (0.008) 

while that in the %E* is 0.003% (0.001%). On the other hand, when s = 2.0 mm and θ = 80°, 
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the difference between the Poisson ratio of Systems D and E (S) is 0.062 (0.053) while that in 

the %E* is 4.35% (4.09%). From Figure 4.9 it also follows that the discrepancy is most 

noticeable in the case of the %E*. 

 

Figure 4.9(a-b) Graphs of Poisson’s ratio against perforation angle comparing Systems E and 

S to System D. (c-d) Graphs of Young’s Modulus against perforation angle comparing 

Systems E and S to System D 

 

All this indicates that the Poisson’s ratio and relative stiffness of Systems D, E and S 

may be tailored, to some extent depending on of the chosen values of θ and s. These tailored 

mechanical properties may also be coupled with different volume fractions that these systems 

may achieve. For a particular value of θ and a (see Figure 4.10), it is immediately clear that 

System E and S are expected to have a lower volume fraction when compared to System D as 

the former systems are designed in such a way that the diamond shape is inscribed inside the 



116 
 

perforation. Furthermore, it may be observed that the volume fraction of system E is always 

larger than that of System S, except when θ has a value of 90°, as in this case, both Systems E 

and S would result in the same geometry. Moreover, System S reaches a minimum at 70°, due 

to the nature of the stadium-shaped perforations which allows it to have a significantly lower 

volume fraction even when compared to System E. Referring to Figure 4.10, it is also 

interesting to note that for larger values of θ, the difference in volume fraction between Systems 

E and S and System D is larger than 50%. For example, for a system with a = 10 mm, s = 2 mm 

and θ = 70°, System D, E, and S have a volume fraction of 0.370, 0.160 and 0.122 respectively. 

These considerations would be important in industries where there is a need of high performing 

light materials, such as the aerospace industries and sports industries.  

 

Figure 4.10. A graph of volume fraction with a change in θ, for the three considered systems. 

The insets are the structures at the corresponding θ values.  

 

As mentioned in Chapter 2, the mechanical properties of auxetic materials are related 

to the geometry and the way the geometry deforms in response to an applied stress. In view of 

this, it would be very interesting to understand how the mechanical properties of Systems D, E 

and S arise from a deformation point of view. No attempt has been made so far to measure the 
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deformation of these systems. Thus, as a first step, one must understand how the measured 

negative Poisson’s ratio in different planes is obtained. In view of this, an attempt is made to 

elucidate the way Systems D, E and S deform when a stress is applied. 

As described in the methodology section, the deformation of the system was first 

evaluated by considering its movement in three dimensions. This was done by monitoring the 

changes in the angle and length of the diagonals between the vertices of the polyhedron that 

were connected together i.e., diagonals α1-α2, β1-β2 and γ1-γ2 (see Figure 4.7). These three 

diagonals pass through the centre of the polyhedron; however, they do not necessarily intersect 

each other perpendicularly. The angle between these diagonals is dependent on the initial value 

of angle θ. In fact, referring to Figure 4.11 and taking angles α-o-β and α-o-γ (see Figure 4.7) 

as an example, one notes that these angles tend to approach a value of 90° as the initial value 

of θ approaches 90°. Thus, in the case when θ is smaller than 90°, the lines between the 

connection points of the polyhedron are not representative of its axis. Monitoring the changes 

in the angles of these diagonals (angles 𝜑1, 𝜑2 and 𝜑3 in Figure 4.7) will thus only give an 

indication of the hinging of the polyhedron. Furthermore, an indication of the rigidity of the 

polyhedral unit may be obtained by monitoring the changes in angles between these diagonals 

(such as angles α-o-β and α-o-γ in Figure 4.7) and the changes in length of these diagonals.  

 

Figure 4.11. The value of angles α-o-β and α-o-γ (see Figure 4.7) for different values of θ. 

Note that System D, System E and System S result in the same profile. 
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To elucidate the deformation mechanism of these systems, System D was initially 

analysed. More specifically, System D having parameters of θ = 20°, a = 10 mm and 

s = 0.5 mm was studied when loaded under compression in the x-direction. A load in this 

direction results in a negative Poisson's ratio in the xy and zx planes, with the Poisson’s ratio 

being of equal magnitude in the two planes. Referring to Figure 4.12 and Figure 4.7, one may 

note that in response to an applied compressive strain, angles 𝜑1, 𝜑2 and 𝜑3 undergo a 

substantial change, albeit not to the same extent with the ratio, 𝜑2: 𝜑1 being approximately 

equal to 0.5, while the ratio 𝜑3: 𝜑1 being approximately equal to 1. As described above, the 

fact that these three diagonals do not intersect perpendicularly at the centre must also be taken 

into consideration when interpreting these ratios. The angles where the diagonals α1-α2, β1-β2 

and γ1-γ2 intersect (such as angles α-o-β, α-o-γ and β-o-γ, see Figure 4.7), undergo minimal 

changes with a maximum variation of 0.01° (a maximum change of 0.007° for each 1° rotation 

of 𝜑1). Diagonals α1-α2, β1-β2 and γ1-γ2, also experience a minimal change in length, to a 

maximum of 0.02% (a maximum change of 0.018% for each 1° rotation of 𝜑1). It is interesting 

to note that although the system is being compressed, the length of the diagonals between the 

connection points is increasing (i.e., it is under tension), albeit to a very small degree. Taking 

all this into consideration, one may conclude that in this case, the polyhedron is mainly acting 

as a rigid rotating unit, with the polyhedral units rotating in multiple directions.  

Referring to Figure 4.9a-b, the Poisson’s ratio of System D does not change 

considerably as the angle θ assumes different initial values, up to when θ = 70°. Referring to 

Figure 4.12, one may note that similarly to the case when θ = 20°, there is significant rotation 

of the polyhedron, with the amount of rotation of angles 𝜑1, 𝜑2 and 𝜑3 increasing as angle θ 

increases. Furthermore, the ratios, 𝜑2: 𝜑1 and 𝜑3: 𝜑1 start to approach each other with 

𝜑2: 𝜑1being equal to 0.58 and 𝜑3: 𝜑1 being equal to 0.82 when the initial value of θ is 70°. 

This indicates that as the angles at the point where the diagonals intersect each other start to 
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approach 90°, the ratios 𝜑2: 𝜑1 and 𝜑3: 𝜑1 start to approach each other as well. Changes 

between the diagonals also increase with an increase in the initial value of θ. However, the 

changes in these angles are still very small and in fact when the initial value of θ is 70°, they 

change to a maximum of 0.15° (0.033° for each 1° rotation of 𝜑1), indicating that the polyhedra 

are not distorting to a large degree. When taking into consideration the changes in length of the 

polyhedron, one also notes that it is increasing slightly as angle θ increases. The maximum 

change of the polyhedron diagonals (α1-α2, β1-β2 and γ1-γ2) is of 0.23%, (a maximum change 

of 0.051% for each 1° rotation of 𝜑1) when θ = 70°. All this indicates that up to when the initial 

value of θ is 70°, the main deformation mechanism is the rotation of polyhedral units with the 

polyhedral units themselves distorting to a low degree. 

For values of θ between 70° and 86°, the Poisson’s ratio of System D starts to become 

less negative. Within this region of θ, the polyhedron tends to deform to a higher extent than 

what was measured previously. Changes between the angles of the diagonals (such as angles 

α-o-β, α-o-γ and β-o-γ, see Figure 4.7) increase to a substantial amount with an increase in the 

initial value of θ. When θ = 86°, they change to a maximum of 0.95° (0.089° for each 1° 

rotation of 𝜑1), indicating that the polyhedra start to distort. The change in length experienced 

by each polyhedron also increases within this range of θ, with the maximum change of the 

polyhedron diagonals (α1-α2, β1-β2 and γ1-γ2) being 0.93%, (a maximum change of 0.086% for 

each 1° rotation of 𝜑1) when the initial value of θ is 86°. However, the polyhedral units still 

rotate to a substantial amount (10.6° when θ = 86° for a strain of −2%). Referring to Figure 

4.12, the ratios, 𝜑2: 𝜑1 and 𝜑3: 𝜑1 approach each other with the former having a value of 0.68 

and the latter ratio having a value of 0.72 when θ = 86°. Although the rotation of the polyhedral 

unit is still very important, the rigidity of the same polyhedral units start to decrease, resulting 

in a mechanism that may be described as a semi-rigid rotating polyhedral system. This 

significant decrease in rigidity of the polyhedral units is accompanied by a decrease in the 
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auxeticity of the system. As the value of θ approaches 90°, the rotations of the polyhedral units 

start to decrease, until no rotation is present when the initial value of θ is 90° (fully open 

system). Also, changes in β1-β2 and γ1-γ2 begin to decrease as θ approaches 90° having a value 

of about 0.20% when θ = 89°. On the other hand, the change in α1-α2 increases (although within 

this range of theta the direction of deformation changes i.e., from tension to compression) with 

a change of −1.58% when θ = 89°. When θ = 90°, only α1-α2 experiences a change in length. 

The change in length of α1-α2 is equal to −2%, which is the same as the applied strain. This is 

because the main deformation mechanism of this conformation is contraction of the polyhedral 

units in the direction of the load, resulting in a Poisson’s ratio of nearly zero (see Chapter 3). 

An analysis of the 3D geometric parameters of Systems E and S when s = 0.5 mm and 

a = 10 mm reveals that a similar deformation mechanism as described for System D is taking 

place. In the range of 20° ≤ 𝜃 ≤ 70°, Systems E and S deform through rotation of rigid units. 

The largest change in the length of the polyhedron diagonals (α1-α2, β1-β2 and γ1-γ2) is of 0.14% 

(0.032% for each 1° rotation of 𝜑1) for System E and 0.13% (0.029% for each 1° rotation of 

𝜑1) for System S. Note that in the case of System S, the change in length of the diagonals is 

slightly aiding to the auxetic behaviour as up to when θ = 50° all three diagonals are becoming 

smaller under compression (see Figure 4.12). However, this is expected to have a very small 

effect on the Poisson’s ratio as these changes are very small. The changes of the angle between 

these diagonals is less than 0.07° (0.016° for each 1° rotation of 𝜑1) in the case of System E 

and 0.08° (0.019° for each 1° rotation of 𝜑1) in the case of System S. Similar to System D, for 

Systems E and S the ratio, 𝜑2: 𝜑1 is about 0.58 while the ratio 𝜑3: 𝜑1 is about 0.83. Thus, up 

to a value of θ = 70°, the auxetic behaviour of systems E and S may be described as rotation of 

rigid units, as was the case for System D.   

When 𝜃 is in the range of 70° < 𝜃 ≤ 86°, the polyhedral units become slightly less 

rigid with the polyhedron diagonals (α1-α2, β1-β2 and γ1-γ2) changing by a maximum of 2.28% 
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for System E and 2.49% for System S. The angles between these diagonals change by a 

maximum of 1.70° in the case of Systems E and S. The ratio, 𝜑2: 𝜑1 is within the range of 0.57 

and 0.68 for Systems E and S while the ratio 𝜑3: 𝜑1 for these systems is within the range of 

0.72 and 0.83. All this indicates that within this region of theta, Systems E and S are distorting 

to a higher degree than System D. However, at the same time, the rotation of the polyhedral 

units of Systems E and S is larger than that of System D (see Figure 4.12). This combination 

of deformation mechanisms results in a slightly more negative Poisson’s ratio for Systems E 

and S when compared to System D. 

As 𝜃 approaches 90°, rotations of the polyhedral units decrease as in the case of System 

D as the Systems start to adopt their fully open conformation. Comparing System D with 

System E and S one notes that the polyhedral units of Systems E and S elongate and distort to 

a slightly higher degree. This may be explained by the fact that Systems E and S have a smaller 

volume fraction for the same value of 𝜃 (see above) and therefore are expected to be less rigid 

as indicated by their Young’s moduli (see Figure 4.9(c-d)).
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Figure 4.12. Graphs analysing the deformation of (a) System D, (b) System E and (c) System S when s = 0.5 mm 
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The observed changes in Poisson's ratio for Systems D, E, and S as parameter s 

increases provide an impetus to investigate the mechanistic changes brought about by a change 

in this parameter. As s increases, the Poisson's ratio of all three Systems tends to become more 

positive, particularly at higher values of . For example, referring to Figure 4.9(a-b), for 

  = 50°, the Poisson's ratio for Systems D, E, and S is nearly −0.5 when s = 0.5 mm and circa 

−0.45 when s = 2.0 mm (the Poisson’s ratio is slightly more positive for System D). On the 

other hand, when  = 80°, the Poisson's ratio of Systems E and S change from about −0.456 to 

about −0.157, as s increases from 0.5 mm to 2.0 mm whilst the Poisson’s ratio of System D 

changes from −0.429 to −0.095 for the same change in s. 

An analysis of the deformation mechanism when s = 2.0 mm (see Figure 4.13) as 

compared to that when s = 0.5 mm (see Figure 4.12) indicates that at lower values of , a 

change in s does not result in a change of the polyhedral rotation. For example, when the initial 

value of  is 50°, angle 𝜑1 changes by about 2.2° for Systems D, E, and S both when s is equal 

to 0.5 mm and s is equal to 2.0 mm. However, at higher values of , the rotation of the 

octahedron decreases as s increases. For example, when  = 85° and s = 0.5 mm angle 𝜑1 

changes by about 10.6° in the case of System D and by about 13.0° in the case of Systems E 

and S. On the other hand, when s increases to 2.0 mm, angle 𝜑1 changes by about 2.0° in the 

case of System D and by about 2.8° in the case of Systems E and S. This also shows that at 

higher values of , as s increases, the polyhedral units of Systems E and S are able to rotate to 

a higher extent when compared to System D. 

It is also evident that as s increases, the polyhedron becomes less rigid. This is mainly 

shown from the changes in the polyhedron diagonals (α1-α2, β1-β2 and γ1-γ2). As s increases, 

the amount of change of these polyhedron diagonals increases as well. This is particularly true 

for diagonal α1-α2, for all values of . More specifically, when  = 50°, as s is increased from 
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0.5 mm to 2.0 mm changes in α1-α2 vary from 0.07% to −0.12% in case of System D, from 

−0.02% to −0.017% in the case of System E and from −0.07% to −0.23% in the case of System 

S. These changes become larger as  increases. Interestingly, the polyhedral units of Systems 

E and S deform to a higher extent than that those of System D even though Systems E and S 

have a more negative Poisson’s ratio when compared to System D. The more negative 

Poisson’s ratios of Systems E and S may be a result of the larger rotation of the polyhedral 

units. For Systems D, E, and S, as s increases, the angles where the diagonals α1-α2, β1-β2 and 

γ1-γ2 intersect (such as angles α-o-β, α-o-γ and β-o-γ, see Figure 4.7), start to deform to a lower 

extent, particularly angle β-o-γ.  

Further insight in the deformation mechanism can be obtained from the stress 

distribution within the polyhedral units. Referring to Figure 4.14, Figure 4.15 and Figure 4.16, 

System E and S have lower peak values for the von Mises stresses and strain concentration 

factors, when compared to System D, even though Systems E and S were shown to deform to 

a larger extent. This is because the stresses are more distributed within System E and S and 

thus deform in a more uniform manner. On the other hand, in the case of System D, the stresses 

are more concentrated at the hinges, making more prone to failure at these points. Furthermore, 

as angle  increases, the strain distribution factor increases for all considered Systems (Systems 

D, E, and S) indicating that the polyhedral are becoming less rigid, in accordance with the 

measurements conducted above. Another interesting comparison is when θ = 90° (shown in 

Figure 4.16). In this case, as already discussed above, the system is deforming through 

stretching of the polygons. The stress distribution indicates that the stress is not limited to the 

hinges and in all three cases it starts to move into the polygon. Thus, the Poisson’s ratio is 

positive, however it is less positive that that of the material as two mechanisms are operating 

as discussed in Chapter 3. 
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Figure 4.13. Graphs analysing the deformation of (a) System D, (b) System E and (c) System S when s = 2 mm. 
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Figure 4.14.The results for the compressed (a) System D, (b) System E, (c) System S, 

having θ = 50°, which show the von Mises stresses along planes (i-iv) and the strain 

concentration factor (v). In all cases a = b = c = 10.0 mm and s = 2 mm. 

 

 

Figure 4.15.The results for the compressed (a) System D, (b) System E, (c) System S, 

having θ = 80°, which show the von Mises stresses along planes (i-iv) and the strain 

concentration factor (v). In all cases a = b = c = 10.0 mm and s = 2 mm. 
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Figure 4.16. The results for the compressed (a) System D, (b) System E, having θ = 90°, 

which show the von Mises stresses along planes (i-iv) and the strain concentration 

factor (v). In all cases a = 10.0 mm and s = 2 mm. 

 

Having established numerically that Systems D, E and S can exhibit a negative 

Poisson’s ratio and having studied the way that this change is brought about (the 

deformation mechanism), the numerical results were validated experimentally. For the 

three experimental prototypes produced, (Systems D, E and S having target values of 

s = 0.8 mm, a = 4.0 mm and θ = 50°) the dimension of parameter s was measured as 

described in the methodology section (see Figure 4.17). This was done as to assess the 

accuracy of the printer vis-à-vis pore geometry as in Chapter 3 it was highlighted that 

when using diamond shaped perforations and elastic resin the printer used was unable to 

reproduce the target geometry. Furthermore, Tough 2000 resin was used instead of elastic 

resin (used in Chapter 3) in order to investigate whether the printing inaccuracies for 

System D in the previous chapter were due to the resin rather than the geometry of the 

structure. From the data obtained, it was found that a significant difference between 

System D and Systems E and S is present. In fact, the average value of parameter s for 

System D was 1.093±0.193 mm (similar to that obtained in Chapter 3) whereas Systems 

E and S has an average value of 0.870±0.045 mm and 0.841±0.060 mm, respectively. 



128 
 

Given that the target value for s was 0.8 mm, it is evident that the printed structures of 

Systems E and S are more representative of the target pore geometry. As discussed in 

Chapter 3, the small space at the vertices of the diamond shaped perforations could result 

in poor drainage of the uncured resin while cleaning. The extra resin would then cure at 

the intersections during the post curing stage changing the pore parameters. In the case of 

Systems E and S, due to their round geometry, such small spaces are not present and thus 

there is better drainage of the resin in the cleaning phase, resulting in more faithful prints, 

in terms of parameters. 

 

 

Figure 4.17. Images of Systems D, E and S structures, having an s of 0.8 mm, a of 4.0 

mm and θ of 50°, under the microscope 

 

Having established that target parameters are obtained for Systems E and S, their 

mechanical properties were measured experimentally and compared to those obtained 

from non-linear simulations having the same parameters. When a = 4.0 mm, s = 0.8 mm 

and θ = 50°, non-linear FEA simulation predicted a Poisson’s ratio of −0.43 for both 

Systems E and S. The experimentally determined Poisson’s ratio for Systems E and S 

having the same parameters were of −0.50 and −0.41 respectively, indicating a good 

agreement between the Poisson’s ratio as obtained from the non-linear FEA simulations 
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and the experimental results, particularly for System S. It is important to note that when 

fitting the data of the experimental structures, the minimum value obtained for the R2 was 

of 0.990. The experimentally undeformed and deformed structures for Systems E and S 

are shown in Figure 4.18. From this figure it may be discerned that upon deformation the 

projected squares are undergoing both rotation and distortions of the squares, as discussed 

above. Furthermore, the experimental results obtained (see Figure 4.19) show that that 

the Poisson’s ratio of these systems is strain independent up to 10% axial strain, 

something which increases the possible applications of these systems as discussed in 

Chapter 3. 

 

Figure 4.18. Depicts the experimental prototypes for System E and S, when loaded up to 

8%  

 

Figure 4.19. Plots depicting the axial strain-transverse strain curve for (a) System E and 

(b) System S 



130 
 

Before concluding it is important to note that the nature of the perforations 

investigated in this study (particularly System S) may be easily produced through milling 

as two circular perorations may be drilled at each end of the perforation and then joined 

to form the stadium shape. Such 3D auxetic perforated systems would be ideal for a 

number of applications such as shock absorbers, dampeners and body protection due to 

the known superior energy absorption performance (S. Hou et al., 2015; Imbalzano et al., 

2016; L. Jiang & Hu, 2017) and impact resistance (K. K. Dudek et al., 2019a) of auxetic 

materials. As discussed above, the experimental prototypes were shown to be strain 

independent up to at least 10% strain something which is usually a desirable trait. 

Furthermore, for small values of s and at when θ is smaller than 70°, the Poisson’s ratio 

of all considered systems was circa −0.5. However, there were substantial differences in 

the Young’s moduli and volume fractions which indicate that systems having similar 

Poisson’s ratio but different Young’s moduli and/or volume fractions can be produced. 

 

4.4 Conclusion 

In this study we investigate the use of elliptical and stadia-shaped perforations to 

create an auxetic material having a three-dimensional auxetic mechanism, in lieu of 

diamond-shaped perforations shown in Chapter 3. Through numerical simulations, it was 

shown that the new structures were able to distribute stresses better throughout the 

structure while exhibiting a more negative Poisson’s ratio when the perforation angle (θ) 

is large. Furthermore, experimental studies indicate that the Poisson’s ratio observed are 

strain independent up to at least 10% strain. The use of these perforation aimed to simplify 

the manufacturing process where elliptical and stadia-shaped perforations would allow 

the use of milling in addition to casting and cutting. This is a significant advancement as 
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currently most 3D auxetic systems can only be produced through the use of additive 

manufacturing techniques. Therefore, having an auxetic system with such versatility and 

ease of production would promote industrial development of manufacturing methods for 

the low-cost production of 3D auxetic systems which has so far been a major stumbling 

block. 
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Chapter 5 : Inclusion-based Magneto-Mechanical 

Metamaterial: Part 14 

 

Highlights 

• A novel magneto-mechanical metamaterial which could collapse through hinging 

in response to an external magnetic field. 

• Investigate the effect of dependant variables on the response to an external 

magnetic field. 

• Shape restoration achieved via the proper distribution of magnetic inclusions. 

• A multi-layer 3D system with tuneable properties able to exhibit positive, zero 

and negative Poisson’s ratio. 

 

5.1 Introduction 

 Despite the numerous applications that have been proposed for auxetic 

metamaterials and the continuously growing interest of the research community, auxetic 

mechanical metamaterials still have a number of limitations as discussed in Chapter 2. 

For instance, once manufactured, the mechanical properties of the auxetic metamaterials 

 
4 The work in this chapter has been published in two research articles;  

Galea, R., Dudek, K. K., Farrugia, P. S., Mangion, L. Z., Grima, J. N., & Gatt, R. (2022). Reconfigurable 

magneto-mechanical metamaterials guided by magnetic fields. Composite Structures, 280, 114921. 

(Impact Factor 6.603) 

Galea, R., Farrugia, P. S., Dudek, K. K., Zammit Mangion, L., Grima, J. N., & Gatt, R. (2022). An 

Investigation of Reconfigurable Magnetomechanical Metamaterials. physica status solidi (b), 259(12), 

2200420. (Impact Factor 1.615) 
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show a lack of tunability (Montgomery et al., 2020). This limits the use of these materials, 

where more responsive and adaptable materials with mechanical functionalities beyond 

those offered by the traditional machines are needed (Lum et al., 2016). To this end, a 

number of researchers started to investigate shape-programmable metamaterials, i.e., a 

type of active materials whose geometry can be controlled through specific stimuli such 

as heat, chemicals, electric and magnetic fields. These materials are capable of providing 

the more precise control needed in a plethora of applications (Q. Li et al., 2017; Lum et 

al., 2016; Montgomery et al., 2020; Scarpa, 2008; S. L. Zhang et al., 2017), see Chapter 

2 for a detailed discussion. One promising class of shape-programmable materials is that 

of magnetically actuated materials, as their shape can be manipulated not only through 

the magnitude of the external stimulus, but also through its direction and spatial gradient 

as well as by the internal interactions between magnetic inclusions (K. K. Dudek et al., 

2019a; M. R. Dudek & Wojciechowski, 2008; J. N. Grima et al., 2013; Jackson et al., 

2018; Lum et al., 2016; Schaeffer & Ruzzene, 2015a; Slesarenko, 2020a). 

Despite its potential, research in active materials is still at its infancy and 

researchers must better understand the science governing the evolution of such systems 

in order to discover their full potential. In view of the above, in the first section of this 

chapter, a novel accordion-like magneto-mechanical metamaterial with the ability to 

change its linear dimensions in a controllable manner upon being subjected to a uniform 

external magnetic field, will be investigated. In the second part of this chapter, the 

proposed accordion-like system will be considered as a building block for a larger three-

dimensional system which may undergo a transition from the positive Poisson’s ratio to 

a negative Poisson’s ratio, depending solely on the magnitude and the orientation of the 

external magnetic field. 
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5.2 Accordion-like magneto-mechanical metamaterial  

5.2.1 Introduction 

 To develop multi-layered active metamaterials, it was necessary to first design 

and investigate the fundamental unit, which in this study is the magnetically actuated 

accordion-like foldable structure. Thus, this section will provide an overview of the 

structure's conceptualisation and the design of the system itself. An experimental 

investigation will be carried out to study the structure and dependent variables.  

The analysis of the system will be divided into two parts. In the first part, the 

control of the evolution of the proposed system through the use of an external magnetic 

field and its ability to exhibit shape recovery will be explored. In the second part, an 

investigation of changes in properties of the system when a number of parameters are 

altered will be carried out. 

 

5.2.2 Concept 

In this section, an accordion-like foldable non-magnetic structure with magnetic 

inclusions is proposed and its response to an external uniform magnetic field is 

investigated in order to assess its potential to act as an actuator. The basic system that will 

be considered can be described as having a non-magnetic backbone in the form of an 

accordion-like foldable structure as shown in Figure 5.1. Magnetic inclusions, consisting 

of permanent magnets, are inserted in the rigid arms (bars) of the backbone with the 

orientation being such that the internal magnetic forces allow the structure to attain an 

equilibrium position in the shape of an accordion. As shown in Figure 5.1(b), in the 

presence of an external magnetic field, the system may act as an actuator as it causes the 

mechanical folding of the entire structure along the x-direction. This stems from the fact 
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that the magnetic inclusions tend to align with the external magnetic field, and since they 

are fixed on the non-magnetic elements, their rotation, induced by the external magnetic 

field, must result in the rotation of non-magnetic rigid bars constituting the system. Once 

the external magnetic field is switched off, if the magnetic inclusions are oriented in such 

a way that they repel each other, it is expected that the internal repulsion between the 

respective magnetic inclusions will make it possible for the system to return to the initial 

configuration.  

 

Figure 5.1 Panels show a) the graphical representation of the considered magneto-

mechanical system, b) the deformation of the structure induced by the external magnetic 

field, 

 

5.2.3 Design of the accordion-like foldable structure 

The non-magnetic backbone can be described as ladders housing magnetic 

inclusions which are connected to each other through butt-hinges. The aim was to have 

hinges with minimal frictions while allowing a wide range of movement and to have 

magnet holders which had minimal effect on the magnetic moment of the magnetic 

inclusions. The latter was achieved by having a magnetic holder with two openings 

resulting in minimal material covering the magnets, as shown in Figure 5.2.  



136 
 

 

Figure 5.2. CAD design of magnet holder unit 

 

The joints were initially designed in such a way that they protruded 

perpendicularly to the ‘ladder’ with each rung housing the magnetic inclusions as shown 

in Figure 5.3. The ladders were then connected to each other through copper rods. The 

prototype was produced following the procedure highlighted in Section 5.2.5.2.1 below. 

This was then suspended between the plates of an electromagnet using copper wires 

attached to the top and bottom of the central rod such that the structure was allowed to 

deform without having the structure spinning due to asymmetric movement. However, 

this setup resulted in a system with very high friction which restricted the degree of 

opening of the structure for a given external magnetic field. Furthermore, this structure 

was not able to open up into a flat plane due to the nature of the joints (as they were 

perpendicular to the magnetic inclusions).  

 

Figure 5.3. a) CAD design of one unit, b) Experimental prototype, c) Experimental 

prototype when fully extended 
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The design was then improved by replacing the rigid copper rods with copper 

wires to minimise the friction. In addition to this, connection bars were introduced in 

order to join the two adjacent ladders of the accordion-like structure to allow the structure 

to have a wider range of movement at the cost of increasing the degree of freedom of the 

system. The central connection bar was designed with a separate protrusion which 

allowed the structure to be suspended securely (see Figure 5.4). The prototypes produced 

were very brittle and thus assembly was particularly difficult.  

 

Figure 5.4. a) CAD design of the final prototype, b) 3D-printed structure with magnetic 

inclusions and copper wires, c) Structure suspended between the electromagnet’s plates. 

 

5.2.4 Geometric Parameters  

The accordion-like structure is characterised by two composite angles, labelled 𝜃1 

and 𝜃2, five lengths denoted by l1, l2, L, DA, and DM (Figure 5.5(a)) as well as the number 

of magnets used in the inclusions, Mi. Each ladder was attached to the connection bar 

using a copper wire (having a diameter of 0.2 mm). This introduced two extra degrees of 

freedom. Thus, in this simple configuration, the 𝜃1 and 𝜃2 represent the smallest angle 

that successive arms make with each other as indicated in Figure 6a. In an ideal model, 

𝜃1 and 𝜃2 would be equal. However, 𝜃1 is untethered on one side which can induce it to 

exhibit edge effects whereas 𝜃2 is constrained from both ends. For this reason, the two 

angles can attain different values and hence need to be considered separately. 



138 
 

The length L gives the length between two corresponding arms while DA gives the 

length of an arm. On the other hand, DM represents the distance between the magnets in 

the out of plane direction. In order to simplify the analysis DA and DM were taken to have 

the same magnitude and are subsequently referred to as D. The lengths l1 and l2 represent 

the lengths of the side and centre connection bars respectively. The housing arms were 

designed to host magnetic inclusions which consisted of a number of cylindrical 

neodymium magnets (Mi, where i represents the number of magnets) each having a height 

and a diameter equal to 1 mm. 

 

Figure 5.5. (a) Top and (b) tilted view of the accordion unit depicting the parameters 

considered in this study. (c-d) Top view of System I and System II arrangements 

indicating the orientation of the magnetic inclusions.   

 

5.2.5 The magneto-mechanical accordion system: evolution under external 

magnetic field and shape recovery 

5.2.5.1 Introduction 

In this experimental study, the evolution of the magneto-mechanical accordion 

system under an external magnetic field will be explored. The foldability, shape 

restoration and reconfiguration time of the structure when exposed to an external 

magnetic field will be tested and discussed.  
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5.2.5.2 Methodology 

5.2.5.2.1 3D printing of non-magnetic prototype backbone 

 The in-silico version of the non-magnetic backbone of the accordion-like system 

was build using Autodesk Inventor Professional 2019. The initial prototype (Mi = 5, D = 

8.5 mm) was printed using an SLA 3D printer (Titan 2, Kudo3D) employing a resolution 

of 50 μm in the XY plane and layer height of 5 μm. ‘Engineering Hard Resin’ (Kudos 

3D) having a reported Young’s modulus of 1896 MPa was used. After printing, the 

structure was cleaned from excess resin by sonication in propanol for 30 minutes. The 

cleaned structure was then further cured in a UV chamber (Kudo 3D) for 60 minutes.  

 

5.2.5.2.2 Assembly of structure and experimental study  

 The different printed parts were then assembled using copper wire having a 

diameter of 0.2 mm (see Figure 5.6). Five cylindrical neodymium magnets were inserted 

in each of the magnet holder ensuring they were oriented in the proper direction as shown 

in Figure 5.1(a). The assembled accordion-like system was then placed between two duly 

calibrated electromagnets which were able to generate a uniform magnetic field between 

them. To minimise the effect of friction on the deformation process, the entire structure 

was suspended in the air between the plates of electromagnets (see Figure 5.6) by means 

of auxiliary non-magnetic threads. Thus, the evolution of the system was primarily 

dependent on the interaction of magnetic inclusions with the external magnetic field and 

with each other. In addition, the spatial orientation of the system was very specific in 

order to ensure that the gravity would not affect the deformation process since the 

structure can only fold along the x-direction. Furthermore, to ensure the validity of 

experimental results, the evolution of the considered system was also analysed by means 

of computer simulations utilising a Molecular Dynamics approach, see Appendix I.  
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The extension/contraction of the accordion-like system was then studied at 

different external magnetic fields. The deformation of a structure was recorded through a 

camera situated above the structure. A frame was recorded every 0.033 of a second. In a 

typical experiment, the electromagnets were switched on and the accordion-like system 

was left to deform. When the system reached its equilibrium configuration, the 

electromagnets were switched off and any changes in the structure were also recorded. 

This was repeated for ten times for each external magnetic field tested. The changes in 

the parameters examined in the study i.e., 𝜃1, 𝜃2 and L were then measured using the 

software ImageJ.  

The percentage shape restoration (Rs) for the accordion like system investigated 

in this study was calculated as follows: 

𝑅𝑠 =  
𝐿𝑓

𝐿𝑖
× 100%                      (5.1) 

where,  𝐿𝑓 is the length of the accordion like system after the external magnetic field 

was switched off and 𝐿𝑖  is the length of the accordion like system before the magnetic 

field was switched on. 
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Figure 5.6: the setup of an experiment as well as pictures of the experimental prototype 

taken from different perspectives.  

 

 In this experimental study, the structure with the following initial geometrical 

parameters was analysed: (𝜃1 = 0) = 65.12°, (𝜃2 = 0) = 84.77°, l1 = 2 mm, l2 = 3.5 mm and 

D = 8.5 mm. The magnetic dipole moment of the magnetic inclusions was the same for 

all results presented and was equal to 0.00455 Am2 (see Section 5.2.5.3.1). On the other 

hand, the external magnetic fields used in the experimental study were 4.5, 5.5, 6.5, 7.4, 

8.5, 9.5, 11.5, 13.75, 15.7, 17.65, 19.9, 21.5, 25.75 mT. 

 

5.2.5.2.3 Assessment of the Magnetic Dipole Moment of the magnetic inclusions 

The aforementioned magnetic inclusions were composed of five neodymium 

magnets each having a diameter of 1 mm and a thickness of 1mm. In order to measure 

the magnetic moment of these magnetic inclusions, the following procedure was used. 

The z direction of a 3-axis hall magnetometer (Metrolab THM1176) was oriented 

perpendicular to the Earth’s magnetic field. This was done to exclude any contribution 
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from the earth’s magnetic field in this direction. A set of five magnets (the same amount 

used as one magnetic inclusion) was placed at a distance of 11.5 mm from the three-axis 

sensor and were oriented parallel to the z-axis of the sensor such that only the results in 

the z-axis were taken (see Figure 5.7). The magnetic field generated by these magnets 

was then measured. This procedure was repeated for an additional six distances and each 

measurement was repeated ten times, in order to minimise errors.  

 

Figure 5.7. Schematic showing the experiment with the compass showing the magnetic 

field of the Earth. 

 

It is known that magnetic field (B) is related to the distance as shown in equation 5.2, 

  0

2 2 2

2

( ) 4

mr
B

r a




=

+
          (5.2) 

Where μ0 is the permeability of free space (4π ×10-7), m is the magnetic moment, a is half 

the length of the dipole and r is the distance from the centre of the dipole and the probe. 

The experimental data obtained was used to produce a plot of the measured magnetic field 

(B) versus  
𝑟

(𝑟2+𝑎2)2. The gradient of the plot and equation 5.2, were then used to calculate 

the magnetic moment of the magnetic inclusions. 
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5.2.5.2.4 Relation between the current and magnetic field of the electromagnets used 

The electromagnets used to generate a uniform external magnetic field were 

powered through a 150 W laboratory power supply (UNI-T UTP3315TFL-II). The 

relation between the supplied current and the magnetic field was analysed using the 

following procedure: 

A 3-axis hall magnetometer (Metrolab THM1176) was positioned between the two 

electromagnets in the area where the structure was going to be placed and in such a way 

that the x-direction of the probe was oriented parallel to the generated magnetic field. The 

power supply was then switched on and the current adjusted to 0.1 A, using a multimeter 

(UNI-T UT39E) to read the current. The strength of the magnetic field generated for this 

current was then recorded. The power supply was then switched off. This experiment was 

repeated for two times in order to ensure that consistent results were obtained. This 

experiment was then repeated within the range 0.1 A and 2.0 A. 

The data obtained was then plotted and the relationship between the supplied 

current and the generated magnetic field was determined.  

 

5.2.5.3 Results and Discussion 

5.2.5.3.1 Magnetic elements analysis 

The magnetic moment of the neodymium magnetic inclusions was found by 

calculating the gradient of the plot of magnetic field (B) versus  
𝑟

(𝑟2+𝑎2)2
 shown in Figure 

5.8. The resulting gradient (9.03×10-10 T m3) is equal to 
2𝑚𝜇0

4𝜋
, from which the magnetic 

moment of the magnetic inclusions (which corresponds to five neodymium magnets) was 

found to be 4.55 mA m2.  
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Figure 5.8. A graph calculating the magnetic moment. 

 

The relationship between the current supplied and the magnetic field strength 

produced by the electromagnets was also investigated. The data obtained was plotted in 

Figure 5.9 which shows that the current and the magnetic field have a linear relationship 

up to the tested current. The results also show that the electromagnet outputs 20.822 mT 

per 1 A of current supplied. Furthermore, one notes that some residual magnetisation was 

present in the iron core of the electromagnets which is indicated by the non-zero y-

intercept (circa 1.3 mT).  
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Figure 5.9. A graph of current against the magnetic field 

 

5.2.5.3.2 The ability of the accordion-like foldable system to act as a linear actuator. 

 In this study, the extent of contraction of the proposed accordion-like system due 

to changes in the external magnetic field was investigated. This was done by monitoring 

the values of angles 𝜃1 and 𝜃2 (Figure 5.10). These angles represent the amount of 

contraction experienced by the structure at different magnetic fields, where the larger the 

extent of the contraction the smaller the values of 𝜃1 and 𝜃2 assumed by the equilibrium 

configuration of these structures.  

 To understand the behaviour of the proposed system when subjected to an external 

magnetic field, the experimental results obtained for a magnetic field of magnitude 

B = 28 mT were analysed first. Based on Figure 5.10(a), one can note that in response to 

the external magnetic field, the structure shrinks along the x-axis which leads to a decrease 

in the value of angles 𝜃1 and 𝜃2. The observed deformation stems from the fact that 

magnetic moments corresponding to respective magnetic inclusions tend to align with the 

external magnetic field, something that induces the folding (and thus contraction) of the 
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structure. As the accordion-like system starts to close, the interactions between magnetic 

inclusions become stronger as the magnetic inclusions are now approaching each other. 

However, unlike the external magnetic field, these interactions oppose the folding 

mechanism. Thus, as shown in Figure 5.10(a), the folding of the accordion-like structure 

continues until the point where the system assumes the equilibrium configuration for this 

specific external magnetic field.   

 Once the possibility of altering the dimensions of the system by subjecting it to 

an external magnetic field is established, it is important to analyse the general effect that 

the magnitude of the external magnetic field has on the evolution of the structure. 

According to Figure 5.10(c), the extent of contraction of the system changes with the 

magnitude of the external magnetic field. More specifically, the stronger the magnetic 

field, the smaller the values of angles 𝜃1 and 𝜃2 (which indicate that the accordion-like 

system is closing up). It is worth noting that for all of the results, the initial values of these 

angles were the same. In the case of the experiment, values of 𝜃1 and 𝜃2 changed from 

48.3 ±3.0° and 61.0 ±0.57° to 27.4 ±1.4° and 25.0 ±1.3° respectively for the range of 

magnetic fields investigated in this study (between 4.5 mT and 30 mT). Also, referring to 

Figure 5.10(c), it is evident that the ten experimental repeats are concordant with each 

other, particularly for 𝜃2. The larger (but still relatively small) error found for 𝜃1 was 

expected as a result of the increased degrees of freedom due to the presence of the 

elements having a length l1. Hence, the provided results further indicate that the 

dimensions of the system can be precisely controlled by changing the magnitude of the 

magnetic field and thus the proposed system can act as a linear actuator by precisely and 

reliably controlling its extension.   

 Similar results were obtained using computational methods (see Appendix I). All 

trends observed for the experimental system discussed above were qualitatively the same 
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to those obtained using computational studies. The discrepancies between the two sets of 

results arise from the fact that in the theoretical model there is no friction affecting the 

motion of hinges which is certainly present in the experiment. Also, in the experimental 

prototype, it is possible that despite our efforts there was some misalignment between the 

magnetic inclusions which may, up to some extent, have affected the result. Finally, the 

analytical expressions which were used in the numerical study to describe the interactions 

between magnetic inclusions serve only as an approximation of the real behaviour which 

is especially true for small separation distances between the magnets are expected to 

deviate from the experiment.      

 At this point, it is worth noting that even though the following topic does belong 

to the scope of this work, it is expected that the external magnetic field can also be used 

to change the stiffness of the system. This stems from the fact that the application of an 

external magnetic field would result in the change in net forces acting on respective 

structural elements constituting the system. Thus, should one consider deforming the 

analysed structure through the direct application of tensile forces, the variation in the 

magnitude of the external magnetic field could either accelerate or decelerate this process 

by fine-tuning its stiffness. 
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Figure 5.10. The evolution of the experimental prototype subjected to the uniform 

external magnetic field of magnitude 28 mT as viewed from (a) the side and (b) above. 

(c) A graph depicting the change in angles 𝜃1 and 𝜃2 for the system subjected to the 

external magnetic field of different magnitudes.  
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5.2.5.3.3 Shape Restoration  

An important property of the accordion-like systems proposed in this study is its 

ability to return to its initial shape after switching off the external magnetic field. This 

property arises from the fact that the structure adopts a preferred configuration when no 

external forces are applied as a consequence of the internal repulsions between the 

magnetic inclusions. For example, referring to Figure 5.11(a), the proposed system 

(having an initial length of Li) contracts along the x-axis when an external magnetic field 

(Bc = 26 mT in this case) is applied. However, upon switching off the external magnetic 

field, the system opens up again along the x-axis until the point where it assumes the 

equilibrium configuration corresponding to the dimension Lf. This means that the 

potential of the proposed system to return to its initial configurations can be assessed upon 

analysing the value of Lf.     

 According to Figure 5.11 (b), the accordion-like system exhibits a relatively good 

shape restoration irrespective of the magnitude of the external magnetic field. However, 

it can be noted that for relatively strong external magnetic fields, the difference in the 

linear dimension between the initial and the final configuration of the system is slightly 

larger than in the case of a relatively weak magnetic field. In fact, for small external 

magnetic fields (lower than 5 mT) the accordion-like system considered in this study 

nearly returned to its initial conformation (Rs ≈ 99%) when the external magnetic field 

was switched off. The shape restoration of the system was slightly lower for larger 

external magnetic fields, for example in the range from 14 to 25 mT, a 95% shape 

restoration was observed.  
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Figure 5.11 Panel (a) shows an example of the evolution of the system where after it 

was initially subjected to a specific magnetic field of magnitude Bc, the magnetic field 

was switched off so that the structure could assume the equilibrium configuration. Panel 

(b) describes the percentage change in the dimension of the structure subjected to the 

magnetic field of different magnitudes. The percentage change in the dimension for 

each of the analysed cases is measured along the x-axis upon comparing the initial 

configuration (lx = lx,i) corresponding to the situation before the magnetic field of 

magnitude Bc was switched on and the final equilibrium configuration (lx = lx,f) 

assumed by the system once the magnetic field was switched off.    
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5.2.5.3.4 Investigation of the delay for the structure to reconfigure to its original 

structure 

The time taken for the experimental compressed structure to re-open after the 

external magnetic field was switched off was investigated for the external magnetic fields 

used in the experimental study. The results are shown in Figure 5.12 which revealed an 

average delay of circa 1.2 seconds. The delay depends on the interplay of two forces; the 

repulsion of the magnetic inclusions which increases as they are brought closer (in the 

case of our experiment this is achieved by a larger external magnetic field) and the 

opposing friction in the joints.  

 

Figure 5.12. A graph of the delay at different external magnetic fields. 

 

5.2.5.3.5 Reversing the polarity of the external magnetic field 

 Up to this point the compression of the system under an external magnetic field 

has been discussed. It was shown how upon being subjected to an external magnetic field 

the structure contracts from the at rest configuration shown in Figure 5.13(b) to the 

contracted structure depicted in Figure 5.13(c) which is the resultant equilibrium position 

when the applied field is 26 mT. Reversing the direction of the external magnetic field 
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caused the structure to open up to a flat sheet as depicted in Figure 5.13a which shows 

the induced flattening when acted upon a magnetic field of −13 mT. The system opens up 

as now the north poles of the magnetic inclusions are facing the north pole of the 

electromagnet, resulting in repulsion. Given that the magnetic inclusions are embedded 

in the non-magnetic elements, their rotation, induced by the external magnetic field, 

results in the rotation of non-magnetic rigid bars in such a way that the structure opens. 

In this case, when the magnetic field strength was increased, the structure started to spin. 

This may be due to the asymmetry present within the structure which led to a net torque 

on the structure.  

 

Figure 5.13. Pictures taken when (a) Polarities of the Magnetic field were reversed, (b) 

when at rest, (c) under a relatively large magnetic field. 

 

5.2.5.4 Conclusion 

 In conclusion, it was shown that the proposed magneto-mechanical metamaterial 

can have its geometry controlled via an external magnetic field. It was also shown that it 

can return to its initial shape upon switching off the external magnetic field which 

indicates that the considered system can be redeployed multiple times. Depending on the 

direction and magnitude of the external magnetic field, the analysed structure can contract 

or extend depending on the magnitude and the direction of the magnetic field which adds 

a) b) c) 
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a second component to the active metamaterial and allows for more versatility in its 

applications. 

 

5.2.6 An investigation of the dependent parameters 

5.2.6.1 Introduction 

 As discussed above, the evolution of the system and hence the folding of the entire 

structure depends on the magnitude of the external magnetic field. However, the extent 

of contraction also depends on the geometrical parameters. This stems from the fact that 

the change in the geometric parameters alters the spatial orientation and the separation 

distance between the magnetic inclusions which affects their interactions. Furthermore, 

the amount of contraction for a system having the same initial geometrical parameters 

may also be altered by changing the magnetic moments corresponding to magnetic 

inclusions. Therefore, in this section, structures having different geometrical parameters 

and different magnetic moments will be investigated in order to understand the effect of 

these variables on the response of the accordion-like structure to an external magnetic 

field.  

 

5.2.6.2 Methodology 

5.2.6.2.1 3D printing of non-magnetic prototype backbone 

As discussed in Section 5.2.3, the 3D printed non-magnetic backbones used were 

very brittle, therefore, a different material with higher elasticity was employed. This was 

accomplished by using a different SLA 3D printer. As described in Section 5.2.5.2.1, the 

accordion-like systems were initially designed in Autodesk Inventor Professional. These 

were then exported and printed with a stereolithography 3D printer (Formlabs, Form 3) 
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having a resolution of 25 μm in the xy plane and a layer height of 50 μm. Formlabs Tough 

2000 Resin was used for the purpose. The prints were then cleaned in Formlabs Form 

Wash using isopropyl alcohol (IPA) for a total of 20 minutes. Following this the structure 

was cured in the Formlabs Form Cure at 60 °C for 1 hour. 

 

5.2.6.2.2 Experimental setup and variables investigation 

The dependent variables investigated were parameter D (see Figure 5.5) and the 

magnetic moment of the inclusions, M. To this end, six different structures were designed 

and built. Four of the structures had the parameter D set to 8.5 mm with the magnetic 

inclusion holders being modified to house two to five cylindrical neodymium magnets 

each having a height and a diameter equal to 1 mm. These structures were referred to as 

Mi, where i represents the number of magnets. Experimental testing, described in section 

5.2.5.3.1, had shown that the inclusions with five neodymium magnets (M5), had a dipole 

moment of 4.55 mA m2. It was assumed that each neodymium magnet contributed 

equally to the total dipole moment and thus the dipole moment for the other inclusions 

was calculated through simple proportion. This resulted in a dipole moment of 

1.82 mA m2, 2.73 mA m2 and 3.64 mA m2, for M2, M3 and M4 respectively. The other 

two structures, referred to as D2 and D3, were designed to house five magnets while 

parameter D was set to 12 and 17 mm. These were used to study the effect of varying D. 

The relative orientation of successive magnetic inclusions was similar to the previous 

work, where adjacent magnetic inclusions repelled one another as indicated in Figure 

5.5(b) (Blue represents the south pole and red represents the north pole).  

The prototypes thus produced was set up as described in Section 5.2.5.2.2. The 

deformation of the structures when subjected to a magnetic field was then monitored 



155 
 

using an imaging camera (Daheng MER2-630-60U3M) mounted with a lens having a 

focal length of 1.4 (get-cameras LCM-5MP-08MM-F1.4-1.5-ND1) stably fixed and 

levelled vertically above the system (Figure 5.14 (a)). 

 

Figure 5.14. (a) A depiction of the setup used in the experiments including a (b) 

sideway image and (c) the image recorded by the camera for the experiment.  

 

 

The extension/contraction of the accordion-like systems was then studied using 

an external magnetic field having values ranging between 4.0 and 43.4 mT. Similar to 

Section 5.2.5.2.2, in a typical experiment, the electromagnets were switched on and the 

accordion-like system was allowed to attain the new equilibrium position. At this point 

the electromagnets were switched off and the deformation was recorded by the camera. 

This was repeated ten times for each external magnetic field used. A python script was 

used to determine automatically 𝜃1, 𝜃2, and L from the images obtained. To do so, 

reference points were selected manually for each image. 𝜃1 and 𝜃2 were in practice 

determined by extrapolating the arms to a point connecting them. On the other hand, L 

was determined by measuring the distance between the external arms. Once the variables 

were calculated, the percentage change as compared to their values at the lowest external 

magnetic field (namely 4.0 mT) was determined. The use of the relative change in 𝜃1 and 
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𝜃2, and L allowed for a better comparison of the deformation between structures having 

different parameters.  

 

5.2.6.3 Results and Discussion 

5.2.6.3.1 Effect of the variation in the magnitude of the magnetic moment 

corresponding to magnetic inclusions on the evolution of the system 

The influence of the magnetic moment on the behaviour of the structure was 

studied first. Its importance stems from the fact that it establishes the internal repulsive 

forces present within the system that maintain the stability of the structure. It also dictates 

the system’s interaction with the external magnetic field. The results can pave the way to 

the introduction of electromagnets in place of the permanent magnets that are able to exert 

a varying and controllable internal magnetic field. In doing so, it should be possible to 

control the equilibrium position of the structure. Furthermore, it would be possible to vary 

the conformation of the structure in real time allowing the system to attain a desired 

morphology by applying different magnetic fields in different regions or positions. 

In order to study the effect of the magnetic moment of the magnetic inclusions on 

the deformation of the structure, four structures; M2, M3, M4 and M5, housing 2, 3, 4 

and 5 magnets respectively, were subjected to different external magnetic fields. The 

results, which are shown in Figure 5.15, indicate that structure M2 had the smallest 

relative changes in 𝜃1, 𝜃2, and L, possibly due to the fact that the relatively low magnetic 

moment did not create sufficient torque to overcome the friction at the hinges. On the 

other hand, it can be noted that the changes in the angles 𝜃1 and 𝜃2 for all the other 

structures are basically the same. This suggests that once the friction at the hinges is 

overcome, the angles will increase to the same relative extent irrespective of the internal 

magnetic moment. Interestingly, this is not reflected in the change in L. There are various 
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reasons for this. One factor is that the reference equilibrium value of 𝜃1 and 𝜃2 (i.e., when 

no external field was present) differed according to the magnitude of the magnetic 

moment. Furthermore, the connecting bar provided additional degrees of freedom that 

altered the simple dependence between L and the angles as suggested from Figure 5.15(d-

g). Even so, at relatively low magnetic fields, the value of L for M3, M4, and M5 are very 

similar. They start to diverge at around an external magnetic field of 15 mT. Remarkably, 

the smallest variation was that for M3 while the largest was for M4, with M5 being 

somewhere in between. This would suggest that there could be a reversal of the increasing 

of L with increasing internal magnetic moment which stems from the fact that in the case 

of relatively strong magnetic inclusions, their mutual repulsion is very significant, and 

the system cannot deform to a similar extent as would be the case for weaker magnetic 

inclusions. 

 Numerical simulations (see Appendix I) confirmed that the considered structure 

deforms differently depending on the magnitude of the magnetic moment, with stronger 

magnetic moment of the inclusions hindering the foldability of the structure. More 

specifically, initially an increase in the magnetic moment brought about a larger change 

in the mechanical deformation (measured along the x-axis) induced by the external 

magnetic field. However, upon further increasing the value of the magnetic moment, the 

extent of the change in the mechanical deformation diminished (see Appendix I), as in 

the case the experimental results.  
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Figure 5.15. (a-c) Graphs representing the percentage change in 𝜃1, 𝜃2, and L respectively against the applied external magnetic field for 

structures Mi, where i = 2,…,5. (d-g) Images taken during the experiment when an external magnetic field of 43.4 mT was applied for structures 

Mi, where i = 2,…,5, respectively. 
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5.2.6.3.2 Effect of the variation in the value of the geometric parameter D on the 

behaviour of the structure 

The changes induced by varying parameter D were studied next. This parameter 

dictates the moments induced about the hinges by the magnetic inclusions. The results 

are meant to shed light on how the behaviour of the system will change when the structure 

is scaled up or down (using the same magnetic inclusions) in order to accommodate a 

desired application and how the geometry affects the equilibrium configuration. 

Understanding the interplay of forces and moments acting on the structure is fundamental 

in order to design both miniature and larger devices based on the same principles 

presented here. 

In order to study the effect of the parameter D on the deformation of the structure, 

the behaviour of M5 was compared with that of D2 and D3 when these were subjected to 

different magnetic fields. The structures M5, D2 and D3 had five embedded magnets but 

the value of parameter D was set to 8.5, 12, and 17 mm respectively. The results shown 

in Figure 5.16 indicate that the behaviour of M5 and D2 are similar but differ slightly 

from those of D3, particularly for the relative change in 𝜃1 and 𝜃2. In this case, the friction 

at the hinges should be similar for the three structures considered. As a matter of fact, the 

longer arms of D3 should have allowed it to exert a larger torque at the joints. However, 

by the same token, a small change in 𝜃1 and 𝜃2 would have moved the embedded 

magnetics of D3 farther away (or closer) than in the case of M5 and D2. 

It is worth noting that the results for L are not too different from one another. Yet 

there does not seem to be a discernible pattern for the change in L with increasing D. 

Once again, this could be partially explained by the fact that the initial values of 𝜃1 and 

𝜃2 were different for the three structures. In addition, the introduction of a connecting bar 

added further degrees of freedom to the motion. Geometric effects relating the angles 
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with L as well as inducing different internal forces between the magnets could also have 

played a role. 

Numerical simulations (see Appendix I) deviated from the experimental results 

discussed above and behaved as expected. These simulations showed that the extent of 

the mechanical deformation of the considered system induced by the application of the 

external magnetic field changes depending on the value of the geometric parameter D. 

This behaviour originates from the fact that the increase in the value of D results in the 

increase in the separation distance between the magnetic inclusions. Thus, the mutual 

repulsion between the magnetic inclusions is weaker than is the case when magnetic 

inclusions are relatively close to each other. At the same time, one should remember that 

the magnitude of the external magnetic field does not depend on the geometric parameters 

of the system. Hence, the magnetic torque corresponding to each structural element with 

the magnetic inclusions remains approximately the same irrespective of the selection of 

the geometric parameters (given that the spatial orientation of magnetic inclusions 

remains almost unchanged). This difference between the numerical and experimental 

studies can be explained by the factors considered above.   
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Figure 5.16. (a-c) Graphs representing the percentage change in 𝜃1, 𝜃2, and L respectively against the applied external magnetic field for 

structures M5, D2, and D3. (d-g) Images taken during the experiment when the external magnetic field was set to 43.4 mT for structures M5, D2, 

and D3 respectively. 
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5.2.6.4 Conclusion 

 The magnetomechanical accordion-like metamaterial was investigated further 

experimentally to determine how the magnetic moment of the emended magnets and the 

length of the arms affect the deformation of the structure when subjected to an external 

magnetic field. The investigation revealed that an increase in the magnetic moment led to 

a larger contraction under an external magnetic field, however, further increasing the 

magnetic moment had the opposite effect due to the increased internal repulsion. 

Similarly, an increase in the lengths of the arms led to a larger contraction under an 

external magnetic field, however, further increasing the lengths resulted in significant 

forces on the hinges which hindered the contraction. This study provided key insight in 

the dependant variables which opens up the possibility of replacing the permanent 

magnetic inclusions with electromagnets where the magnetic moment could be 

controlled. Furthermore, the investigation of the geometric parameters is key in 

understanding the properties when scaling the structure up or down.  

 

5.2.7 Conclusion 

In conclusion, it is shown that the proposed magneto-mechanical metamaterial 

can have its dimensions controlled via an external magnetic field. It is also shown that it 

can return to its equilibrium, which indicates that the considered system can be used 

multiple times which significantly increases its appeal from the practical point of view. 

Furthermore, the dependent variables were investigated experimentally to determine how 

the magnetic moment of the emended magnets and the length of the arms affect the 

deformation of the structure when subject to an external magnetic field. The high degree 

of turnability and control that can be exerted on the structure, as well as the fact that their 

behaviour can be altered interactively, can potentially lead to a multitude of applications.  
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5.3 Multi-layered systems – A proof of concept 

5.3.1 Introduction 

 The basic accordion-like unit discussed above can be used as a building block to 

create multi-layered systems which have the potential of exhibiting an NPR. This can be 

carried out by stacking the accordion-like units in specific orientations and fixing the 

stacked units at strategic locations to achieve a multitude of structures, namely 

honeycomb, re-entrant honeycomb and semi re-entrant structures. Finally, the response 

of these structures to external magnetic fields will be observed and discussed. The aim of 

the investigation was to qualitatively show that the multi-layered systems would in fact 

behave in an expected manner under the influence of an external magnetic field and 

therefore, measuring the deformation was considered to be beyond the scope of the 

experiment.  

 

5.3.2 Concept 

 Building on the concept of the shape-programmable material mentioned in 

Section 5.2, the basic accordion unit may be used to produce various 3D structures. This 

can be achieved by stacking and connecting a number of these units in the third direction. 

Different 3D structures can be achieved, depending on the orientation of successive layers 

and the manner in which these layers are attached (see Figure 5.17). For example, each 

subsequent layer can be stacked on each other so that each layer is in the same orientation 

(Case I), or each layer may be related through a mirror relation (Case II).  

For Case I, attachment of subsequent layers in the third direction through non-

continuous ligament results in a semi-re-entrant structure (shown in Figure 5.17(b)). On 

the other hand, if the layers in Case I are connected together in the third direction through 
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continuous ligaments, an accordion system (shown in Figure 5.17(a)) is formed. Both of 

these structures are known to exhibit a zero Poisson’s ratio when deforming through a 

hinging mechanism. 

For Case II, attachment of subsequent layers in the third direction through non-

continuous ligaments can result in a re-entrant honeycomb structure (see Figure 5.17(d)) 

or a hexagonal honeycomb structure (see Figure 5.17(e)) depending on the attachment 

sites. Connecting the layers through corresponding ligaments in a continuous manner will 

also yield an accordion system in this case having a Poisson’s ratio of zero (see Figure 

5.17(c)). Thus, in Case II, assuming that the structure deforms by hinging, one may obtain 

structures which exhibits positive, negative or zero Poisson’s ratios. 

 

Figure 5.17. Possible structures by stacking the basic accordion structure namely (a) 

stacked accordions, (b) semi re-entrant honeycomb, (c) alternating accordions, (d) re-

entrant honeycomb and (e) honeycomb structures. 
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5.3.3 Methodology 

5.3.3.1 3D printing of the non-magnetic elements 

The non-magnetic elements were 3D printed following the same procedure and 

parameters described in Section 5.2.6.2.1. 

 

5.3.3.2 Assembly of multi-layer structures 

The proof of concept was carried out using two structures, referred to as System 

SR (see Figure 5.17(b)) and System H (see Figure 5.17(d-e)). System SR was achieved 

through the stacking of accordion-like units having the same orientation of magnets. The 

stacked units were then connected via alternating corners as shown in Figure 5.18(a). 

Under the action of an external magnetic field, the system attains a shape that is akin to 

the semi-re-entrant honeycomb, which is well known to have a zero Poisson’s ratio. On 

the other hand, System H was achieved by stacking accordion-like structures with 

opposite polarities of the magnetic inclusions as shown in Figure 5.18(b). The stacked 

units were then connected via alternating corners such that under the action of an external 

magnetic field the structures may take the form of a re-entrant or conventional honeycomb 

system depending on the direction of the external magnetic field. These structures are 

known to have a negative Poisson’s ratio when in the re-entrant configuration and 

deforming through hinging, whilst the conventional honeycomb configuration is known 

to have a positive Poisson’s ratio when deforming through hinging. 

 



166 
 

 

Figure 5.18 Top view of (a) System SR and (b) System H arrangements indicating the 

orientation of the magnetic inclusions.    

 

5.3.3.3 Experimental study 

As discussed above, the basic accordion-like configuration was stacked to achieve 

complex structures. The accordion-like structure used to construct the multi-layered 

structures was the M5. Systems SR and H were assembled as described in Section 5.3.2 

above using copper wire having a diameter of 0.2 mm. Five cylindrical neodymium 

magnets were inserted in each of the magnet holder ensuring they were oriented in the 

proper direction as shown in Figure 5.18. The assembled accordion-like system was then 

placed between two duly calibrated electromagnets which were able to generate a uniform 

magnetic field between them. To minimise the effect of friction on the deformation 

process, the entire structure was suspended in the air between the plates of electromagnets 

by means of auxiliary non-magnetic threads. Thus, the evolution of the system was 

primarily dependent on the interaction of magnetic inclusions with the external magnetic 

field and with each other. In addition, the spatial orientation of the system was very 

specific in order to ensure that the gravity would not affect the deformation process since 

the structure can only fold along the x direction. 
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5.3.4 Results and Discussion 

As described in the methodology, these accordion-like systems were used to 

construct three-dimensional honeycomb systems. The behaviour of System SR under the 

action of an increasing external magnetic field is depicted in Figure 5.19. The structure 

configured itself as a semi re-entrant hexagonal honeycomb under the action of a small 

external magnetic field when aligned as shown. This arrangement is known to have a 

theoretical Poisson’s ratio of zero (J. N. Grima, Oliveri, et al., 2010). In fact, the structure 

can be observed to contract laterally while keeping its length along the direction of the 

applied magnetic field. Deviation from the ideal behaviour was also observed. The reason 

for this is the relatively small number of repeating units which made edge effects 

significant. In fact, the outer parts showed a tendency to sheer. It should be further noted 

that when the direction of the external magnetic field was reversed, the structure 

reconfigured itself as shown in Figure 5.20(a-d). The arrangement can be described as a 

mirror image of the one adopted with the original magnetic field. However, apart from 

this exception, its behaviour was the same for both orientations of the external magnetic 

field.
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Figure 5.19. (a-d) Images from a side view and aerial view of a System SR structure under an external magnetic field of 4.0, 12.3, 22.7, 43.4 mT 

respectively. 
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Figure 5.20. (a-d) Images from a side view and aerial view of a System SR structure under an external magnetic field of −4.0, −12.3, −22.7 and 

−43.4 mT respectively. The negative sign indicated that the external magnetic field is acting in the opposite direction. 
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The analogous results for System H are illustrated in Figure 5.21 and Figure 5.22. 

As it can be noted from these figures, when the external magnetic field was in one 

direction, the structure configured itself as a re-entrant hexagonal honeycomb (Figure 

5.21), while when the external magnetic field acted in the opposite direction it arranged 

itself as a conventional hexagonal honeycomb (Figure 5.22). In the former case, upon 

increasing the external magnetic field, the structure shrunk as expected, since this shape 

is known to have a negative Poisson’s ratio. The opposite is true in the latter case with 

the structure spreading out in the orthogonal direction. Again, this was expected since the 

conventional hexagonal honeycomb is known to have a positive Poisson’s ratio. Yet, edge 

effects are visible, with some shearing clearly noticeable. The edge effects can be 

minimised by considering systems with a larger number of unit cells. 

The results clearly indicate that the structure allows for detailed control of its 

dimension. In addition, it is possible to choose configurations that have negative, zero, or 

positive Poisson’s ratio, with System H being able to flip between negative and positive 

Poisson’s ratio arrangements simply by reversing the direction of the applied magnetic 

field. Furthermore, additional control can be achieved by replacing the emended 

permanent magnets with electromagnets. In this case it would be possible to selectively 

alter the magnetic moment locally inducing regional deformation effects. 
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Figure 5.21. (a-d) Images from a side view and aerial view of a System H structure under an external magnetic field of 4.0, 12.3, 22.7, 43.4 mT 

respectively.  
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Figure 5.22(a-d) Images from a side view and aerial view of a System H structure under an external magnetic field of −4.0, −12.3, −22.7 and 

−43.4 mT respectively. The negative sign indicated that the external magnetic field is acting in the opposite direction. 
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5.3.5 Conclusion 

 In this section, multi-layered systems were constructed by stacking the basic 

accordion-like unit, created Systems SR and H. System H was shown to be able to flip 

between two configurations depending on the direction of the magnetic field from a 

conventional honeycomb known to exhibit a positive Poisson’s ratio to a re-entrant 

honeycomb known to exhibit a negative Poisson’s ratio (both when deforming through 

hinging). Furthermore, the geometry of the systems was manipulated through the external 

magnetic field, inducing contractions and extensions on the structures.  

 

5.4 Possible applications  

It is envisioned that a major potential application of the structures investigated in 

this work will be an untethered miniature multi-directional actuator that provides a high 

degree of real time control. The ability to modify the geometry of the structure 

interactively through the use of electromagnetics will allow it to be redeployed for 

different applications without the need of physically changing the geometry.  

Furthermore, the actuator could be used to impart controlled movement in two directions 

simultaneously. In fact, the possibility of switching between positive and negative 

Poisson’s ratio implies that the direction of the force exerted in the plane of deformation 

could be either in the same or in opposite directions. Given its high adaptability and 

controllability, the actuator can be especially attractive in the aerospace, biomedical, and 

robotics industries. Apart from actuators, the properties exhibited by this structure can 

find potential use in deployable structures, including drones and satellites amongst others. 

In these cases, the system would be packed densely in the launching phase and 

subsequently deployed in situ through the use of magnetic fields. The process could allow 
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the system to lock in the desired configuration without the use of pistons and other 

traditional mechanical parts. Real-time adjustable variable pored sieves and sound 

proofing systems represent other possible applications of the structure.  

 

5.5 Conclusion 

 In this chapter, an accordion-like magneto-mechanical metamaterial was designed 

and produced. The structure was able to react to an external magnetic field through 

changes in its geometry by contracting and extending. An investigation analysed the 

response of the structure and its dependence on the magnetic moment of the magnetic 

inclusions and the geometric parameters in order to gain a better understanding of the 

response. More importantly, the basic unit was stacked to construct multi-layer structures; 

System SR and H, and it is shown that depending on the direction and magnitude of the 

external magnetic field, the analysed structure H can undergo a transition from a structure 

known to show a positive Poisson’s ratio to one known to exhibit a negative Poisson’s 

ratio. All of these results indicate that the proposed concept can be used in a number of 

applications including programmable actuators at different scales and smart filters. It is 

also very promising from the point of view of novel devices used in medicine and 

robotics, i.e., fields where the possibility of having a remote control over the deformation 

pattern and the resulting mechanical properties of functional materials is of great 

significance. 
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Chapter 6 : Inclusion-based Auxetic Magneto-

Mechanical Metamaterial: Part 2 

 

6.1 Introduction 

In Chapter 5, magneto-mechanical materials with embedded magnets were 

proposed which could undergo a rapid reconfiguration in response to an external magnetic 

field. Such active reconfiguration was shown to lead to a tuneable geometry that may 

exhibit Poisson’s ratio, ranging from positive, zero Poisson’s ratio to negative Poisson’s 

ratio. However, despite these results being very promising, they share a number of 

limitations. Firstly, the structures proposed in these studies were built through the use of 

multiple separately fabricated components that were later connected through hinges in a 

pin-jointed manner. More specifically, all elements had to be manually aligned and 

connected through external rods passing through the joints. Such approach, despite being 

easy to reproduce, results in a situation where it is relatively difficult to scale the size of 

the system. Secondly, the nature of the pin-joints imparted excessive degrees of freedom 

resulting in an unstable structure, which deformed asymmetrically when exposed to an 

external magnetic field. Another limitation of the previous study is that the structure’s 

smallest dimension is limited by the size of the magnetic inclusions, i.e., the permanent 

magnets. Furthermore, as discussed in Section 5.2.6.3.1, reducing the number of magnets 

in the magnetic inclusions drastically, had a negative effect on the response of the 

structure to an external magnetic field. The possibility of miniaturising the structure is 

particularly important as it opens the opportunity for applications in robotics and 

biomedical devices.  
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To address these shortcomings, this chapter will be divided into two parts. The 

first section will investigate the possibility of fabricating the magneto-mechanical 

metamaterial as a single undivided element. In this section, the prospect of an egg-rack-

like structure will be explored, which would be able to shrink in multiple directions in 

response to an external magnetic field. On the other hand, the second part will investigate 

the use of nanoparticles in lieu of the magnetic inclusions; specifically iron nanoparticles 

capable of exhibiting superparamagnetism. 

 

6.2 Fabricating an active magneto-mechanical 

metamaterial using bendable connecting arms 

6.2.1 Introduction 

This study aims to investigate the feasibility of constructing a magneto-

mechanical metamaterial as a single undivided element, thereby facilitating the 

production of miniature systems which may deform when exposed to an external 

magnetic field. In the first section, different concepts of bendable connecting arms will 

be explored numerically vis-à-vis their ability to deform. The connecting arm which 

results to have the best properties will then be used in the second section to produce and 

investigate an experimental accordion-type prototype printed as one part. The differences 

between this prototype and the one produced in Chapter 5 will be discussed. 

In the third section, an egg-rack-like structure (J. N. Grima, Williams, et al., 2005) 

with magnetic inclusions, will be proposed and analysed when the system is subjected to 

an external magnetic field. The possibility of producing multi-layered structures which 

may exhibit an NPR in multiple directions will also be discussed.  
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6.2.2 Exploring different designs of Interconnecting Arms 

6.2.2.1 Introduction 

In this section, the issues governing the accordion-like structure discussed in 

section 5.2 will be addressed. Specifically, the aim was to redesign the hinges of the 

accordion-like structure. As discussed in Chapter 5, the connection bars used as part of 

the hinges of the structure, brought about a large degree of freedom which resulted in an 

unstable structure. This was shown in the large deviations in the geometric parameters 

analysed in section 5.2.5.3.2 and the shearing of the multi-layered structure discussed in 

section 5.3.4. Furthermore, the manual assembly of the structure introduced unnecessary 

human errors especially when tightening the butt-hinges. Therefore, in this section, a 

number of connecting arms designs will be proposed and tested numerically in order to 

choose the best hinge design for handling large deformations.   

 

6.2.2.2 Methodology 

6.2.2.2.1 Pre-processing FEA parameters 

The mechanical properties of the four connecting arms designs proposed (see 

Figure 6.1) were studied using FEA simulations to select an appropriate connecting arm 

for the experimental prototype. For the purpose of the simulations, the symmetry lines 

were availed of, and thus only one section of the structures was simulated as shown in 

Figure 6.1. The parameters investigated were the thickness of the connecting arm, Th, and 

the length of the connecting arm, L1, as shown in Figure 6.1. In the case of Designs 2 and 

4, L1 was dependant on L2 and L3, where L2 was always equal to L3. All sharp edges were 

filleted to better distribute the internal strains. Furthermore, angle φ (see Figure 6.1) was 

used to describe the extension of the structure and is defined as the angle between the 

initial position of the rigid bar and the position of the rigid bar after the deformation is 

carried out. 
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Figure 6.1. The four hinge designs tested numerically, outlining the parameters varied in 

the study. 
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The element type for the simulation was set to PLANE183, this being a 2D 

element able to model both elastic and plastic behaviour, as well as allowing for irregular 

meshes. Non-linear material properties as measured for the Tough2000 resin were used 

(see section 4.2.3), with an initial Young’s modulus of 972 MPa, and a Poisson’s ratio of 

0.463.  

Symmetry boundary conditions were used for the simulation. The structures were 

loaded in the x direction by applying a tensile strain on the nodes at the joint having the 

maximum value of the x coordinate aligned perpendicularly to the loading direction as 

shown in Figure 6.2 as a red arrow. The nodes at the joint having a minimum value of the 

x coordinate were set to have a zero displacement (depicted by rollers) in the x direction. 

The nodes having the minimum value of the y coordinate were set to have a zero 

displacement in the y direction.   

 

  

Figure 6.2.  A representative drawing the boundary conditions used for loading in the x 

direction. 
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 Non-linear numerical simulations using line searches were carried out. Large 

displacements were taken into consideration and automatic time stepping was used with 

the number of substeps set between 100 to 200. The structure was subjected to a 

maximum displacement of 700% Lx. A mesh-independent study was carried out in order 

to achieve a mesh that yielded accurate results while maintaining a low computational 

time. To this end, one structure was selected (Design 4, L1 = 3.0 mm, Th = 0.3 mm) and 

simulated using different smart sizes as described in Table 6.1 below. 

Table 6.1: Different Levels and Depth use in different sets of mesh refinement. 

Set Smart Size Number of elements 

1 6 336 

2 5 1217 

3 4 20356 

4 3 256008 

5 1 317972 

 

Each set was then compared to the finest mesh (set 5) and their deviations were 

analysed. The maximum percentage deviation from all computed stresses and strains was 

used to assess the difference between the generated results. 

 

6.2.2.2.2 Parametric Analysis of the different connecting arm designs 

For each connecting arm design, numerical simulations investigating the effect of 

the connecting arm thickness (Th) and connecting arm length (L1) as defined in Figure 6.1 

were carried out. To this end nine structures for each connecting arm design were 

investigated with Th having values of 0.2 mm, 0.3 mm and 0.4 mm, while L1 had values 

of 1.5 mm, 3 mm and 4.5 mm. For each design the maximum von Mises stresses, σmax, 
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and the strain concentration factor, Kε, (see Equation 3.11, section 3.3.2.2) were obtained 

for each sub-step computed in the non-linear simulation. 

 

6.2.2.3 Results and discussion 

The aim of this section was to redesign a connecting arm for the foldable structure 

described in Chapter 5. The connecting arm should be capable of withstanding the folding 

and unfolding of the structure and the stresses induced by the deformation. Before 

discussing the actual results, it is important to assess that the mesh used did not create 

artefacts in the results. The mesh was investigated at φ = 1°, 45° and 85° to ensure that 

the selected mesh yielded precise results throughout the non-linear simulation. The results 

obtained indicate that using smart sizing of 1 or 3 led to constant results (within 0.0003% 

of each other), thus using a smart sizing of 3 would yield accurate results.  

Structures having longer connecting arms bend less than structures having shorter 

connecting arms, when applying the same strain. In fact, taking structures from Design 1 

having Th = 0.2 mm as an example, when 300% strain was applied, angle φ changed by 

68° for the shorter structure (L1 = 1.5 mm), whereas angle φ changed by 48° and 38.5° 

for structures having L1 of 3.0 mm and 4.5 mm respectively. When investigating the 

foldability of the proposed connecting arms, angle φ was used when comparing the von 

Mises stresses and strain concentration factor of different connecting arms, as the strain 

does not reflect clearly the extent of folding of the structure.  

For each design, the effect of the variables Th and L1 on the strain concentration 

and maximum von Mises stress will be discussed. From the results obtained (see Figure 

6.3 to Figure 6.6) it is evident that changes in Th and L1 have the same effect for all the 

connecting arm designs considered in this study. Thus, discussion of the effect of these 

two parameters will be limited to Design 1. As expected, an increase in the parameter Th, 



182 
 

is accompanied by an increase in the strain concentration factor and maximum von Mises 

stress. More specifically, for structures having L1 = 4.5 mm and φ = 45°, a strain 

concentration factor of 0.00724, 0.0114 and 0.0163 was recorded when Th was 0.2 mm, 

0.3 mm and 0.4 mm respectively, see Figure 6.3(e).  Furthermore, the structures having a 

Th of 0.2 mm were able to stretch more while maintaining a low strain concentration 

factor. In fact, the structure having a Th of 0.2 mm had a significantly lower strain 

concentration factor and had relatively smaller changes as angle φ opened (up until φ = 

70°), implying that such structure would not only experience lower localised strains but 

maintain it for a large extension. For the thicker connecting arms, at a Th of 0.3 mm and 

a Th of 0.4 mm, there are minimal changes in the strain concentration factor up until a φ 

of 60° and 50° respectively, after which it starts to increase considerably. This implies 

that after a certain extension, local strains arise in the structure which could result in local 

plastic deformation. This is complemented by the fact that the maximum von Mises stress 

increases with Th, in fact a maximum von Mises stress of 0.0372, 0.100 and 0.310 MPa 

was recorded when Th was 0.2 mm, 0.3 mm and 0.4 mm respectively (Figure 6.3f).  

  Figure 6.3a-f depicts the effect of increasing the length of the connecting arm and 

reveals that a longer connecting arms had a better strain distribution and experience lower 

local stresses. For structures having a Th of 0.2 mm, one notes that the structure having a 

length of 4.5 mm and φ = 45° experienced a strain concentration factor of 0.00724 and a 

maximum internal stress of 0.0372 MPa. The structures having a length of 3 mm and 1.5 

mm, are shown to have a higher strain concentration factor of 0.0140 and 0.0104 

respectively, coupled with higher local stresses of 0.105 and 0.637 MPa respectively 

(Figure 6.3c-f). The effect of increasing L1 was shown to reduce local stresses and 

improve the strain distribution and can be attributed to the stresses being distributed along 

a larger length of the connecting arm.  
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Figure 6.3. Investigation of the effect of variables L1 and Th on the strain concentration 

factor and maximum von Mises stress for Design 1 structures. 
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Figure 6.4. Investigation of the effect of variables L1 and Th on the strain concentration 

factor and maximum von Mises stress for Design 2 structures. 
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Figure 6.5. Investigation of the effect of variables L1 and Th on the strain concentration 

factor and maximum von Mises stress for Design 3 structures. 
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Figure 6.6. Investigation of the effect of variables L1 and Th on the strain concentration 

factor and maximum von Mises stress for Design 4 structures. 
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 By comparing the four designs together, one notes that in general, structures of 

Design 4 had a lower strain concentration factor and lower maximum von Mises stress 

whilst on the other hand, Design 3 structures generally exhibited the largest strain 

concentration factor and maximum von Mises stress. Specifically, when comparing 

structures having a Th of 0.3 mm, a L1 of 4.5 mm and φ = 45°, a strain concentration factor 

of 0.0114, 0.0129, 0.0196 and 0.00840, and a maximum von Mises stress of 0.130, 0.150, 

0.181 and 0.0757 MPa, for Design 1, Design 2, Design 3 and Design 4 respectively. In 

Figure 6.7 von Mises strain contour plots are shown for all four structures discussed above 

to better understand the strain distribution. It is immediately clear that Design 4 

experiences significantly lower strains within the structure and distribute the strains more 

effectively from the small strains shown in the edges of the hinges, which can be 

attributed to the shape of the design. This was followed by Design 1 which seemed to 

exhibit a good strain distribution, whilst Design 2 and especially Design 3 had relatively 

high local strains at the hinges. The order of the most efficient design may vary depending 

on the variables; however, it was shown that Design 4 structures generally had a good 

strain distribution and low local stresses followed by Design 1, Design 2 and Design 3. 
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Figure 6.7. The strain distribution for structures having a Th of 0.3 mm, a L1 of 4.5 mm and φ = 45°
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6.2.2.4 Conclusion 

 In this section, a redesign of the connecting mechanism for the accordion-like 

structure was investigated through FEA. The parametric investigation showed how the 

length of the arm and its thickness affected the strain distribution when deformed through 

hinging and concluded that Design 4 exhibited the best strain distribution followed by 

Design 1, Design 2 and Design 3.  

 

6.2.2.5 One-part magneto-mechanical materials: Concept 

 In this section, the possibility of having a single undivided non-magnetic lattice 

with neodymium magnets distributed within the system will be explored. This would 

allow for minimal assembly and is expected to promote the structure’s stability. Four 

connecting arms designs were investigated and discussed in section 6.2.2. It was shown 

that Design 4 had the lowest stresses and strain concentration factor followed by Design 

1. Given the complexity associated when 3D printing Designs 4 (in terms of supports that 

would be needed), Design 1 was chosen as it had an effective strain distribution whilst 

being easier to 3D print. The connecting arms will serve to compose two types of 

structures; the accordion-like and egg-rack-like structures, referred to as Structure A and 

E respectively (see Figure 6.8). Structure A comprises non-magnetic connecting arms 

which link the rigid ladder of bars together in an accordion-like foldable structure as 

depicted in Figure 6.8a. It is expected that similar to the structure discussed in section 

5.2.2, the magnetic inclusions housed in the rigid bars would induce a torque on the rigid 

ladder of bars, deforming the hinges and folding the structure in one direction. 

 Structure E is an egg-rack-like foldable structure composed of individual rigid 

bars connected to three other bars through connecting arms, as shown in Figure 6.8b. The 

rigid bars are identical to the ones used in Structure A and also incorporate magnetic 
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inclusions. The permanent magnets will be placed such that the adjacent magnetic 

inclusions repel each other. This will result in the egg-rack like structure to open up 

resulting in the initial equilibrium configuration. Upon the application of an external 

magnetic field, the magnetic inclusions experience a torque that makes them align with 

the magnetic field. The direction of the torque depends on the orientation of the external 

magnetic field. The torque causes the structure to hinge at the flexible connectors such 

that the structure bends in multiple directions and as a result the overall structure may 

close, open or even reverse the egg-rack-like folding pattern. Once the external magnetic 

field is removed, the structure is expected to revert back to its equilibrium position due to 

the internal forces within the structure itself. 

 

6.2.3 Geometric Parameters 

 Structure A is characterised by three lengths denoted by L1, DA, and DM and 

thickness, Th, (as depicted in Figure 6.8a), whereas structure E is characterised by the 

variables; L1, DA and Th (as depicted in Figure 6.8b). The length L1 gives the length of the 

connecting arm while DA gives the length of the rigid bar. On the other hand, DM 

represents the distance between the magnets in the out of plane direction. In order to 

simplify the analysis for Structure A, DA and DM were taken to have the same magnitude 

and are subsequently referred to as D. Thickness, Th, is defined as the thickness of the 

connecting arm.  
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Figure 6.8. (a) A computer-generated model of the accordion-like structure as seen from 

the side and the front. (b) A computer-generated model of the egg rack-like structure as 

seen from the side and the front.  

 

6.2.4 One-part accordion-like magneto-mechanical structure 

6.2.4.1 Introduction 

 In this section, the new connecting arm will be implemented in the accordion-like 

magneto-mechanical structure. Additionally, the structure will be investigated 

experimentally to test the feasibility of the design when exposed to an external magnetic 

field. The stability of the structure and its controlled deformation to the external magnetic 

field will be discussed and compared briefly to the previous study.  

6.2.4.2 Methodology 

Structure A was designed in Autodesk Inventor Professional having Th of 0.3, 

D = 8.5 mm and L1 = 4.5 mm. The designs were then exported to be printed with an SLA 

3D printer as described in section 5.2.6.2.1. The magnetic inclusions were then inserted 

into the bars - this setup consisted of five cylindrical neodymium magnets each having a 
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height and a diameter equal to 1 mm having a combined dipole moment of 4.55 mA m2, 

described in detail in section 5.2.5.3.1. The magnetic inclusions were inserted such that 

the magnetic poles repelled the adjacent magnets.  

The structures were then placed in between two large electromagnets generating 

an approximately uniform magnetic field at the location of the sample. Structure A was 

suspended through a rigid backbone using copper wires. The deformation of the structures 

when subjected to a magnetic field could then be monitored using an imaging camera 

(Daheng MER2-630-60U3M) mounted with a lens having a focal length of 1.4 (get 

cameras LCM-5MP-08MM-F1.4-1.5-ND1) stably fixed and levelled vertically above the 

system.  

The extension/contraction of the Structure A was then studied using an external 

magnetic field having values ranging between 12.3 mT and 95.3 mT. In a typical 

experiment the electromagnets were switched on and the structure was allowed to attain 

the new equilibrium position. At this point the electromagnets were switched off with the 

deformation being recorded by the camera. This was repeated for ten times for each 

external magnetic field used. A python script was used to determine the observable 

parameters; 𝜃1, 𝜃2, 𝜃3, and Lx by selecting reference points for each image, shown as red 

dots in Figure 6.9. Once the variables were calculated, the percentage change of Lx as 

compared to its value at the lowest external magnetic field (12.3 mT) was determined.  
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Figure 6.9. A depiction of the reference points and the parameters analysed for 

structure A 

 

6.2.4.3 Results and Discussion 

The use of bendable connecting arms was experimentally investigated to 

determine the viability of the proposed structure when compared to the butt-hinges used 

in section 5.2.5. In the experiment, structure A was shown to contract by 25%, from 

21.6 mm under a magnetic field of 12.3 mT to 16.14 mm when the external magnetic 

field was 95.3 mT, as shown in Figure 6.10(a). Correspondingly, the angles observed 

decreased by around 13° each and as expected, 𝜃2 was slightly higher than 𝜃1 and 𝜃3, due 

to the edge effects discussed in the previous chapter. As in the case of the butt-hinges, 

this contraction is caused by the torque generated in the magnetic inclusions which in turn 

creates a moment around the hinges. Furthermore, as expected, when the external 

magnetic field was switched off the structure returned to its original configuration.  
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Figure 6.10(a) Graphs depicting the change in angles, θ1, θ2 and θ3, and the % change in 

length with an increase in the magnetic field strength. (b) Images of structure A taken at 

different magnetic field strengths. 

 

 In order to investigate the effect of using connecting arms instead of butt-hinges, 

Structure A was compared with the equivalent structure composed of butt-hinges 

(Structure 5M, see section 5.2.5). In comparing the initial configurations when no external 

magnetic field is present, Structure 5M had a more open configuration than Structure A. 

This may be explained through the stiffness of the hinges. In Structure 5M there was 

minimal resistance to the repulsive forces generated by the magnetic inclusions since the 

hinges allowed relatively frictionless movement. On the other hand, in the case of the 

connecting arms, the internal magnetic repulsion had to overcome the stiffness of the 

hinge material which needed to bend for the structure to deform. The frictionless nature 

of the butt-hinges also allowed the structure to respond to lower external magnetic field, 

where a large contraction was recorded for a small increase in the external magnetic field 
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shown in Figure 6.11. On the other hand, Structure A required stronger external magnetic 

fields to contract by the same amount since as discussed above the torques caused by the 

magnetic inclusions had to overcome the stiffness of the material in the connecting arms. 

 

Figure 6.11. A graph depicting the change in length of Structures A and 5M as the 

external magnetic field was increased.  

 

 The deformation of the systems under an external magnetic field for Structure A 

and Structure 5M was also compared by observing the change in the angles; 𝜃1, 𝜃2 and 

𝜃3. More specifically the ratios of 𝜃2 with 𝜃1 and 𝜃3 were investigated for both structures, 

as shown in Figure 6.12. At any value of the external magnetic field strength studied, the 

butt-hinge design shows a significant difference between the ratio 𝜃1/𝜃2 and 𝜃3/𝜃2. This 

implies that one side of the structure deforms to a larger extent than the other side. This 

asymmetric deformation can be attributed to the connection bars used in this design which 

introduced a large degree of freedom. Furthermore, the tautness of copper wire used in 

the hinges could have varied resulting in a side with preferential deformation. On the 

other hand, in the case of Structure A in general, for each value of the external magnetic 

field strength studied, the ratio 𝜃1/𝜃2 and 𝜃3/𝜃2 are almost identical (with the exception 
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of the values at 43.4 mT which may be due to an experimental error). This implies a very 

symmetric deformation, with both sides of the structure deforming similarly, something 

which may be explained by the fact that Structure A was 3D-printed with minimal 

assembly and thus the structure was more symmetrical resulting in similar forces on either 

side of the accordion-like structure.  

 Additionally, in Structure A, one notes that the ratios are close to one (between 

0.92 and 0.99), whereas in the butt-hinges, the ratios deviate significantly from one 

especially for lower magnetic fields (between 0.70 and 1.15). This implies that for the 

bendable connecting arms there was minimal discrepancy between the angles at the edge 

and the one at the centre, which shows that the edge effect was less significant. This could 

be due to the bendable connecting arms having less degrees of freedom and higher 

stiffness that needs to be overcome by the torque generated by the magnetic inclusions in 

the external magnetic field, unlike what happens in the butt-hinges where the parts rotate 

freely. One notes that for Structure A, when under 43.4 mT, an outlier was observed for 

𝜃3/𝜃2. This can be attributed to imperfections in the 3D model as well as errors in 

measurement where the camera may have captured the images at an angle.  

 

Figure 6.12. A comparison of the ratios 𝜃1/𝜃2 and 𝜃3/𝜃2 for structure 5M and A. 
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6.2.4.4 Conclusion 

The proposed bendable connecting arms design was experimentally investigated 

and compared to the butt-hinge design mention in Section 5.2.5. It was shown to exhibit 

significant advantages over the butt-hinge design. Firstly, there was significantly less 

assembly required and therefore less human error involved in the assembly of the butt-

hinges. This resulted in uniform connecting arms which resulted in a more symmetrical 

deformation. Furthermore, the structure was more stable when compared to the unsteady 

butt-hinges as the new design required the deformation of the connecting arms to move 

whereas previously the magnetic bars moved freely even at rest. This resulted in a 

structure capable of a controlled symmetrical deformation to an external magnetic field 

which could be produced as one part.  

 

6.2.5 Egg-rack-like magneto-mechanical structure 

6.2.5.1 Introduction  

The use of connecting arms to produce magneto-mechanical structures makes the 

process of connecting two or more units together relatively easy to achieve. In view of 

this, in this section, an egg-rack-like magneto-mechanical structure will be proposed 

whereby four units with magnetic inclusions are connected together. This structure should 

be able to respond to an external magnetic field by contracting in two perpendicular 

directions. The prototype will be investigated experimentally and the concept of a 

magneto-mechanical structure capable of exhibiting an NPR in two directions will be 

discussed.  
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6.2.5.2 Methodology 

Three structures were designed and built for Structure E; E1, E2, E3, having a 

thickness Th of 0.2, 0.3 and 0.4 mm respectively, in order to assess the effect of the 

thickness of the hinge on the contraction observed. All structures had the following 

parameters: D = 8.5 mm and L1 = 4.5 mm. The magnetic inclusions were then inserted 

into the bars such that the magnetic poles repelled the adjacent magnets.  

The structures were then placed in between two large electromagnets generating 

an approximately uniform magnetic field at the location of the sample. Unlike previous 

prototypes, Structure E was fixed using a clamp connected through the central connecting 

arms as shown in Figure 6.13(a). Additionally, the structure was observed from two 

directions; from above the system, henceforth referred to as the transverse direction (see 

Figure 6.13(a)(iii)) and in a perpendicularly to the former direction henceforth referred to 

as the longitudinal direction (Figure 6.13(a)(iv)).  

The extension/contraction of the Structure E was then studied using an external 

magnetic field having values ranging between 6.1 and 43.4 mT. In a typical experiment 

the electromagnets were switched on and the structure was allowed to attain the new 

equilibrium position. At this point the electromagnets were switched off with the 

deformation being recorded by the camera. This was repeated for ten times for each 

external magnetic field used. A python script was used to determine the observable 

parameters; 𝜃1, 𝜃2, 𝜃3, and Lx by selecting reference points for each image, shown as red 

dots in Figure 6.13(b). Once the variables were calculated, the percentage change of Lx 

as compared to its value at the lowest external magnetic field (6.1 mT) was determined.  
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Figure 6.13. (a)(i) A close-up image of Structure E3 at an angle and (ii) a sideway 

image showing the orientation in the setup. Insets (iii) and (iv) show the transversal and 

longitudinal shot respectively. (b) Images showing the parameters considered for this 

study for Structure A 

 

6.2.5.3 Results and Discussion 

A number of challenges were present when performing the experiment using egg-rack-

like structures. The first limitation was that the electromagnets used to produce the 

external magnetic field were fixed and therefore the external magnetic field could only 

be produced along an axis perpendicular to the Earth’s gravitational field which restricted 

the orientation of magneto-mechanical structure. Furthermore, the egg-rack-like structure 

was designed to deform in multiple directions (unlike the accordion-like structure which 

deformed in one direction), and therefore structures Ei (where i refers to 1, 2 or 3) had to 
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be fixed from one point. Taking into consideration the orientation of the magnetic 

inclusions, structures Ei were oriented such that the connection rod, see Figure 6.14, was 

oriented perpendicular to the Earth’s gravitational field.  

In this orientation, the downward force of gravity would impact the structure, 

causing it to move downward, particularly at its outer parts. From Figure 6.14, the 

longitudinal shots of Structures E1, E2 and E3, reveals that as expected the largest 

displacement occurs in the direction of gravity (the y direction), as the structure is pulled 

downward. Since the structure is fixed, there is also some displacement in the 

perpendicular direction (the x direction) as the structure rotates around the fixed point. It 

is worth noting that the transverse direction shows minimal changes when compared to 

the longitudinal direction, where in the latter case, the outermost bars significantly deviate 

from the position these bars would attain in the absence of a gravitational field. When 

comparing Structures E1, E2 and E3, one notes that thicker connecting arms result in 

significantly smaller displacement caused by gravity. This may be attributed to the fact 

that, while the weight of the structure remained approximately the same (since it was 

largely dependent on the weight of the magnetic inclusions), the connecting arms become 

stiffer, as demonstrated in the FEA simulations conducted in section 6.2.2. As a result, 

Structure E3 exhibited the least deformation due to gravity. 

 

Figure 6.14. A depiction of the effect of gravity on structures E1, E2 and E3. 
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The behaviour of the experiment prototypes when subjected to an external 

magnetic field were analysed in the transversal and longitudinal direction of the egg-rack-

like structures to investigate their ability to fold in multiple directions. For this study, 

measurements from the 2D projections of the outermost bars in the longitudinal and 

transversal direction were taken since the central bars were much less visible. It is 

important to note that since the measurements were taken from projected images, direct 

measurements of any out-of-plane rotation could not be obtained. However, the data 

collected from the projected images should give a good indication of the behaviour of the 

structure when subjected to an external magnetic field. Figure 6.15 and Figure 6.16 depict 

the contraction of structures E1, E2 and E3. Structure E1 experienced the largest 

contraction of 13.7% longitudinally and 23% transversally when increasing the external 

magnetic field from 6.1 mT to 43.4 mT. As expected, E2 and E3 had lower contraction 

values. When the external magnetic field was increased from 6.1 mT to 43.4 mT, E2 

experienced a longitudinal and transversal contraction of 11.2% and 16.9% respectively 

while E3 experienced a longitudinal and transversal contraction of 7.5% and 9.6% 

respectively. Without losing sight of the fact that gravity is affecting the structure, the 

difference in contraction of E1, E2 and E3 may be explained by the different thickness of 

the connecting arms with the thicker connecting arm bending less for the same applied 

external magnetic field. The relation of the thickness of the connecting arm and the 

contraction observed was further analysed through the change in angles, θ1, θ2 and θ3, 

shown in Figure 6.17. This confirmed that structure E1, having the thinnest connecting 

arm, exhibited the largest change in angles overall. 
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Figure 6.15. Bar graph depicting the % change in length recorded in the transverse 

direction of structures E1, E2 and E3 with increasing magnetic field strength. The insets 

show snapshots taken of the structure at different magnetic field strengths.  

 

 

Figure 6.16.. Bar graph depicting the % change in length recorded in the longitudinal 

direction of structures E1, E2 and E3 with increasing magnetic field strength. The insets 

show snapshots taken of the structure at different magnetic field strengths.  
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Figure 6.17.(a-f) Graphs depicting the change in angles, θ1, θ2 and θ3, with an increase in 

magnetic field strength. 

 

In accordance with the discussion about the effect of gravity, all the structures 

were more closed in the longitudinal direction when compared to the transverse direction. 

In fact, Figure 6.18 shows that the ratio between the longitudinal (L) and the transversal 
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(T) contraction (L/T) is smallest for structure E1 with a value of 0.255, followed by 

structure E2 with a value of 0.374 and structure E3 with a value of 0.514, all values quoted 

at an external magnetic field of 10.22 mT. Furthermore, as the strength of the external 

magnetic field is increased, the ratio L/T in general increased in the case of all structures. 

This may be due to the fact that as the external magnetic field increases, the ratio between 

the force exerted by the magnetic inclusion to align to the external field and the downward 

force due to gravity, shifts such that the former becomes more significant. 

It is also interesting to compare how the individual angles measure within these 

structures behave when an external magnetic field is applied (see Figure 6.17). When the 

external magnetic field was set to 6.07 mT, the angles measured in the transverse direction 

for structure E1 had a value of 45.31, 56.00 and 47.86 for θ1, θ2 and θ3 respectively. 

Increasing the external magnetic field strength to 43.4 mT, the values changed to 36.90, 

44.38 and 38.17 for θ1, θ2 and θ3 respectively. Even though at low magnetic fields the 

system in the transverse direction is already quite symmetrical, the system continues to 

deform in a more symmetrical manner as the external magnetic field is increasing. In the 

longitudinal direction, when the external magnetic field was set to 6.07 mT, the angles 

measured for structure E1 had a value of 40.18, 54.20 and 44.48 for θ1, θ2 and θ3 

respectively. Increasing the external magnetic field strength to 43.4 mT, the values 

changed to 34.77, 44.65 and 37.48 for θ1, θ2 and θ3 respectively. This shows that the 2D 

projection in the longitudinal direction is less symmetrical than the transverse direction 

as discussed above, however, as the external magnetic field increase, the system deforms 

in a more symmetrical manner.  

 In structure E3, the angles measured in the transverse direction had a value of 

41.46, 47.44 and 42.07 for θ1, θ2 and θ3 respectively. Increasing the external magnetic 

field strength to 43.4 mT, the values changed to 37.94, 44.41 and 37.79 for θ1, θ2 and θ3 
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respectively. On the other hand, in the longitudinal direction, when the external magnetic 

field was set to 6.07 mT, the angles measured for structure E1 had a value of 37.87, 44.08 

and 42.22 for θ1, θ2 and θ3 respectively. Increasing the external magnetic field strength to 

43.4 mT, the values changed to 36.24, 41.47 and 37.66 for θ1, θ2 and θ3 respectively. 

Similar to structure E1, as the external magnetic field increases, the structure become 

more symmetrical. Comparing structures E1 and E3 reveals that structure E3 is more 

symmetric which may be due to the stiffer connecting arms which increase the stability 

of the structure.  

 

Figure 6.18. A graph of the change in Longitudinal/Transversal contraction ratio with 

magnetic field. 

 

6.2.5.4 Conclusion 

In this section the ability of an egg-rack-like shape programmable structure to fold 

in two directions in response to a relatively low external magnetic field was observed and 

the effect of the connecting arm thickness was investigated. The E1 structure exhibited 

the largest contraction of 23% in the transverse direction and 13% in longitudinal 

direction.  
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6.2.6 Possible applications 

Both accordion and egg-rack-like systems showed tuneable folding in response to 

an external magnetic field. Combined with the ease of producing such units these systems 

can be implemented as a framework in deployable systems especially smart or remotely 

controlled systems. The package would be folded using magnetism, untethered, and 

therefore reducing any friction present in the conventional mechanisms. Once deployed 

the framework would no longer be under an external magnetic field and thus unfurl. For 

smarter systems, electromagnets could be attached at local point to contract or extend the 

system in real time as required by adjusting the external magnetic field. This would be 

combined with locking mechanisms which would keep the structure in the desired place 

once the batteries run out. The system would be initially contracted using the external 

magnetic field and the system would open up upon deployment. In the case of System E, 

the system would unfurl in two directions upon deployment akin to an umbrella in two 

dimensions. Deployable devices include satellites and drones where the use of magnetism 

would have a number of advantages over hard machines using pistons, mainly the concern 

of weight and fine, accurate control of small movements. Since these systems rely solely 

on the external magnetic field, they are able to generate forces and movement without 

contact, i.e., untethered. In fact, this can be used in applications such as the robotics 

industry, especially in milli- and micro-devices which could be controlled untethered and 

remotely. A possible use for this would be as stents in the biomedical industry. Moreover, 

both systems have great potential as actuators owing to the untethered manipulation of 

their dimensions through the use of an external magnetic field with System E being a 

strong candidate for multidirectional actuators as it extends and contracts in two planes. 

Furthermore, being magnetically actuated allows the structures to be controlled by the 

magnitude of the external magnetic field and thus the structures can be finely tuned in 

smart actuators.  
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Further research could investigate a sheet composed of multiple unit cells in which 

electromagnets would be implemented at strategic locations to produce localised external 

magnetic fields. Thus, the system could be controlled at a local level where segments 

contract and extend independently of each other. This allows for complex shapes and 

even doming given the auxetic nature of egg-rack models. This would find application in 

materials that need to adapt their morphology to a localised degree such as solar wings 

and satellites as well as smart textiles.  

 

6.2.7 Conclusion 

 In this section, two foldable magneto-metamaterial systems with bendable hinges 

consisting of an additively manufactured structure hosting magnetic inclusions were 

proposed. Structure A consisted of an accordion-like structure with emended magnets 

which caused deformation when subjected to an external magnetic field resulting in the 

folding of the system in one direction. The concept was extended to an egg-rack-like 

model, Structure E, which was capable of folding in two perpendicular directions in 

response to an external magnetic field. The effect of the thickness of the hinges was 

investigated and it was found that structure E1 having a hinge thickness of 0.2 mm 

exhibited the largest contraction. Furthermore, the contraction of both systems can be 

finely controlled through the external magnetic field with a high degree of turnability and 

control. These systems offer untethered manipulation of the dimensions of the structure 

(one dimension for System A and two dimensions for System E) with high accuracy 

which finds possible uses in the design of scaffoldings for deployable structures, 

actuators, variable pored sieves, and sound proofing systems. Such systems can find 

utilisation in different industries such as the aerospace, biomedical, and robotics ones.  
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6.3 Magneto-mechanical metamaterial with iron 

nanoparticle inclusions 

6.3.1 Introduction 

As discussed above, magnetically actuated shape programmable systems find 

application in a number of industries as actuators and robotic systems amongst others. 

They offer several advantages over their traditional counterparts including accurate 

displacements, fine control and untethered manipulation of the structure (C. Ma et al., 

2022; Zou et al., 2022).  In the previous section, the concept of a magnetically actuated 

structure having magnetic inclusions was analysed and a number of were studied to 

investigate the possibility of scaling down the structure. However, the scaling down of 

such system is limited by the size of the smallest unit which are the neodymium magnetic 

inclusion.  

In this part of the study, the use of a magneto-elastomer (henceforth referred to as 

ME), composed of 10 nm iron nanoparticles embedded in an elastomer, will be 

investigated in lieu of the neodymium permanent magnets. The response of these MEs to 

an external magnetic field will be investigated numerically and experimentally. 

Furthermore, the effect of the concentration of iron nanoparticles in relation to the 

response of the structure will be experimentally investigated. It should be noted that 

whilst in Appendix V attempts to synthesise iron nanoparticles were carried out, the iron 

nanoparticles used in this section were purchased. 

 

6.3.2 Concept 

The magneto-mechanical systems investigated up to this point had neodymium 

magnets having a diameter and height of 1 mm. As discussed above in order to investigate 
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the possibility of further miniaturisation of the proposed accordion and ‘egg-rack’ like 

systems, a composite  made of spherical iron nanoparticles having a mean diameter of 10 

nm, bound in a non-magnetic elastomer will be used. Iron nanoparticles were chosen as 

it has been reported in literature that they exhibit a superparamagnetic behaviour (H. Tang 

et al., 2021). Superparamagnetism is the phenomenon that occurs in very small 

ferromagnetic nanoparticles where magnetisation can randomly flip due to temperature 

(Huber, 2005). In fact, it is known that as the size of the iron particles decreases, the Curie 

temperature decreases as well (Cao et al., 2007). This implies that when no external 

magnetic field is present, and the particles are small enough, the particles have a randomly 

oriented magnetic dipole that result in no net magnetisation, however, when exposed to 

an external magnetic field, the magnetic dipoles align and become magnetic. Once the 

external magnetic field is removed, the magnetic dipoles flip randomly due to temperature 

and results in no net magnetisation. This implies that the particles have no magnetic 

memory, however, do retain a high magnetic susceptibility when compared to 

paramagnetic particles (Pamme, 2006). 

In this part of the study, the whole accordion-like structure will be constructed 

from a composite made from spherical iron nanoparticles bound in a non-magnetic 

elastomer as depicted in Figure 6.19(a). When no external magnetic field is applied, the 

elastomer would have no net magnetisation, however when exposed to an external 

magnetic field, the dipoles of the iron nanoparticles are expected to align to the magnetic 

field generating forces along the structure. In theory, should the structure be perfectly in 

the centre between the two poles, the centre point would experience no net force since it 

is equidistant from the south and north pole and would experience the same force of 

attraction from both poles (see Figure 6.19b). On the other hand, the material off centre 

would experience a stronger force from the closest pole. Considering the magnetic force 
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is inversely proportion of the fourth power of the distance separating them, the material 

closest to the poles would experience the largest force of attraction (see Figure 6.19b). 

This is expected to result in the accordion-like structure folding in one direction. 

It is important to note that in the previous structure, the permanent magnets 

inclusions aligned with the external magnetic field by exerted a torque around a pivot 

point. The direction of the torque was dependent on the direction of the external magnetic 

field and therefore the structure could contract, extend, or even flip. On the other hand, 

in this case, the nanoparticle inclusions in the magnetoelastomer do not have a magnetic 

field and do not have magnetic memory. This means that when exposed to an external 

magnetic field, the magnetic domains of the iron nanoparticles align with the magnetic 

field and a force of attraction is experienced that causes the structure to fold. Additionally, 

reversing the direction of the magnetic field will result in the same folding of the structure 

as the nanoparticles’ domains flip. This is due to the fact that for iron nanoparticles of a 

sufficiently small size, the Curie temperature is equal to or below the room temperature.  

 

 

Figure 6.19 (a) A CAD generated design of the accordion-like structure. (b) the 

magnetic forces acting on the magneto elastomer when under an external magnetic 

field. 
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6.3.3 Geometrical Parameters 

The accordion-like structure is defined by the following variables: the thickness 

of the arm, t, the length of the arm, L, the angle Φ, and radius, r1, see Figure 6.20. 

Furthermore, a number of parameters were defined for the purpose of the investigation, 

tEFF, the effective thickness (i.e., the thickness of the material perpendicular to the external 

magnetic field), and lengths Lx and Ly. 

 

 

Figure 6.20. A depiction of the variables and parameters considered for the accordion-

like structure.   

 

6.3.4 Numerical Analysis 

6.3.4.1 Introduction 

The behaviour of the accordion-like system made up of this ME was first 

investigated numerically.  Initially, the forces experienced by the ME when subjected to 

an external magnetic field will be quantified and assessed. The forces obtained will be 

used in FEA simulations to investigate the displacement of the accordion-like structure 

when the forces of attraction on the ME by the external magnetic field are applied. It is 

important to note, that as the structure deforms, the magnetic forces experienced by the 
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ME change significantly since parts of the structure would move closer to the magnetic 

poles. Therefore, after an FEA simulation, the forces would have to be recalculated and 

another simulation has to be performed using the new forces.  

 

6.3.4.2 Methodology 

The effect of the magnetic field on the magneto elastomer was analysed through 

FEMM and FEA simulations. Nine structures were considered, each having a length, L, 

of 8 mm and radius, r1 of 2 mm, see Figure 6.20. For each structure, parameters t and Φ 

was varied as detailed in Table 6.2. 

. 

Table 6.2. The nine structures considered in this study.  

 

 

 

 

 

 

6.3.4.2.1 Finite Element Method Magnetics (FEMM)  

FEMM (an open-source finite element analysis software package for solving 

electromagnetic problems) was used to calculate the forces generated by an electromagnet 

on the ME. The simulated electromagnet consisted of a horseshoe metal core composed 

of 1010 Steel and a copper (22 AWG) coil having 1700 turns (see Figure 6.21). The 

Structure No. t /mm Φ /°  tEFF /mm 

1 0.5 30 1.00 

2 0.5 45 0.71 

3 0.5 60 0.58 

4 1 30 2.00 

5 1 45 1.41 

6 1 60 1.15 

7 1.5 30 3.00 

8 1.5 45 2.12 

9 1.5 60 1.73 
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distance between the poles of the magnet was set to 21 mm. For simplicity, it was assumed 

that the ME had a constant thickness (tEFF) throughout its length. The width of the 

accordion-like system was set to be equal to the width of the electromagnet i.e., 28 mm. 

The relative magnetic permeability of the ME was assigned a value of 1.34 based on the 

ME having 50%w/w (percentage by weight) of iron nanoparticles. The magnetic 

permeability of the ME was obtained using the well-known Maxwell-Garnett 

homogenising rule (Waki et al., 2005). In the case of this study, it was assumed that the 

elastomer used had a relative magnetic permeability of 1, whilst the iron nanoparticles 

(99% purity) had a relative magnetic permeability of 1000 (Waki et al., 2005). It is 

important to note that iron nanoparticles could have a higher relative magnetic 

permeability since 10 nm iron nanoparticles used are known to have a single domain (T. 

I. Yang et al., 2011b).  

The total force experienced by different regions of the ME located at different 

positions between the poles of the electromagnet was determined when acted upon by an 

external magnetic field generated by passing a current of 1 A through the electromagnet. 

The forces in different sections of the ME were obtained for the nine structures 

considered. Taking Structure 5 (see Table 6.2) as an example, the total force acting on 

sections of ME having dimensions of 0.5  1.414  28 mm when positioned at different 

locations between the poles of electromagnet were simulated. The zero distance was set 

to be at the midpoint between the two poles of the electromagnet. From these 

measurements, a relation between the force and distance was determined. To confirm that 

the force distance relationship obtained was not an artifact of the size of the section being 

measured, for this particular system, the force-distance relationship was also measured 

for sections of ME having dimensions of 0.25  1.414  28 mm.  
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Prior to the investigation two mesh independent study were carried out taking two 

distances from the centre; 3.75 mm and 9.75 mm to ensure that the mesh was suitable for 

the entire length. Ten mesh sizes were applied ranging from 0.01 to 0.1 mm in increments 

of 0.01 mm. The force exerted was then acquired and compared to the finest mesh level.  

 

Figure 6.21. A depiction of the setup design in the FEMM. The inset depicts the 20 

segments taken into consideration and depicts their position with respect to the 

magnetic poles. 

 

6.3.4.2.2 Finite Element Analysis simulation 

Following the FEMM simulations, the deformation of the structure in response to 

an external magnetic field was simulated through FEA. The accordion-like structure was 

designed and was meshed as described in section 6.2.2.2.1. The element type for the 

simulations was set to PLANE183 using plane stress and boundary conditions were used 

to simulate one quarter of the structure as a representation of the whole structure, as 

shown in Figure 6.22, in order to use the computational power more efficiently. To this 

end, the nodes having the minimum x values were coupled to move together in the 

x direction and similarly the nodes having the maximum x values were coupled to move 
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together in the x direction (depicted in green in Figure 6.22). The central node, depicted 

as a black dot in Figure 6.22, was fixed in the x and y direction.  

Following this, the forces acquired through FEMM were applied along the 

structure. A 6th order polynomial was fitted to the data obtained from FEMM in order to 

obtain a relation between the force experienced by the ME and the distance from the 

centre between the electromagnet poles. The accordion-like structure was divided into 40 

equal regions. The total force experienced by each region due to the external magnetic 

field was calculated from the integral of the polynomial fit described above. The total 

force on the region was then divided equally onto the nodes making up the region and a 

non-linear geometrical simulation was carried out using a linear elastic material model 

having a Young’s modulus of 202.50 KPa and a Poisson’s ratio of 0.49. It is important to 

note that as the structure deformed, the distance of the nodes from the centre changes. 

Since the magnetic forces change significantly with distance, the magnetic forces had to 

be recalculated and subsequent simulations were carried out on the deformed structure. 

This was repeated until the displacement of the structure was within less than 0.5% of the 

previous simulation. Furthermore, the deformation caused the structure to bend and 

therefore after every simulation the variable tEFF was recalculated and the forces acting 

on the regions were adjusted accordingly to accurately simulate the deformation of the 

structure. The procedure was then carried out for all nine structures described in Table 

6.2.  
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Figure 6.22. Depicts the simulated section of the structure. The inset shows the 

boundary conditions (green), the fixed point (black) and the forces applied to the nodes 

(red arrows). The lines on the left depict the 40 regions into which the accordion-like 

structure was divided to apply the forces as calculated by the FEMM simulations. 

 

6.3.4.3 Results and Discussion 

The simulations showed that the structure contracts in the x direction in response 

to an external magnetic field and thus a magneto-elastomer can be used instead of 

magnetic inclusions, something which as discussed above, would be advantageous for 

miniaturisation of the structure. As highlighted in the methodology above, a mesh 

independent study for the FEMM was first carried out. The results obtained revealed that 

a mesh size of 0.3 mm was within 0.5% of the finest mesh size (0.01 mm) used for both 

segments considered. In a typical simulation (see Figure 6.23(c)), a segment is suspended 

between the poles and the force experienced by the segment is acquired. From preliminary 

simulations, it was found that subdividing the distance between the poles of the 

electromagnet into segments of 0.5 mm, was enough to accurately calculate the forces at 

different distances from the centre of the structure. This was confirmed by measuring the 

forces using segments of 0.25 mm from which the same relationship between the 

magnetic force and the distance from the centre between the poles of the electromagnet 

was obtained as shown in Figure 6.23(d). 
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Figure 6.23(a-b) Mesh independent studies carried out at to distances from the centre 

point (c) Depicts the results of the simulation carried out on one segment. (d) A plot 

showing the relation between the force exerted on Structure 5 (see Table 6.2) at 

different distances from the centre of the structure using segments of 0.25 and 0.5 mm. 

 

Finite element analysis was then carried out on the nine structures described in 

the methodology (see Table 6.2) to investigate the effect of two geometrical parameters, 

t and Φ, on the behaviour of the structure to an external magnetic field. The forces 

obtained through FEMM simulations were applied to the ME as described in the 
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methodology above. As discussed previously, subsequent simulations had to be carried 

out on the deformed structure until the displacement of the structure was within less than 

0.5% of the previous simulation. This is exemplified in Figure 6.24 which shows the 

% change in displacement between two consecutive simulations steps observed on 

Structure 5. One notes that there is a large change initially and thus the magnetic force 

increases accordingly. With subsequent steps the changes become smaller as the structure 

approaches the equilibrium position. In this case, eleven steps had to be carried out until 

the structure’s displacement remained within 0.5% of the previous simulation. 

 

Figure 6.24. A graph depicting the % change from previous step after each subsequent 

simulation.  

 

An analysis of the effect of the thickness of the structure on its contraction 

revealed that upon increasing the thickness of the structure a larger % change in Lx/4 is 

observed (see Figure 6.25). In fact, for Φ = 45°, a % change of 55.13%, 39.05% and 

26.19% in the x direction was recorded for Structures 2, 5 and 8 respectively (having 

t = 0.5, 1.0 and 1.5 mm respectively). Taking the total upward force on the top half of the 

structure (since taking the net force on the whole structure would be zero) it was shown 

that while the force increased significantly with an increase in t, from 0.92 mN in 



219 
 

Structure 2 to 1.99 mN in Structure 5 and 3.27 mN in Structure 8, a thinner structure still 

exhibited the largest deformation. This is due to the fact that a thicker structure requires 

the deformation of more material at the hinges and thus offers more resistance to 

deformation. This trend is reflected for structures having Φ of 30° and 60°. Future work 

could investigate a structure having variable thickness, where thinner hinges would be 

used, whilst having thick arms, thus benefitting from the increased magnetic forces and 

the lower resistance to deformation. 

Parameter Φ was also shown to have a significant role in the % change in Lx/4. In 

fact, when considering Structures 1, 2 and 3 (structures having t = 0.5 mm and Φ having 

a value of 30°, 45° and 60° respectively), the % change in Lx/4 recorded was 80.64%, 

55.13% and 44.37%. This seems counterintuitive as one would expect that as Φ increases 

the structures peripheries would be closer to the magnetic poles and thus the structure 

would experience a higher total force. However, as the Φ value increases, the variable 

tEFF decreases significantly and therefore the magnitude of the magnetic force acting on 

the regions is decreased. In fact, the total upward force experienced by the top half of 

Structures 1, 2 and 3 was of 1.08 mN, 0.92 mN and 0.86 mN respectively (for a tEFF of 1, 

0.71 and 0.58 mm respectively). It is interesting to note that for Structures 4, 5 and 6, 

having t = 1.0 mm, the same trend is observed albeit to a smaller extent with a % change 

in Lx/4 of 48.25%, 39.05% and 34.84% was recorded. Furthermore, for the thicker 

structures, Structures 7, 8 and 9 having t = 1.5 mm, different Φ values yielded similar 

% change in the x direction exhibiting a change of 28.01%, 26.2% and 26.96% 

respectively. In contrast to the previously mentioned trend, Structure 8 having Φ = 45° 

exhibits the lowest contraction whilst Structure 9 having Φ = 60° is slightly higher. This 

clearly outlines the two competing factors determining the total force experienced by the 

structure: (1) the variable tEFF and (2) the distance from magnetic poles. As the value of 



220 
 

Φ increases from 30° to 45° to 60°, for t = 1.5 mm, the variable tEFF decreases from 3 to 

2.12 to 1.73 mm respectively. On the other hand, the structure’s extremities become closer 

to the magnetic poles which results in larger forces per unit thickness. This can be noted 

from the total upward force experienced by the top half of the structure i.e., 3.36 mN, 

3.27 mN and 3.32 mN for Structures 7, 8 and 9 respectively. 

 

 

Figure 6.25. Graphs depicting % change in length for the nine structures investigated. 

  

 Therefore, when producing such MEs, one must consider that for thinner sheets, 

a lower value of Φ yields a higher contraction, however, thicker sheets could have a 

higher contraction when the value of Φ is higher. Future studies would be required to 

fully investigate the relationship between Φ and t in order to achieve the optimal 

combination for specific applications.  
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6.3.4.4 Conclusion 

In this section the relation between the force experienced by the segments and 

their distance from the centre of the structure was obtained through FEMM. Furthermore, 

through the FEA simulations, the effect of parameters, t and Φ, on the behaviour of the 

structure to an external magnetic field was investigated. It was concluded that a thinner 

structure would exhibit a larger deformation and that parameter Φ had two opposing 

effects where on one hand, an increase in Φ closed the gap between the structure and the 

magnetic poles whilst on the other hand decreased the effective thickness of the structure 

thus experiencing less magnetic force.  

 

6.3.5 Experimental Investigation 

6.3.5.1 Introduction 

In the simulations above, the concept of using a ME having 50%w/w of iron 

nanoparticles was investigated and it was shown that an external magnetic field was able 

to elicit a contraction in the material. In this section, experimental prototypes will be 

investigated and the effect of magnetic field strength and nanoparticle concentration in 

the ME on the contraction will be analysed using five structures with different 

concentrations of nanoparticles.  

 

6.3.5.2 Methodology 

Four MEs were synthesised having 20, 30, 40 and 50%w/w of iron nanoparticles 

and labelled as ME20, ME30, ME40 and ME50 respectively. The MEs were produced 

using spherical zero-valent iron nanoparticles (99% pure) having an average particle size 
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of 10 nm which were passivated with 3% oleic acid (Nanoshell). The iron nanoparticles 

were then bound in a silicone rubber matrix by using a two-part casting liquid silicone 

rubber. In a typical experiment, the iron nanoparticles were mixed thoroughly with the 

first component of the rubber. The second component was then added and mixed for 5 

minutes after which the mixture was injected into a mould of the accordion-like structure 

(see Figure 6.26). The material solidified over 30 minutes after which the ME was 

extracted from the mould.  

 

Figure 6.26.(top & bottom) CAD of the moulds used, and (middle) the ME structure 

produced.  

 

The deformation of the MEs produced in response to an external magnetic field 

was then experimentally tested. As in the case of the simulations discussed above, a 

horseshoe magnet made of 1010 Steel was used which was wound by a copper (22 AWG) 

coil having 1700 turns, see Figure 6.27. The copper coils were then connected to a power 
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supply having a variable current. In a typical experiment a plastic case was placed on the 

bottom magnet and lubricated with WD40. The ME was then placed on the lubricated 

surface and oriented in the middle of the magnet’s poles (see Figure 6.27). The 

extension/contraction of the ME was then recorded when exposed to an external magnetic 

field generated by a range of 0.2 and 2.0 A.  

 

 

Figure 6.27. A depiction of the experimental setup. The inset shows the structure as 

recorded by the camera for the analysis. 

 

6.3.5.3 Results and Discussion 

 In this section, experimental studies will be used to confirm the numerical 

simulations in Section 6.3.4.3 and later will be used to investigate the effect of iron 

nanoparticles concentration on the contraction of the structure due to an external magnetic 
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field. The experimental prototypes investigated in this section were based on the 

geometry of Structure 5 (see Table 6.2). The comparison between the numerical 

simulations and experimental tests was carried out on structures ME40 and ME50. In 

order to carry out this comparison, two additional sets of numerical simulations were 

performed following the methodology outlined in Section 6.2.2.2 to simulate structures 

ME40 and ME50 (having a magnetic permeability of 1.20 and 1.30, respectively). For 

each set of simulations, five different currents were used: 0.2, 0.6, 1.0, 1.6 and 2.0 A, in 

order to compare the contraction to the experimental prototypes. In Figure 6.28, the 

contraction of the experimental prototypes ME40 and ME50 are shown in relation to their 

numerical counterparts. In general, a good agreement was obtained between the 

experimental and numerical results, in particular for the ME50 system. One notes that the 

numerical simulations reflect the trend observed in the experimental data where the 

structure’s contraction increase with current until a certain point (around 1.5 A) where 

the rate in increase of contraction decreases. Furthermore, it is shown that Structure ME50 

has less of a discrepancy with the numerical data than Structure ME40. This can be 

attributed to the fact that ME50 experiences a larger force due to the larger magnetic 

permeability which allows it to overcome any friction and other experimental limitations 

as discussed below.  
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Figure 6.28. Graphs depicting the % change in length at varying currents obtained from 

the experimental and numerical studies.  

 

The discrepancy between the experimental and numerical results may be 

attributed to gravity and friction, which were not considered in the numerical simulations. 

Furthermore, in the numerical simulations the structure was suspended in the centre 

between the electromagnet’s poles. This was not the case in the experiment as the 

structure was resting on a plate placed on the lower magnetic pole. Therefore, the 

structure experiences larger downward forces, increasing the friction with the plate. The 

structure experienced smaller upward forces since the experimental prototype was farther 

away from the magnetic pole above it. Other factors that may have attributed to the 

discrepancy in the results include the values of the magnetic permeability used in the 

simulations as this was an estimation and was not experimentally measured.  

Additionally, the calculations of the forces were based on the assumption that the 

structure had a constant thickness. This was not true at the hinges due to the curved shape 

of the structure which may have led to some inaccuracies. Furthermore, some errors can 
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be attributed to the FDM 3D printed mould having striations and the alignment of the top 

and bottom mould which may have produced slightly uneven ME thickness. 

Following the validation of the numerical methodology with experimental data, it 

is interesting to explore the effect of iron nanoparticles concentration on the contraction 

of the structure in response to an external magnetic field. To this end, five prototypes 

were analysed experimentally to acquire the % change in Lx and the change in angles θ1, 

θ2 and θ3 in response to varying magnetic fields. In Figure 6.29, it is shown that, as 

expected, ME50 exhibited the largest contraction followed by ME40, ME30 and ME20. 

In fact, for an external magnetic field generated by a current of 2 A, a contraction of 

51.1%, 37.9%, 28.6% and 11.3% was recorded for ME50, ME40, ME30 and ME20, 

respectively. This can be explained by the increase in magnetic inclusions which results 

in an increase of the relative magnetic permeability of the material and hence results in 

larger forces which pull the structures toward the closest pole. Using the Maxwell-Garnett 

homogenising rule (Waki et al., 2005) one finds the relative magnetic permeability is 

1.30, 1.20, 1.12 and 1.05 for ME50, ME40, ME30 and ME20 respectively.  
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Figure 6.29. Graph of the % change in Lx corresponding to an increase in the external 

magnetic field. 

 

This trend was confirmed by the change in angles θ1, θ2 and θ3 (see Figure 6.30). 

When exposed to an external magnetic field generated by 2 A, structure ME50 showed a 

change of 49.1°, 47.6° and 52.5° in θ1, θ2 and θ3, respectively. On the other hand, for the 

same external magnetic field, structure ME10 showed a change of 5.4°, 6.1° and 6.6° in 

θ1, θ2 and θ3 respectively.  
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Figure 6.30. Depicts the change in angles θ1, θ2 and θ3 with increasing magnetic field 

for structures M10, M20, M30, M40 and ME50.  

6.3.5.4 Conclusion 

In this section, the iron-nanoparticle inclusion based ME prototypes were 

produced, and experimental studies were conducted to validate the numerical simulations 

discussed in Section 6.3.4. It was concluded that the numerical and experimental data had 

good agreement. Furthermore, four structures were investigated to understand the effect 

of iron nanoparticle concentration on the contraction of the structure in response to an 

external magnetic field. It was shown that an increase in iron nanoparticle concentration 

resulted in a larger contraction in the x direction and in fact structure ME50, having 

50%w/w iron nanoparticle concentration, exhibited the largest contraction of more than 

50% in the x direction.  
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6.3.6 Conclusion 

In the work above the viability of iron nanoparticles in a silicone rubber as 

magnetic inclusions instead of permanent magnets was studied. It was numerically and 

experimentally shown that the ME responded to an external magnetic field by contracting 

in one direction. Furthermore, the effect of nanoparticle concentration was investigated 

concluding that a higher nanoparticle concentration resulted in a larger contraction. 

 

6.4 Conclusion 

In this chapter the accordion-like magneto-mechanical structure design was 

improved using bendable connecting arms and extended to the egg-rack-like magneto-

mechanical metamaterial. The foldable structures, Structure A and E, were investigated 

experimentally and their response to an external magnetic field was recorded. It was 

shown that the contraction of both systems can be finely controlled through the external 

magnetic field with a high degree of turnability and control.  

A novel magneto-mechanical design was also proposed composed of iron 

nanoparticles in lieu of the permanent magnetic inclusions. The iron nanoparticles were 

fixed in a silicone elastomer during the moulding process resulting in a 

magnetoelastomer. Four MEs were synthesised having different iron nanoparticle 

concentration and their response to an external magnetic field was investigated. This 

showed that the structures contracted in response to an external magnetic field with ME50 

recording a contraction of more than 50%. The concept of a nanoparticle inclusion-based 

magneto-mechanical metamaterial opens up the possibility of scaling down the structure 

to be included in micro- and possibly nano-sized devices as the structure is no longer 

restricted by the 1 mm neodymium magnetic inclusions.  
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Chapter 7 : General Discussion, Conclusions and 

Future Perspective 

 

Significant strides in technology have stimulated the quest for novel materials 

having properties which can be applied in numerous high-tech applications. As discussed 

in the literature review, recent decades have witnessed extensive research into mechanical 

metamaterials, i.e. materials that are characterised by counterintuitive mechanical traits 

like negative stiffness (Carrella et al., 2008; K. K. Dudek, Gatt, et al., 2018; Jaglinski & 

Lakes, 2007), negative compressibility (Errandonea et al., 2010; Grima-Cornish et al., 

2021; Lim, 2019), and negative Poisson's ratio, (commonly known as auxetic 

materials)(Z. Chen et al., 2020; Gambin et al., 2023; H.-H. Huang et al., 2016). As 

discussed in Chapter 2, a plethora of mechanical metamaterials have been designed and 

investigated for their properties, for example, auxetic metamaterials have been shown to 

exhibit superior impact and indentation resistance (Duncan et al., 2018; R. S. Lakes & 

Elms, 1993; Shah, Khan, Saeid, et al., 2022) as well as synclastic behaviour (A. Alderson, 

Alderson, Chirima, et al., 2010; Moroney et al., 2018; Peliński & Smardzewski, 2022). 

Due to their superior properties, a number of metamaterials have already found their way 

to the market in niche products such as protective gear (Nallavan, 2020; Newton-Mann 

et al., 2018) and biomedical devices (A. Alderson et al., 2001; M. N. Ali et al., 2014b; 

Y. Kim et al., 2021). With the advent of additive manufacturing (mainly 3D printing) 

research involving 3D mechanical metamaterials, particularly 3D auxetic metamaterials 

(systems which exhibit auxetic behaviour in more than one direction), has intensified. 

This heightened interest in 3D auxetic metamaterials comes from the fact the 3D auxetic 
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metamaterials may be used in applications such as textiles (Grimmelsmann et al., 2016; 

Krödel et al., 2014; P. Ma et al., 2017; Zeng et al., 2017), protective equipment (Faraci 

et al., 2021; Teng et al., 2022; C. Yang et al., 2018), biomedical (Y. Kim et al., 2021; 

Shukla & Behera, 2022; W. Wu et al., 2019)and electronic devices as sensors and 

actuators (X. Ren, Das, et al., 2018; Yuan et al., 2017).  

Active materials have also been at the forefront of materials research as discussed 

in Section 2.3.1. The ability to tune the geometry and mechanical properties of these 

materials post fabrication has placed active materials in high demand for several 

applications (Lum et al., 2016; Mu et al., 2015; Ze et al., 2020). Additionally, several 

studies have designed active auxetic metamaterials with the ability to tune their geometry 

and mechanical properties through external stimuli, thus benefitting from the unique 

properties attributed to auxetic materials and the tunability of active materials. Of the 

wide range of active materials, the magnetically actuated metamaterials have stood out 

for their versatility. Their response to a magnetic field is not limited to simply the 

presence and absence of the stimuli but also the magnitude and direction of the magnetic 

field. In fact, over the past decade, a number of studies have proposed magnetically 

actuated active metamaterials ranging from magneto-elastic lattices and magneto-

mechanical foams (Fang et al., 2019; Raghunath & Flatau, 2015; X. Tan et al., 2019) to 

reconfigurable magneto-mechanical metamaterials (Jackson et al., 2018; Lum et al., 

2016; Montgomery et al., 2020; Z. Ren et al., 2019; K. Singh et al., 2013). 

Given the potentials in the fields of 3D auxetic metamaterial and active auxetic 

metamaterials, this thesis aimed: (1) to propose 3D auxetic systems having continuous 

voids of constant cross-sectional area and investigate them vis-à-vis their Poisson’s ratio 

and (2) to develop a scalable inclusion-based magneto-mechanical metamaterial. As 

explained in Chapter 2, the thesis was divided into two main parts, each part focusing on 
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each of these aims. In fact, Chapters 3 and 4 investigated the possibility of having 3D 

auxetic systems with continuous voids of constant cross-sectional area whilst chapters 5 

and 6 focused on active auxetic metamaterials and their miniaturisation. As discussed 

later in this chapter, the auxetic systems proposed in Chapters 3 and 4 of this thesis were 

designed in such a way that in the future they may be used as the auxetic matrix for active 

auxetic metamaterials. 

The search for a simple method to produce 3D auxetic structures inadvertently led 

to the development of a novel design method that can be used to manufacture a plethora 

of 3D auxetic metamaterial. The method that was developed in this thesis to produce 3D 

auxetic system was inspired from the methods used to produce perforated 2D sheets. 

When producing perforated sheets, slits and/or perforations are introduced on mundane 

materials transforming them into 2D auxetic systems. In this thesis, this method was 

extended to 3D systems by strategically introducing continuous voids of constant cross-

sectional area in different planes of a block of material. The resultant structures were 

investigated numerically and experimentally and were shown to exhibit an NPR in 

multiple directions. Since the structures produced have continuous voids of constant 

cross-sectional area, these systems can be produced through various methods, including 

additive manufacturing (3D printing), subtractive manufacturing (such as milling) and 

moulding.  

The simplest system considered in Chapter 3 was constructed by introducing 

equally sized voids having diamond shaped cross-sectional area in the three major planes 

of a cubic block of material. This resulted in a system that may be described as polygons 

connected together from six vertices.  It was shown that the structures (the regular 3D 

perforated systems) exhibited a nearly constant Poisson’s ratio of −0.5 in the xy, yz, and 

zx planes, for a large degree of  values (up to 60). This suggests that these systems can 
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be designed in such a way that they exhibit a constant Poisson’s ratio when deforming. 

In fact, non-linear simulations revealed that these systems exhibited a strain independent 

NPR for the maximum compressive strain used in this study (7%). Interestingly, similar 

systems proposed by Attard and co-workers (J. N. Grima, Caruana-Gauci, et al., 2012b) 

and Kim et. al (J. Kim et al., 2017), the 3D rotating cubes, do not share this property and 

their Poisson’s ratio changes as the angles between the connected cubes change. It was 

also shown that for the regular 3D perforated systems having   = 90, the system 

exhibited a Poisson’s ratio of 0 (when the distance between the voids, parameter s, had a 

small value), something which may have applications of its own.   

The regular 3D perforated system having diamond-shaped voids was also 

extended to other/more general systems. In Chapter 3, structures having voids with a 

diamond shaped cross-sectional area of different sizes were explored. The asymmetry in 

the size of the voids having a diamond cross-sectional area led to a plethora of structures 

exhibiting a range of anisotropic Poisson’s ratios and Young’s moduli. This means that a 

catalogue could be obtained where 3D auxetics could be produced depending on the 

mechanical properties required.  

Additionally, it was shown that the 3D perforated systems are not limited to 

diamond-shaped voids and in Chapter 4, voids having elliptical and stadia-shaped cross-

sectional areas were used to create 3D auxetic metamaterial. Whilst the new structures 

were not space-filling auxetic structures, numerical simulations showed that the structures 

were able to distribute stresses better throughout the structure while exhibiting a larger 

negative Poisson’s ratio, particularly at higher values of  and when the voids were placed 

at larger distances from each other (larger s parameter). Experimental prototypes of these 

systems were shown to be strain independent up to at least 10 % strain. Furthermore, for 

small values of s and when θ was smaller than 70°, the Poisson’s ratio of these systems 
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was also shown to be circa −0.5 as in the case when the voids had a diamond shaped 

cross-sectional area. However, there were substantial differences in the Young’s moduli 

and volume fractions which indicate that systems having similar Poisson’s ratio but 

different Young’s moduli and / or volume fractions can be produced. An advantage of 

this new design method is that a number of manufacturing techniques can be used for the 

production of such 3D auxetic systems. For example, such systems can be manufactured 

using additive, subtractive and casting methods. This presents a significant advancement 

as currently most 3D auxetic systems can only be produced through the use of additive 

manufacturing techniques or through assembly. Therefore, having an auxetic system with 

such versatility and ease of production could promote industrial manufacturing for the 

low-cost production of 3D auxetic systems.  

These 3D auxetic systems having voids of constant cross-sectional area would be 

ideal for numerous applications. For instance auxetic systems are known to exhibit 

superior energy absorption performance (S. Hou et al., 2015; Imbalzano et al., 2016; L. 

Jiang & Hu, 2017) and impact resistance (K. K. Dudek et al., 2019a). Having 3D auxetic 

materials would offer the advantage that these properties would manifest from multiple 

directions. Therefore, these 3D auxetic systems would be particularly suitable for 

applications where impacts and indentation can occur from multiple directions. It is also 

worth discussing the wide array of anisotropic designs presented in Chapter 3 of this 

thesis. The plethora of structures yield a large number of anisotropic Poisson’s ratio and 

therefore, through the design of the voids used, one may produce a system which 

amplifies the strain in one of the orthogonal directions. This could be taken advantage of 

in various technological areas, such as in the production of directional strain sensors. 

Another area where such anisotropy could be utilised is in the production of prosthetics. 

For example, it is known that tendons have a highly anisotropic Poisson’s ratio, with a 
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negative Poisson’s ratio in one plane (Gatt, Vella Wood, et al., 2015) and a large positive 

Poisson’s ratio in the orthogonal plane. Thus, the mechanical properties of the proposed 

perforated systems may be fine-tuned to produce prosthetics that mimic the behaviour of 

real tendons.  

 In the second part of this thesis, the potential of a number of systems to act as 

active metamaterials was explored. In Chapter 5, an accordion-like unit was developed, 

using a non-magnetic matrix embedded with permanent magnets. In this chapter, the non-

magnetic matrix of the accordion like unit was assembled using copper wire to resemble 

a hinging system. In itself the unit was not auxetic, however, as shown in this chapter, the 

accordion-like unit can serve as a building block for more complex active metamaterials, 

including auxetic structures. In the presence of an external magnetic field, the accordion-

like unit deformed, with the magnitude and the direction of deformation (contraction or 

extension) depending on the magnitude and direction of the external magnetic field. The 

deformation of these systems was attributed to a torque generated by the magnetic 

inclusions when an external magnetic field was present.  In the second part of Chapter 5, 

the basic accordion-like unit was used to design multi-layer structures modelled on 

established structures in literature which are known to exhibit positive, zero and negative 

Poisson’s ratio. Two of the proposed designs were produced experimentally with the first 

one being a semi-re-entrant system which is known for exhibiting a zero Poisson’s ratio 

(structure SR). It was shown that the structure’s extent of folding can be controlled by an 

external magnetic field. A change in the direction of the magnetic field resulted in an 

inversion of the structure. In this case, the inverted structure still retained its semi-re-

entrant configuration (which is known to exhibit a zero Poisson’s ratio). The second 

structure that was investigated was based on a hexagonal honeycomb system (structure 

H), which is known to exhibit a positive Poisson’s ratio when deforming through hinging. 
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In this case, the amount of deformation was also controlled by the strength of the external 

magnetic field. However, when the direction of the external magnetic field acting on the 

structure was reversed, structure H, reconfigured to a re-entrant honeycomb, a 

configuration which is known to exhibit a negative Poisson’s ratio when deforming 

through hinging. The ability to not only control the geometry of the structure but to also 

change the configuration of the system has significant application which will be discussed 

below.  

 In the first part of Chapter 6, the concept of the accordion-like unit was further 

explored by designing a non-magnetic matrix which does not require assembly, i.e., a 

non-magnetic matrix that is produced as one part. This was done by employing bendable 

joints. It was found that the overall stability of system and ease of manufacture of the 

system was increased when using such designs. A preliminary study to choose a good 

design for the ‘bendable joints’ was also conducted. Using the same concept, an egg-rack-

like structure (structure E), which is known to exhibit an NPR, was designed, and tested. 

The investigations showed that these systems can deform in two planes in response to an 

external magnetic field. Systems based on the egg-rack-like structure discussed above 

could also be used to create 3D auxetic structures. For example, Figure 7.1 depicts a 3D 

re-entrant honeycomb configuration which is expected to exhibit an NPR in multiple 

planes. The degree of openness of such system (and hence the Poisson’s ratio) could be 

controlled by the magnitude and direction of the magnetic field. In fact, it would be 

expected that a reversal of the magnetic field would result in a conventional 3D 

honeycomb configuration, which would be expected to exhibit a positive Poisson’s ratio.  
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Figure 7.1. A CAD of the proposed 3D auxetic re-entrant honeycomb structure.  

 

Having successfully designed and tested the concept of a magnetomechanical 

metamaterial, the next step was to use iron nanoparticles in lieu of the permanent 

magnetic inclusions. This would further contribute to the possible miniaturisation of these 

systems. In section 6.3, a novel magneto-mechanical material composed of iron 

nanoparticles embedded in an elastic matrix was proposed. In this case, the magnetic field 

of the inclusions would align with the external magnetic field and thus, deformation of 

the system would occur due to an attraction between the poles of the external magnetic 

field and the embedded nanoparticles. It was experimentally and numerically shown that 

the structure contracted when a constant external magnetic field was applied. This 

research serves to prove the concept of using iron nanoparticle inclusions to produce an 

active material. This concept lays the groundwork for further research on active 

metamaterials having iron nanoparticle inclusions. Firstly, the concept can easily be 

extended to egg-rack-like structure by having a sheet with protrusions as shown in Figure 

7.2. The structure could be produced through injection moulding (see Figure 7.2) however 
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further research is required to investigate any restriction in movement and perhaps 

whether slits that may allow for smoother movement should be introduced.  

 

Figure 7.2. Designs for the top and bottom mould and a depiction of the resulting egg-

rack-like structure.  

 

Iron nanoparticles could also be embedded in the 3D auxetics designed in chapters 

3 and 4. For example, considering the mould proposed in Section 3.5, a two-part silicone 

rubber could be used whereby, iron particles would be suspended evenly in the liquid 

rubber. The mixture would be poured into the mould and upon setting, the mould would 

be disassembled leaving the auxetic rubber with iron nanoparticles inclusions. A milling 

process could also be implemented whereby a block of material having iron particle 

inclusions could be produced and then perforations could be performed strategically 

either through a cutter or a drill. The use of drilling would be advantageous when 

considering stadia and elliptical-shaped perforations over the diamond-shaped ones due 
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to the geometry. This process would require less assembly and disassembly; however, 

this would result in the loss of material when cutting. Another possibility would be SLA 

3D printing using resin with suspended iron particles where the resin would solidify and 

entrap the iron particles. However, this would require further research to analyse the effect 

of UV light on iron particles and on maintaining an evenly distributed suspension of iron 

particles since 3D printing is a relatively slow process. Future research could then 

consider the active metamaterial when exposed to an external magnetic field. The iron 

particles within the auxetic matrix would become magnetised and align with the external 

magnetic field. In turn they may exert internal forces, and should the forces be significant 

enough they may cause the structure to expand. An investigation on the concentration of 

iron particles would be required to understand what concentration could produce an 

observable expansion for the strength of external magnetic field used. The degree of 

expansion in the three axes would be dependent on the chosen geometry of the structure 

and the direction and magnitude of the external field. Furthermore, the use of iron 

nanoparticles and 3D printing could lead to intricate and fine designs which would be 

suitable for miniature devices. One may consider multilayered designs having 

electromagnets fixed in strategic places to generate external magnetic fields. Such 

multilayered designs would consist of sheets of magnetoelastomers with electromagnets 

fixed in between. The resultant structure would be able to contract in local areas and thus 

morphing into complex geometries as shown in Figure 7.3.  
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Figure 7.3. A proposed design for a multilayered structure composed of electromagnets 

and egg-rack-like sheets.  

 

 The next step would be active magneto-mechanical metamaterials on a molecular 

level. Given that the trend is designing smaller and more compact devices, researchers 

may shift focus to developing materials to use in nanoactuators and other parts. Using the 

proposed accordion-like structure, one may consider polymeric chains in a zig-zag pattern 

laced with iron nanoparticles. Research in iron nanoparticles has already produced iron 

nanoparticles coated with organic shells, which allows functionalisation. The strand 

would deform in response to an external magnetic field. This could be further combined 
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with the concepts discussed above extending this to egg-rack-like structures and 

multilayered structures.  

Inclusions that may be used are not limited to iron nanoparticles, but other 

inclusions such as silver nanoparticles can also be used. This would offer advantages 

when such devises need to have antiseptic properties, such as in the case of prosthetics. 

Although not included in the main body of this thesis, a new method for the synthesis of 

silver nanoparticles was developed during this period. The results obtained in this study 

are included in Appendix III, where it is shown that silver nanoparticles were successfully 

synthesised through a new approach. In the case of this new method, the solution was 

chilled to sub-zero temperature. This gave more control on the size of the nanoparticles 

produced and in fact, silver nanoparticles having an average size of 19 ± 6 nm were 

produced. Preliminary experiments on the anti-microbial activity of the produced silver 

nanoparticles were also conducted (see Appendix IV) and it was shown that they may 

possess very good anti-microbial properties. All this is very relevant as silver NPs are 

already being used in the medical industry when sterile environments are required, such 

as in bedding and bandages (Haider & Kang, 2015; Juknius et al., 2016; Pourzahedi & 

Eckelman, 2015; Prasath & Palaniappan, 2019). The interaction between the silver NPs 

and the auxetic matrix has to be explored and the antimicrobial activity of the material 

would have to be investigated. It is worth noting that silver nanoparticles may also impart 

increased electrical conductivity which would be particularly interesting for smart textiles 

and smart devices. This property could be used to create metamaterials where an electrical 

current could locally heat areas within the structure and thus control the mechanical 

properties and deformation mechanisms of the structure. 

The magnetomechanical systems discussed here offer promising applications in 

scenarios where real-time geometric modifications with precise control are essential. 
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These systems can prove particularly valuable as untethered miniature multi-directional 

actuators, enabling controlled movement in two directions simultaneously. Moreover, 

leveraging magnetic fields to open pores presents opportunities for enhanced 

functionality. For instance, it can facilitate the cleaning of filtration devices located in 

hard-to-reach areas or within clean environments where physical access to the actuator 

might risk contaminating the surroundings. Aside from actuation, the ability to control 

the mechanical properties of these systems to shift its mechanical properties, especially 

shifting from a positive to a negative Poisson’s ratio configuration, could have several 

applications.  

 In future research, the exploration of innovative systems could involve the design 

of systems having localized external magnetic fields. These fields could induce real-time 

contractions or extensions in the system as needed by adjusting the local external 

magnetic field. This approach would impart precise local control, enabling segments to 

contract and extend independently. This would result in the production of intricate 

geometries and/or behaviours (such as doming in the case of auxetic designs). Another 

intriguing avenue to explore is a system where the magnetic inclusions are electromagnets 

rather than permanent magnets or nanoparticles. In this configuration, one could eliminate 

the need for an external electromagnetic field, instead directly controlling the attraction 

and repulsion between the electromagnets. Moreover, such systems would offer an 

enhanced level of control as each magnetic inclusion could be individually manipulated 

in terms of magnetic field strength and direction. Such adaptable structures hold 

promising for applications in materials requiring localized morphological adjustments, 

such as solar wings, satellites, and smart textiles. 

 In summary, the work carried out in this thesis is intended to serve as ground work 

for future studies to develop industrial applications for active auxetic materials. The 
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uptake of the 3D perforated models by industry could see the application of 3D auxetic 

rotating rigid units to improve existing materials such as in construction materials and in 

the automotive industry due to their enhanced impact resistance. The work on magneto-

mechanical metamaterials also aims to replace conventional pistons in miniature robotics, 

offering a lightweight, untethered alternative. Further work can incorporate the findings 

presented into miniature devices for uses in robotics and the biomedical industry. Of 

particular interest is the magnetoelastomer proposed which could be scaled to be 

implemented in the  micro-devices of the future.  
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Appendix I: Numerical simulations on the 

accordion-like magneto mechanical structure 

 

I.1 Introduction 

The work in Chapter 5 was carried out in conjunction with a numerical 

investigation with the aim of replicating the experimental results through simulations. In 

this case, magnetic inclusions were represented by means of individual magnetic 

moments having the same magnitude μ which was identical as in the case the experiment. 

The non-magnetic foldable lattice used in the simulations had the same dimensions as the 

experimental prototype and it was assumed that rigid bar-like elements constituting the 

system were connected to each other by means of frictionless hinges. 

 

I.2 Methodology 

In this work, a theoretical model was designed which was used to validate the 

results obtained by means of the experimental approach. In this case, the evolution of the 

system was analysed through the use of the Molecular Dynamics simulations utilising the 

fourth-order Runge–Kutta method for a constant time step Δt = 10−6 s. Furthermore, in 

the simulations, the analysed structure was represented by a set of point masses connected 

to each other by means of very stiff two-body bonded interactions which made it possible 

to represent the behaviour of rigid nonmagnetic rod-like elements constituting the system. 

In addition, the magnetic inclusions present in the experimental prototype were 
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represented by individual magnetic moments having a magnitude of μ = 0.0045 A m2 and 

the same orientation as shown schematically for the magnets depicted in Fig. I.1.  

In terms of geometry, the analysed model is a lattice which consists of seven rigid 

rectangular building blocks having dimensions either of d × 4d, l1 × 4d or l2 × 4d 

depending on their position within the system. These building blocks are connected to 

each other at their edges (having a length 4d) through hinges resulting in a system 

resembling a foldable accordion-like sheet. In this case, the hinging motion is assumed to 

be controlled through a harmonic potential corresponding to a stiffness constant Kh = 0.2 

× 10-4 J rad-2 for each of the hinges. Furthermore, the building blocks are composed of a 

set of pairs of points having a mass m = 0.15 g that are connected to each other by means 

of rigid bonds. The length of such bonds is also controlled through a harmonic potential 

corresponding to a stiffness constant k = 2 × 104 N m-1 so that the bonds and structural 

units would remain rigid throughout the entire deformation process. Thus, one can 

imagine that the pairs of points connected to each other by rigid bonds act as macroscopic 

rigid bars.  

In addition to the non-magnetic accordion-like lattice, the considered system is 

also composed of magnetic inclusions. As shown in the Chapter 5, magnetic inclusions 

are located at the centre of some of the rigid bars having a length of d similarly to the 

distribution of neodymium magnets in the experimental prototype. In this case, magnetic 

inclusions are represented by means of individual magnetic dipoles corresponding to the 

magnetic moment of magnitude µ, where the orientation of magnetic moments is identical 

to that used for the experimental prototype. All the magnetic dipoles are collinear with 

rigid bars to which they are attached and oriented as described in Chapter 5, i.e., the same 

orientation as is the case of the experimental prototype. At this point, it is important to 

note the system in question is embedded within the external uniform magnetic field of 
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magnitude B which is the main factor governing the deformation process of the entire 

structure. 

In the considered model, there are several types of magnetic interactions 

contributing to the deformation process of the entire structure. The main cause of the 

deformation process is the external magnetic field which results in the torque having a 

magnitude of τext being applied to all the magnetic dipoles within the structure. This in 

turn leads to the rotation of structural building blocks around the axis which is parallel to 

the x-axis and passes through their centres of mass. In general, τext corresponding to a 

specific i-th magnetic dipole can be defined as τext, i = μi × B which means that it leads to 

the clockwise or the anticlockwise rotation of structural units in the yz plane depending 

on their location within the structure. In addition to the interaction with the external 

magnetic field, magnetic inclusions present within the system also interact with each 

other. In fact, there are two types of such interactions which must be considered to reliably 

represent the behaviour of the experimental prototype. The first of these interactions 

corresponds to the explicit repulsion or attraction between any two magnetic dipoles 

where the force due to an arbitrary magnetic moment i acting on the magnetic moment j 

can in general be written down as follows:  
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Equation I.1 

where, µ0 is the vacuum permeability and r stands for the distance vector pointing from 

the i-th to the j-th magnetic moment. The second type of interaction between magnetic 

inclusions is related to the torque applied to each of the magnetic dipoles which originates 

from the magnetic field corresponding to all the surrounding magnetic moments. Thus, 
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the torque applied to a given i-th magnetic dipole can be expressed as: τi = μi × Bi where 

Bi stands for the magnetic field originating from the magnetic dipoles surrounding the i-

th magnetic moment. 

 

I.3 Results and Discussion 

 Before conducting a full analysis of the behaviour of the considered system for 

different magnetic fields, it is first worth to focus on an example of the structure deformed 

by a specific magnetic field, i.e. B = 28 mT. Based on Figure I.1(a), one can note that in 

response to the external stimulus, the structure shrinks in time along the x-axis which 

leads to the decrease in the value of angles θ1, θ2 as well as lx. This behaviour stems from 

the fact that magnetic moments corresponding to respective magnetic inclusions tend to 

align with the external magnetic field which induces the deformation of the structure. 

However, this process is also accompanied by the interactions between the magnetic 

inclusions that become stronger as magnetic inclusions approach each other and unlike 

the external magnetic field oppose the folding mechanism. In view of this, as shown in 

Figure I.1(a), the folding of the considered accordion-like structure continues until the 

point where the system assumes the equilibrium configuration for the specific external 

magnetic field. Furthermore, it is important to note that as shown in Figure I.1(b), a 

similar behaviour to that observed in the experiment can be observed in the case of 

computer simulations conducted for the system with the same initial parameters. 

Particularly interesting in this regard can be the evolution of the structure portrayed in the 

xz plane (see Figure I.1(c)) as it clearly showcases the decrease in the value of angles θ1 

and θ2 which behaviour is indicative of the structure being capable of acting as an actuator.       
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 Once we visualised the possibility of altering the dimensions of the system by 

subjecting it to the external stimulus, it is important to analyse the general effect which 

the magnitude of the external magnetic field has on the evolution of the structure. 

According to Figure I.1(d), both in the case of experimental and computational studies, 

the extent of contraction of the system changes with the magnitude of the external 

magnetic field. More specifically, the stronger the magnetic field, the lower the dimension 

of the structure measured along the x-axis which corresponds to the decrease in the value 

of θ1 and θ2. It is important to emphasise that such behaviour is indicative of the fact that 

dimensions of the system can be controlled via the external stimulus. Furthermore, it is 

worth to note that in the case of the experiment, the variation in the magnetic field was 

investigated at the range between 4.5 mT and 30 mT, where each experiment was repeated 

ten times to estimate the size of the corresponding error. At this interval, values of θ1 and 

θ2 have changed from 48.3 ±3.0° and 61.0 ±0.57° to 27.4 ±1.4° and 25.0 ±1.3° 

respectively. Furthermore, a similar analysis was also conducted through the use of 

computer simulations where the magnetic field used to deform the structure for different 

simulations assumed values from the range between 10 mT and 30 mT. At this interval, 

values of angles θ1 and θ2 have changed from 60.0° and 71.0° to 32.2° and 35.2° 

respectively. 

 Based on results shown in Figure I.1(d), it is clear that all trends observed for the 

analysed system are qualitatively the same both for the experimental as well as 

computational studies. Some discrepancies between the two sets of results arise amongst 

others from the fact that in the theoretical model there is no friction affecting the motion 

of hinges which is certainly present in the experiment. In addition, in the experimental 

prototype, it is possible that despite our efforts there is some misalignment between the 

magnetic inclusions which may, up to some extent, affect the result. Another factor was 
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the use of non-magnetic joints which while necessary to introduce some degrees of 

freedom in the experimental prototype were not present in the theoretical design. Finally, 

it is important to remember that analytical expressions describing interactions between 

magnetic inclusions serve only as an approximation of the real behaviour and especially 

for small separation distances between the magnets are expected to deviate from the 

experiment.        

 

 At this point, it is worth to note that even though the following topic does belong 

to the scope of this work, it is expected that the external magnetic field can also be used 

in order to change stiffness of the system. This stems from the fact that the application of 

the external stimulus would result in the change in net forces acting on respective 

structural elements constituting the system. Thus, should one consider deforming the 

analysed structure through the direct application of tensile forces, the variation in the 

  

Figure I.1: Panels show: a) the evolution of the experimental prototype subjected to the 

uniform external magnetic field of magnitude 28 mT, b) visualisation of the evolution of 

the system corresponding to the computational simulations of the structure closely 

resembling the experimental prototype, c) the evolution corresponding to computer 

simulations portrayed in the xz plane and d) equilibrium values of angles θ1 and θ2for the 

system subjected to the external magnetic field of different magnitudes.  
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magnitude of the external magnetic field could either accelerate or decelerate this process 

by fine-tuning its stiffness. Of course, a similar effect could also be also achieved through 

the use of magnetic inclusions in a form of electromagnets as opposed to standard 

permanent magnets where the magnetic moment corresponding to magnetic inclusions 

could be conveniently adjusted by altering the intensity of the provided current.      

 

I.3.1 Effect of the variation in the magnitude of the magnetic moment 

corresponding to magnetic inclusions on the evolution of the system 

As shown in Figure I.2, according to the theoretical model analysed though the 

use of computer simulations, the considered structure deforms differently depending on 

the magnitude of the magnetic moments corresponding to magnetic inclusions present 

within the system. More specifically, the larger the value of the magnetic moment, the 

smaller the extent of the mechanical deformation (measured along the x-axis) induced by 

the external magnetic field. This stems from the fact that in the case of relatively strong 

magnetic inclusions, their mutual repulsion is very significant, and the system cannot 

deform to a similar extent as would be the case for weaker magnetic inclusions. In fact, 

as shown in Figure I.3, this behaviour can be also described in terms of the change in the 

magnitude of the equilibrium length lx for structures corresponding to different values of 

the magnetic moment associated with magnetic inclusions.   
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Figure I.2: The change in the linear dimension lx plotted against time for the considered 

structure corresponding to different values of the magnetic moment associated with 

magnetic inclusions where μ is the magnetic moment calculated experimentally 

(0.0045Am2). All of the results were generated for the same external magnetic field of 

magnitude B = 26 mT.  

 

 

Figure I.3: The change in the equilibrium value of the linear dimension lx plotted against 

the magnetic moment associated with its magnetic inclusions where μ is the magnetic 

moment calculated experimentally (0.0045Am2). 
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I.3.2 Effect of the variation in the value of the geometric parameter d on the 

behaviour of the structure 

According to Figure I.4 which displays the results of computational studies, the 

extent of the mechanical deformation of the considered system induced by the application 

of the external magnetic field changes depending on the value of the geometric parameter 

d defined in the main text. Upon having a closer look at the generated results, it is possible 

to note that for large values of d, the analysed structure can deform to a greater extent 

than for small values of this parameter. This behaviour originates from the fact that the 

increase in the value of d results in the increase in the separation distance between the 

magnetic inclusions. Thus, the mutual repulsion between the magnetic inclusions is 

weaker than is the case when magnetic inclusions are relatively close to each other. At 

the same time, one should remember that the magnitude of the external magnetic field 

does not depend on the geometric parameters of the system. Hence, the magnetic torque 

corresponding to each structural element with the magnetic inclusions remains 

approximately the same irrespective of the selection of the geometric parameters (given 

that the spatial orientation of magnetic inclusions remains almost unchanged). On the 

other hand, one must remember that as the length of the nonmagnetic elements with 

magnetic inclusions is being altered, the internal forces originating from the torque 

induced by the external magnetic field must also change.      
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Figure I.4:. The percentage change in the linear dimension lx plotted against time for the 

considered structure corresponding to different values of the geometric parameter d, 

which is defined in the main paper. In this case, lx(t) and lx,f correspond the length of the 

structure measured along the x-axis at its current (measured at the time t) and the final 

configuration respectively. In this case, all of the results were generated for the same 

external magnetic field of magnitude B = 26 mT. 

 

As shown in Figure I.5, a similar analysis to that provided above can be conducted 

upon considering the percentage change in the linear dimension of the system in the case 

of the evolution of structures associated with different values of the geometric parameter 

d. According to these results, the equilibrium length of the system measured along the x-

axis changes to a significantly greater extent for relatively large value of d than is the case 

for small values of this parameter. This in turn is indicative of the same behaviour of the 

system to that shown in Figure I.4.    



321 
 

 

Figure I.5:   Percentage change in the linear dimension of the system corresponding to 

different values of the geometric parameter defined as d in the main text. In this case, all 

the results were generated for the same external magnetic field of magnitude B = 26 mT. 

 

I.3.3 The dynamics of a change in the value of angles for different parameters 

In the main text, we have already analysed how the value of the internal angles θ1 

and θ2 change with the magnitude of the external magnetic field. However, it is also 

interesting to investigate how these quantities change in time as they change to attain the 

equilibrium position. As shown in Figure I.6, both angles θ1 and θ2 evolve differently in 

time depending on the magnitude of the applied external magnetic field. More 

specifically, similarly to the results presented in the main text, both of the considered 

angles change to a larger extent for relatively high values of B than is the case for low 

values of this parameter. However, the provided results also make it possible to note that 

in the presence of a strong external magnetic field, the rate of the mechanical deformation 

(determined by the slope of the graph) is significantly larger than for low values of B.   
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Figure I.6: The time evolution of the system subjected to different magnitudes of the 

external magnetic field. In this case, the deformation of the structure is discussed in 

terms of the variation in the angles θ1 and θ2.  

 

In addition to the above results, it is also interesting to analyse the time evolution 

of the system for structures composed of magnetic inclusions corresponding to different 

values of the magnetic moment. As shown in Figure I.7, angles θ1 and θ2 change to the 

largest extent when the magnetic moment of the magnetic inclusions is relatively small. 

In fact, this aspect was already reported in the main text and does not offer a new insight 

into the complexity of the behaviour of the considered system. However, upon having a 

closer look at the provided results, one can note that, irrespective of the magnitude of the 

magnetic moment corresponding to magnetic inclusions, the rate at which the system is 

being deformed by the external magnetic field remains approximately unchanged. In fact, 

it is possible to observe that as opposed to the rate of the mechanical deformation, the 

quantity that changes upon comparing the behaviour of different systems is the total 

evolution time.   
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Figure I.7: The time evolution of structures corresponding to different values of the 

magnetic moment associated with magnetic inclusions where μ is the magnetic moment 

calculated experimentally and used in the main paper. 

 

I.3.4 Extrapolating to a three-dimensional system 

Once the basic structure was tested, and both experimental and computational 

studies confirmed that it is possible to control its deformation via the the external 

magnetic field, it is important to note that the considered system can be extended upon 

stacking several single-layer accordion-like structures on top of each other and 

connecting them by means of rigid nonmagnetic structural elements as shown in Figure 

I.8(a). As a result, the orientation of the accordion-like structure and the position of the 

connective nonmagnetic elements can give rise to a number of structures exhibiting 

positive, zero or negative Poisson’s ratio. Thus, in this work, in order to investigate its 

behaviour and the corresponding mechanical properties, the evolution of such structure 

was analysed by means of computer simulations with specific details related to the model 

definition being provided in the Methodology section. 
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 Figure I.8: Panels show: (a) the initial configuration of the three-dimensional system, 

(b) the deformed system subjected to the uniform external magnetic field and (c) the 

variation in the linear dimension of the analysed system measured during the 

deformation process induced by the application of the external magnetic field. 

 

As shown schematically in Figure I.8(b) and analysed quantitatively in Figure 

I.8(c), similarly to its simpler counterpart, the shape and the linear dimension of the 

extended structure can be modified through the application of the uniform external 

magnetic field. However, as visualised in Figure I.8, it is important to note that during its 

evolution, the analysed system undergoes a transition from the conventional 

configuration characterised by the positive Poisson’s ratio to the auxetic system. This in 

turn is of great significance as it indicates that mechanical properties of the analysed 

structure can be controlled via the external magnetic field and significantly changed 

without the need of reconstructing the system.  

 

I.3.5 The evolution of the multi-layer structure  

The results presented in Figure I.9, correspond to the multi-layer structure 

subjected to the external magnetic field of magnitude B = 10 mT. Based on Figure I.9, 

one can note that during the initial stage of the deformation process, the vertical 

dimension of the structure corresponding to the lz variable is decreasing while the 

horizontal dimension of the system is increasing (lx). However, as shown in the main text, 
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as the system deforms, at one point it assumes the configuration where its cross-section 

in the xz plane assumes the shape of a rectangle. After surpassing this point of the time 

evolution of the considered multi-layer system, the structure starts to shrink both in the 

horizontal (decrease in the value of lx) as well as in the vertical dimension (decrease in 

the value of lz). Thus, at beginning of the deformation process, the configuration assumed 

by the system corresponds to that of the conventional honeycomb system where after 

surpassing the aforementioned threshold configuration the system assumes the auxetic 

configuration. 

 

Figure I.9: The variation in the linear dimensions measured along the x and z axes 

throughout the deformation process. 

 

I.4 Conclusion 

The numerical simulations and experimental investigation showed a good 

agreement where both structures exhibited a contraction in response to an external 

magnetic field and the extent of contraction was shown to be dependant on the external 

magnetic field. Furthermore, the numerical analysis on the effect of the inclusions’ 

magnetic moment and geometric parameters was validated using experimental studies in 

Section 5.2.6.3. 
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Appendix II: Literature review on Silver and 

Iron nanoparticles 

II.1 Nanoparticles  

Nanoscience is an interdisciplinary science encompassing all knowledge on the 

properties of nano-sized objects (Sergeev, 2003; Sergeev & Shabatina, 2008). The term 

‘nano’ indicates one billionth of a unit, and while the size limits of nanoparticles are still 

relatively loose, in most study groups; a NP is defined as a cluster of atoms with at least 

one dimension ranging from one to a hundred manometers (Abou El-Nour et al., 2010; 

Williams, 2008).  

 

Figure II.1: A diagram comparing nanoparticles’ size with relatable objects. 

 

Nanotechnology research has experienced an exponential growth with several 

studies focusing on the synthesis and characterisation aspects(Abou El-Nour et al., 2010). 

The synthesis of metallic NPs was given special attention due to their application in a 

wide range of industries namely health care and biomedical industry, environmental 

health, aerospace applications as well as material science amongst others(Iravani et al., 

2014). Metallic NPs, when at the nano-scale, exhibit a wide range of unique properties 

(shown in Figure II.2)(Dimitrijevic et al., 2001; Harada et al., 1993; Henglein, 1989; 
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Henglein & Meisel, 1998; Hostetler et al., 1998; Kapoor, 2000; M.C. Daniel, 2004; 

Mulvaney, 1996; Rele et al., 2004; Sarkar et al., 2010; Underwood & Mulvaney, 1994) 

ranging from electronic and magnetic ones, to properties affecting their chemical 

reactions and in turn affecting their bioactivity. This can be attributed to their high 

percentage of atoms at the surface which results in quantum effects.  

 

Figure II.2:Applications of metallic NPs. Image adapted from Khandel et al.(Khandel & 

Kumar Shahi, 2016) 

 

II.1.1 Silver Nanoparticles 

II.1.1.1 Introduction 

In this review, the main focus are silver NPs, mainly their synthesis and their 

characterisation. As with most metallic NPs, at the nanoscale, silver NPs exhibit unusual 

properties, quite different from the bulk metal. There have been several studies detailing 

the optical, electronic, chemical and the characteristic antimicrobial properties which 

were found to depend on the size and shape (D. Kim et al., 2006; Suber et al., 2005; Y. 
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Sun et al., 2002; D. Zhang et al., 2004). Some applications derived from these properties 

include the use of silver NPs in catalysis reactions (Chimentão et al., 2004), antimicrobial 

coatings(Aymonier et al., 2002), optical sensors(McFarland & Van Duyne, 2003), printed 

electronics(Y. Li et al., 2005; Y. Wu et al., 2006) and in photonics (W. Wang & Asher, 

2001) amongst others. Silver NPs have also been used extensively in applications 

concerning surface-enhanced spectroscopy(Alvarez-Puebla & Aroca, 2009; J. M. Li et 

al., 2011; W. Li et al., 2009; Marsich et al., 2012; Pacioni et al., 2015; Stamplecoskie et 

al., 2011; B. Wang et al., 2014). 

 

II.1.1.2 Synthetic Methods 

With an increase in the demand for silver NPs, a number of synthesis techniques 

have been proposed for the preparation of silver NPs(D. Kim et al., 2006). In this review, 

an overview of these methods will be presented, categorising them into three main 

techniques. 

− The physical methods, which tend to follow a top-down approach and  

− Chemical and  

− Biological methods; which follow a bottom-up approach(Pacioni et al., 2015).  

 

II.1.1.2.1 Physical methods: 

As mentioned previously, physical methods generally involve using a top-down 

approach, whereby the material is broken down to NPs. Therefore, these methods would 

usually involve mechanical energy; high-energy lasers such as in laser ablation, and 

others. A common disadvantage of these techniques is the requirement of large amounts 

of energy in the form of heat, power, pressure or otherwise.  
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II.1.1.2.1.1 Evaporation-Condensation  

Through this process, the material is vaporised at high temperatures in a tube oven 

and the vapour is then allowed to condense(State, 1988). The benefits of such processes 

comprise mainly of the lack of solvent contamination, and the uniformity in the NPs’ 

distribution. However, with regards to the use of a tube furnace, there are several 

disadvantages. Primarily, the furnace itself occupies a lot of physical space, besides it 

also requires large amounts of energy to raise the temperature inside its chamber in order 

to heat up the metal. It is also relatively time-consuming, as it has to attain and maintain 

thermal stability. To minimise these disadvantages, Jung et al. modified the method by 

using a small ceramic heater which allowed for a local heating area, using a reaction 

temperature of around 1300°C(Jung et al., 2006). Using Transmission Electron 

Microscopy (TEM), they observed spherical NPs ranging from 6.2 to 21.5 nm (shown in 

Figure II.3) and observed an increase in the NP size as temperature was increased. Using 

X-Ray Diffractometry (XRD), pure silver was confirmed to have been produced and not 

silver oxide(Jung et al., 2006).  

 

Figure II.3:TEM images taken from Jung et al.(Jung et al., 2006) 
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More recently, the use of vacuum thermal evaporation has been investigated, 

achieving NPs ranging from 2 to 10nm. High-Resolution TEM (HRTEM) was used which 

revealed polycrystalline NPs, as well as the presence of single-crystal NPs with 

icosahedral and dodecahedral structures(Grishina et al., 2019; Gromov et al., 2015). 

 

II.1.1.2.1.2 The Exploding Wire Method 

Also known as Electric Explosion of Wire (EEW), the exploding wire method is 

a top-down approach that uses high current density to vaporise a thin metal wire when it 

comes in contact with an anodic plate(Sen et al., 2003). This result is small fragments of 

condensed NPs. In this method, the main variables investigated were the current 

density(Sen et al., 2003; Siwach & Sen, 2009) and breakdown voltage (related to the 

relative energy)(Chung et al., 2016), dimensions of the wire(E. J. Park et al., 2011; Sen 

et al., 2003; Siwach & Sen, 2008a, 2009; Yun et al., 2011), dispersion 

medium(Alqudami, Annapoorni, Sen, et al., 2007; C. Cho et al., 2007; Chung et al., 2016; 

Humud et al., 2014; Murzakaev, 2017; E. J. Park et al., 2011; Siwach & Sen, 2008a, 

2009), and the ambient temperature(Yun et al., 2011). Studies have also investigated the 

use of this method to produce composite (or alloy) NPs such as Ag-Au(Alqudami et al., 

2008), Al2O3-Ag(Lozhkomoev et al., 2019), Ag-Ti(Svarovskaya et al., 2020) and Ag-

Fe(Bakina et al., 2019; Svarovskaya et al., 2020). Research have also been conducted on 

pulsed wire explosion (PWE). Munkbayer et al. used pulses of 300 V in an Argon/Oxygen 

atmosphere achieving Ag NPs about 100 nm in size(Munkhbayar et al., 2013). 

Studies have also reported EEW to have a production rate of up to 200 g/h in a 

gaseous medium, yielding NPs of between 20 nm to a 100 nm; depending on the 

explosion conditions(Kotov, 2003). A more recent study by Park et al. also proposed the 



331 
 

optimal conditions for a manufacturing application. In this study they described the use 

of deionised water as a medium and the nanoparticles were observed using TEM imaging 

shown in Figure II.4. The silver NPs achieved in the method had an average size of 

118.9nm(E. J. Park et al., 2011). 

 

Figure II.4: TEM images of nanoparticles produced by Park et al.(E. J. Park et al., 

2011) 

 

II.1.1.2.1.3 Laser Ablation 

In Laser ablation, a high energy laser is pulsed onto the target bulk metal, vaporising the 

metal, which then sublimes in the solution forming NPs as illustrated in Figure II.5.  The 

ablation method yields clean NPs in suspension due to the absence of chemical 

reagents(Gyrylov, 2019).  
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 Figure II.5: Schematic diagram of a Laser ablation setup(H. Zhang et al., 2016) 

 

Several studies have investigated the parameters influencing the size and shape of 

silver NPs formed, including the wavelength of the laser(Alhamid et al., 2019), irradiation 

time(Baruah et al., 2020);nano-(Baruah et al., 2020; Sportelli et al., 2020), pico-, femto-

(Menazea, 2020)second irradiation, the laser fluence(Baruah et al., 2020) (optical energy 

delivered per unit area), the plasma charging effect(Dell’Aglio & De Giacomo, 2020), as 

well as the solvent(Menazea, 2020; Sportelli et al., 2020) and coating agents(Y. H. Chen 

& Yeh, 2002; Sportelli et al., 2020) used. In one study, to ensure the stability of the NPs, 

the silver NPs were incorporated in a biodegradable polymer matrix and used an organic 

solution(Sportelli et al., 2020). This yielded spherical NPs with an average size of 9 ± 3 

nm shown in the TEM images in Figure II.6. 
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Figure II.6: TEM images of the silver NPs produced by Sportelli et al.(Sportelli et al., 

2020) 

 

II.1.1.2.1.4 Sputtering 

In sputtering, the target metal is bombarded with highly energetic particles such 

as plasma and as a result, nanoparticles are ejected from the surface. Several synthetic 

methods have been developed such as Vacuum Sputtering, Magnetron Sputtering as well 

as RF Magnetron Sputtering amongst others. Vacuum sputtering consists of a potential 

difference between two electrodes which creates an energised plasma on the target metal. 

Using this method, silver nanoparticles, 3.5 nm in diameter were synthesised by Siegel et 

al.(Siegel et al., 2012).In this study, a glycerol-water media was used which was shown 

to stabilise the silver NPs formed. In another study, a PEG-water mixture was used 

yielding silver NPs of around 10 nm in size and observed that the particle size increased 

as a result of an increase in sputtering time and current(Slepička et al., 2015).  

Magneton Sputtering is a modification on Vacuum Sputtering, where a magnetic 

field is used. By introducing a magnetic field, the charged plasma particles become denser 

and thus increasing the sputtering rate. Using this method, several studies have been 
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conducted to synthesis of thin films of titanium oxide(Meng & Sun, 2009; D. H. Song et 

al., 2012) and zinc oxide(Y. C. Liang & Deng, 2013) containing silver NPs as well as a 

PMMA/Co/Ag nanocomposite film(Choudhary et al., 2020), depositing and embedding 

silver NPs on materials such as alumina templates(Nuntawong et al., 2010; Wong-Ek et 

al., 2010), amorphous carbon films(Jaiswal et al., 2020), polyester fabric(S. X. Jiang et 

al., 2010), silica and glass matrix(Gangwar et al., 2020; Kumar & Sardana, 2020; Mishra 

et al., 2007), as well as on pure silver electrodes(J. Li & Fang, 2007) and coating of 

graphene(Archana et al., 2020) and titanium oxide(Ka̧dzioła et al., 2014) with silver NPs.  

Asanithi et al. described the use of magnetron sputtering to produce silver NPs as 

small as 3.8 nm in diameter(Asanithi et al., 2012). They also investigated the effect of 

several parameters where they showed that an increase in target-substrate distance yielded 

smaller nanoparticles and an increase in current resulted in a shift from spherical to worm-

like morphologies shown in the TEM images in Figure II.7. 

 

Figure II.7: TEM images depicting the shift in the morphologies when the current was 

increased. Taken from Asanithi et al.(Asanithi et al., 2012). 

 

II.1.1.2.1.5 Arc-discharge method 

The Arc-discharge has been compared to the laser ablation method, as both 

methods provide a relatively green, economical techniques for the synthesis of silver NPs 
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with low impurity-contamination. In an arc-discharge, the electric discharge results in 

localised high temperatures at the silver electrodes, reaching temperatures of several 

thousands of degrees Celsius(Rashed, 2016; Tseng, Lin, et al., 2018). This results in the 

vaporisation of silver, which then quickly condenses as a colloidal suspension of silver 

NPs in the solvent present(Rashed, 2016; Tseng, Lin, et al., 2018). Several studies have 

successfully synthesised silver NPs using water as a solvent and silver 

electrodes(Ashkarran et al., 2009; Cetin, 2017; El-Khatib et al., 2018; Rashed, 2016; 

Tien, Liao, et al., 2008; Tien, Tseng, et al., 2008; Tseng et al., 2016; Tseng, Chou, et al., 

2018; Tseng, Lin, et al., 2018; H. Zhang et al., 2016; X. F. Zhang et al., 2016; Y. Zhou 

et al., 1999); using different breakdown voltages(H. Zhang et al., 2016), arc 

currents(Ashkarran et al., 2009), different liquid mediums(Tseng et al., 2016), different 

electrode systems(El-Khatib et al., 2018), different coating agents(Cetin, 2017; Tseng, 

Lin, et al., 2018) as well as scaling the process to a large-scale producing a production 

rate of up to 350 mg/min(H. Zhang et al., 2017). Modifications to this method have 

resulted in the Submerged Arc Discharged Method (SADM) (Tseng et al., 2016; Tseng, 

Chou, et al., 2018; Tseng, Lin, et al., 2018) and electrochemical arc-discharge, which 

combined the arc-discharge method with the chemical reduction of silver ions(Tseng et 

al., 2011). A study has also synthesised composite Ag-Cu nanoparticles using the 

SADM(Tseng et al., 2016). Another modification was presented which combined the arc-

discharge and electric exploding wire with pulsed discharged, proposing the Pulsed Wire 

Discharge (PWD)(Tokoi et al., 2011). 

In a comparative study, arc-discharge synthesis (described in Figure II.8) yielded 

6 mg/min whereas the femto-second laser ablation method yielded 3mg/min, with both 

techniques achieving silver NPs smaller than 20 nm which were coated by 

polyvinylpyrrolidone (PVP)(H. Zhang et al., 2016). In the same study, they also 
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investigated the effect of increase the breakdown voltage potential in the arc using 60, 90 

and 120 V and found that the mean NP size increased from 9.1 nm at 60 V to 12.7 nm at 

120 V(H. Zhang et al., 2016).  

 

Figure II.8: Setup for Arc-discharge synthesis taken from Zhang et al. (H. Zhang et al., 

2016) 

 

A novel method using arc-discharge, electrochemical discharge (ECD)(Tseng et 

al., 2011), has also been used in research groups. Starowicz et al. made use of an ethanol 

solution with sodium nitrate to improve conductivity. A pure silver anode released silver 

ions which were reduced to form silver NPs approximately 20 nm in size(Starowicz et 

al., 2006). Ashkarran et al. also used this procedure using titanium electrodes. In this 

chemical method, the silver ions in solution were reduced by electrons from the cathode. 

The main advantage of this technique is that it is a bottom up approach, which yields a 

narrower size distribution of silver NPs when compared to the top down approaches, 

which have a broad size distribution (such as arc discharge). Using citrate as a capping 

agent and silver nitrate as the silver precursor, they achieved spherical NPs with an 

average diameter of 28 nm(Ashkarran, 2010).  
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II.1.1.2.1.6 High Energy Ball Milling Mechanochemistry 

High Energy Ball Milling is a technique that has been used in the synthesis of 

metal nanoparticles in which the metal powder is inserted in a mill and is broken down 

into a nanopowder using high energy collisions. For silver, however, many research 

groups have combined this technique with the chemical reduction of silver salts. A 

research by Khayati and Janghorban described the use of silver oxide and graphite which 

acts as a reducing agent(Khayati & Janghorban, 2012). The mixture was placed in the 

high energy ball mill and after 22 hours of ball milling, nanostructured silver with an 

average diameter of 28 nm was produced. In another research, a green synthesis of this 

technique was proposed using biomaterial as a reducing agent(Baláž et al., 2019). The 

reducing agent and silver nitrate were milled for up to 45 minutes, after which two 

fractions of NPs having an average particle size of 2.9±1.3 nm and 34.4±16.1 nm.  

 

II.1.1.2.2 Chemical method 

II.1.1.2.2.1 Chemical reduction 

Chemical reduction is one of the most popular method for the synthesis of silver 

NPs. In this method, the reducing agent is used to reduce silver ions, provided by a 

precursor compound, to metallic silver, which leads to the agglomeration of the silver 

atoms into clusters 

𝐴𝑔+ + 𝑒−  →  𝐴𝑔0               (II.1) 

The clusters eventually form metallic colloidal particles. Being one of the most 

common and simplest methods, chemical reduction has been investigated extensively. A 

multitude of studies have employed the use of different reducing agents such as sodium 

borohydride(Borysiuk et al., 2008; Bryaskova et al., 2011; Demchenko et al., 2020; Dong 
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et al., 2010; Y. Gao et al., 2005; Golubeva et al., 2010; Jana et al., 2001; Kandarp Mavani, 

2013; Song et al., 2009; J. S. Kim et al., 2007; S. M. Lee et al., 2010; J. Liu et al., 2010; 

Motol et al., 2020; Mulfinger et al., 2007; Oliveira et al., 2005; S.A. Vorobyova , A.I. 

Lesnikovich & Research, 2008; Shameli et al., 2010; Skrzyńska et al., 2016; Wani et al., 

2011; W. Zhang et al., 2011; Zielińska et al., 2009), trisodium citrate(Cañamares et al., 

2005, 2008; Guzman et al., 2009, 2012; Mahmudin et al., 2015; Mazzonello et al., 2015; 

Ratyakshi & Chauhan, 2009; Šileikaitė et al., 2006; Steinigeweg & Schlücker, 2012; 

Suriati et al., 2014; Y. Wan et al., 2013; H. Yin et al., 2004), oleylamine(M. Chen et al., 

2007), DMF(Alimohammadi et al., 2012; D. Y. Lee et al., 2010; Siddiqui et al., 2018), 

formaldehyde(Skrzyńska et al., 2016), formalin(Szczepanowicz et al., 2010), hydrazine 

hydrate(Demchenko et al., 2020; Guzman et al., 2009, 2012; Khanna et al., 2005; K. Do 

Kim et al., 2006; Skrzyńska et al., 2016; Szczepanowicz et al., 2010), tannin (Golubeva 

et al., 2010), ascorbic acid (Alqadi et al., 2014; Demchenko et al., 2020; L. Lu et al., 

2002; Ni et al., 2010; Szczepanowicz et al., 2010), hydroxylamine (Cañamares et al., 

2005, 2008), Aminosilanes (Frattini et al., 2005), hydrochloride (Cañamares et al., 2005, 

2008) ,aniline (Z. Khan et al., 2011), Sodium formaldehyde sulfonate (SFS) (Khanna et 

al., 2005) and polyols(P. Liu & Zhao, 2009). 

The most popular production method is the Creighton method, in which sodium 

borohydride acts as the reducing agent by reducing silver ions as shown in (Creighton, 

J.A.; Blatchford, C.G.; Albrecht, 1978). A study by Demchenko in 2020 found that silver 

NPs’ size decreased with an increasing activity of reducing agent(Demchenko et al., 

2020). Sodium borohydride, being a strong reducing agent, yields very small NPs and is 

therefore thoroughly researched in literature.  
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Figure II.9: Formation of silver NPs through the Creighton method. Image adapted from 

Agnihotri et al.(Agnihotri et al., 2014) 

 

Apart from the reducing agent, many methods employ the use of a capping agent 

or stabiliser. This is used in order to control the growth of NPs and stabilise the dispersed 

NPs preventing agglomeration. Several studies have been conducted on the use of 

stabilisers and capping agents such as dodecane thiol (Oliveira et al., 2005), trisodium 

citrate(Alqadi et al., 2014; Golubeva et al., 2010; Guzman et al., 2009; Jana et al., 2001; 

W. Zhang et al., 2011), PEG(Motol et al., 2020), PVP(Bryaskova et al., 2011; Kandarp 

Mavani, 2013; Tao et al., 2006; W. Zhang et al., 2011), H2O2(W. Zhang et al., 2011), 

SDS(Guzman et al., 2009, 2012; Song et al. 2009; K. Do Kim et al., 2006; S. M. Lee et 

al., 2010; Szczepanowicz et al., 2010),  ascorbic acid(Suriati et al., 2014), 

gelatin(Golubeva et al., 2010), organoalkoxysilanes (Hah et al., 2003),PVA(Khanna et 

al., 2005; P. Liu & Zhao, 2009; Mahmudin et al., 2015), CTAB(Z. Khan et al., 2011; L. 

Lu et al., 2002) and have found that some stabilisers promote the growth of different 

shapes such as nanorods(Jana et al., 2001), nanowires(Jana et al., 2001; Y. Sun et al., 

2003), nanocubes(Y. T. Lee et al., 2005; Sang et al., 2005; Y. Sun & Xia, 2002; Tao et 

al., 2006; B. Wiley et al., 2004; B. Wiley, Sun, & Xia, 2005; B. Wiley, Sun, Mayers, et 

al., 2005), truncated cubes(Tao et al., 2006), cuboctahedra(Tao et al., 2006), truncated 

octahedra(Tao et al., 2006), octahedral(Tao et al., 2006), nanobars(B. J. Wiley et al., 

2007) and nanorice(B. J. Wiley et al., 2007). The use of other chemical agents was also 
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investigated, as exemplified by NaOH, NH4OH and their role as an 

accelerator(Cañamares et al., 2005, 2008; Gomes et al., 2015; L. Lu et al., 2002; Sarkar 

et al., 2010; Yu, 2007), seeds which aided the nucleation process such as TiO2 seeds(K. 

Do Kim et al., 2006), gold seeds(L. Lu et al., 2002). Research conducted on the variables 

affecting NPs’ growth and shape included the concentration of capping agent(Oliveira et 

al., 2005) as well as the capping agent used(W. Zhang et al., 2011). 

Of particular interest are the syntheses of composite and alloyed silver 

nanoparticles. Examples of this include PMMA/Ag nanocomposite(Siddiqui et al., 2018), 

Ag-Alumina NPs(Skrzyńska et al., 2016), Ag-carbon nanotubes(CNT)(Alimohammadi 

et al., 2012), Ag-PVA nanocomposite(Khanna et al., 2005), Ag-Titania(K. Do Kim et al., 

2006), Ag-PAN nanofibers(D. Y. Lee et al., 2010), Ag-talc nanocomposites(Shameli et 

al., 2010) and Ag-Au nanoalloys (Gomes et al., 2015; L. Lu et al., 2002) 

 

II.1.1.2.2.1.1 Polyol Method 

Polyols fall under the bracket of organic solvents synthesis, however, given their 

versatility and their unique shape-control, which give silver NPs with different 

morphology by simple changes to ratios and such, allows them to be analysed separately 

from the other organic solvents. Polyols are characterized by the multiple -hydroxide 

groups in the molecule (such as glycerol and EG shown in Figure II.10) which are 

responsible for their unique properties(Pacioni et al., 2015).  

                             

OH

OHOH OH
OH

 

Figure II.10: Structure of (Left) Glycerol (Right) Ethylene glycol 
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Introduced by Fievet et al., several metal NPs have been produced through this 

method as well as alloyed NPs(Bonet et al., 1999, 2002; Fievet, Lagier, & Figlarz, 1989; 

Fievet, Lagier, Blin, et al., 1989; Henglein, 1989; Toneguzzo et al., 1998; Viau et al., 

1996a, 1996b, 2003). The main benefit of this method was that the viscosity and solvent-

NPs interaction allowed for a more controlled reaction where the morphology and the 

size of NPs could be easily tailored to one’s need.  

Following this, Sun et al. proposed a suitable polyol technique for the synthesis 

of silver NPs using the precursor silver nitrate, ethylene glycol (EG) as a solvent and 

reducing agent and polyvinylpyrrolidone (PVP) as a stabiliser to yield silver nanowires 

in the range of 30-60 nm. In this study they investigated the effect of changing the molar 

ratio of silver nitrate and polyvinylpyrrolidone (PVP) on the shape of NPs, in particular 

the formation of nanowires. The degree of polymerisation of PVP was also found to 

influence the yield and quality of the nanowires produced(Y. Sun et al., 2002, 2003; Y. 

Sun & Xia, 2002).  

Since then, several studies have investigated the mechanics of the polyol method 

and have improved it by focusing on the different parameters to obtain desired 

morphologies. (Bonet et al., 1999, 2002; Fievet, Lagier, & Figlarz, 1989; Fievet, Lagier, 

Blin, et al., 1989; Henglein, 1989; J. Y. Lin et al., 2014; Y. Sun et al., 2002, 2003; Y. 

Sun & Xia, 2002; Toneguzzo et al., 1998; Viau et al., 2003, 1996b, 1996a; T. Zhao et al., 

2010). Kim et al. investigated the effect of the reaction temperature and heating rate as 

well as the injection rate. At a reaction temperature of 100 °C and an injection rate of 2.5 

mL/s, they obtained quasi-spherical NPs about 17 nm in diameter(D. Kim et al., 2006). 

Similarly, in another study (J. Y. Lin et al., 2014) investigated the effect of synthesis 

temperature, PVP’s molecular weight, reactant concentrations and injection rates were 

shown to affect the growth of silver nanowires. Dungdang et al. focused their efforts on 
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the PVP concentration, obtaining NPs in the range of 3-12 nm using 0.003 M PVP 

concentration(Dang et al., 2012). Coskun et al. investigated the PVP’s role which showed 

that PVP was able to passivate the [100] facet(Coskun et al., 2011).  

Other studies introduced trace amounts of different compounds in particular 

seeding agents such as Gao et al., where platinum seeds were used to produce silver 

nanowires 3 nm in diameter(Y. Gao et al., 2005). Palladium seeds were also used by 

Bonet et al. producing nanospheres 15 nm in diameter(Bonet et al., 2002). Wiley et al. 

also introduced iron (II) and iron(III) species, producing nanocubes and nanowires about 

25 nm large(B. Wiley, Sun, & Xia, 2005). In this study, etching using chloride and oxygen 

were implemented. In 2006, Siekkinen et al. used sodium sulphide and sodium 

hydrosulphide to produce silver nanocubes of 25-45 nm in edge length(Siekkinen et al., 

2006). Similarly, Skrabalak et al. used sodium sulphide and copper chloride in the polyol 

method to produce nanocubes and nanowires respectively(B. J. Wiley et al., 2008). 

Through this study, the mechanism of the reduction was better understood, postulating 

that EG was transformed to glycolaldehyde upon heating, which acted as the reducing 

agent. Other compounds were used, such as ammonia as a complexing agent(T. Zhao et 

al., 2010) ,sodium chloride(B. Wiley et al., 2004) as well as a large amount of control 

agents, ranging from inorganic compounds to organic reducers- such as ascorbic acid in 

the study by Chen et al.(C. Chen et al., 2006).  

In 2006, two separate studies, Lee et al. and Tao et al., were conducted on silica 

coatings(J. M. Lee et al., 2006; Tao et al., 2006). Lee et al., using the conventional polyol 

method, produced spherical NPs in the 320 nm range with a silver cubic phase of 8.4 nm. 

Meanwhile Tao et al., used 1,5-pentanediol as both a solvent and reducing agent to 

produce a NPs with different morphologies including cubes, truncated cubes, octahedra 

and others. Other reducing agents used include citrate and ascorbic acid in a glycerol-
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water medium yielding quasi-spherical NPs of about 30 nm(Steinigeweg & Schlücker, 

2012). Also, recently, glycerol has been used as both a solvent and a reducing agent. 

Hajara et al. produced NPs 5-10 nm in diameter using glycerol and heating(Devasenan et 

al., 2016).  

Apart from conventional heating in polyol synthesis, MW heating was also used 

to achieve homogenous heating. In a comparative study of MW heating and heating by 

reflux, Grace et al. synthesised several noble metals NPs including Ag NPs and found 

that reflux heating yielded more spherical NPs whereas MW heating encouraged 

nucleation along a plane leading to prisms(Nirmala Grace & Pandian, 2007).  

  

II.1.1.2.2.1.2 Reduction using Silver Oxide 

Another reduction method is using silver oxide, which is a mild oxidising agent 

and is therefore easily reduced to its metallic state. The main advantage of such a 

reduction is that a less aggressive reducing agent is required. In fact, these preparations 

typically make use of weak reducing agents such as alcohols or sugars. In 2008, Morita 

et al. used silver-oxide microparticles and added a primary alcohol to reduce it with 

heating(Morita et al., 2008). They reported that at 220 oC, silver NPs ranging from 10 to 

50 nm were formed on the silver-oxide microparticles.  

In many studies, silver oxide was prepared in situ by using silver nitrate and an 

alkali such as NaOH: 

2 𝐴𝑔𝑁𝑂3 + 2𝑁𝑎𝑂𝐻 →  𝐴𝑔2𝑂 + 2𝑁𝑎𝑁𝑂3 + 𝐻2𝑂             (II.2) 

Typically this reaction is accompanied by heating to 60-70 oC using different 

stabilisers(Abdel-Mohsen et al., 2012; Darroudi et al., 2010; Hebeish et al., 2016; 

Shervani et al., 2008; M. Singh et al., 2009; H. Wang et al., 2005) and reducing sugars. 
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Lanje et al., using PVP as the capping agent, achieved NPs with a mean diameter of 15 

nm. Other studies investigated the effect of different amounts of NaOH added, and also 

that of pH on the size of NPs(Abdel-Mohsen et al., 2012; Darroudi et al., 2010; M. Singh 

et al., 2009; H. Wang et al., 2005). In another study, ammonium hydroxide was used 

instead of NaOH, and sonication provided the necessary energy instead of conventional 

heating. This yielded NPs ranging from 20 to 50 nm(Y. Yin et al., 2002). 

In 2010, Sarkar et al. described the synthesis of silver nanoparticles by adding 

NaOH using EG and glycerol without any external reducing agent or heat, providing a 

more economical process while gaining the benefits of a polyol synthesis. In this study, 

NPs of about 25 nm were produced using PVP, silica or SDS as a capping agent(Sarkar 

et al., 2010). Similar studies used this method to produce silver NPs and bimetallic Ag-

Au NPs, and investigated the effect of pH on the resulting NPs(Gomes et al., 2015). 

 

II.1.1.2.2.2 Reduction using Tollen’s Reagent 

Silver Nanoparticles were also produced using the classical Tollen’s reagent test. 

By modifying the reaction, the silver precursor complexes with ammonia and this 

complex is then reduced by reducing sugars. The fundamental reaction here can be shown 

in the following equation: 

2Ag(NH3)2
+

aq
+ 2OH−

𝑎𝑞 + RCHO aq → 2Ags + RCOOHaq + 4NH3𝑔
+ H2O 𝑙               (II. 3) 

A typical synthesis involved the use of silver nitrate which was mixed with 

ammonia and sodium hydroxide. The complex in turn was reduced by simple reducing 

sugars such as glucose and galactose. These conditions yielded a wide size distribution 

45-300 nm(Kvítek et al., 2008) and 25-450 nm(Panáček et al., 2009), however, in two 

other studies, ammonia was replaced by ammonium hydroxide and with the aid of 
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sonication, silver NPs in range of 20-50 nm(Y. Yin et al., 2002) and 57-87 nm(Huynh & 

Chen, 2011) was achieved. Zienkiewicz-Strzalka et al. used a similar method without 

sonicating, to produce silver NPs incorporated in porous silica. Spherical NPs, 4nm in 

diameter and nanowires were achieved(Zienkiewicz-Strzałka et al., 2013). A study was 

carried out focusing on the role of surfactant in the Tollen’s process in which it was 

determined that the surfactants used Tween-80, CTAC and SDS affect size, 

polydispersity and zeta potential and investigated the difference between ionic and non-

ionic surfactants(Soukupová et al., 2008).  

 

II.1.1.2.2.3 Microwave Assisted Synthesis 

Microwave (MW) irradiation has been used extensively in synthetic methods, in 

particular; silver nanoparticles(Nishioka et al., 2011). The use of microwave heating 

allows for a controlled rapid, homogenous heating which increases the yield and reaction 

rate. This homogeneity allows for a narrow size distribution and smaller nanoparticles 

while also being a more eco-friendly method of heating(Hebbalalu et al., 2013). When 

compared to conventional heating, microwave heating is much easier to control with 

specific irradiation times and power input, which allow for the manipulation of the size 

and morphology of silver NPs produced (Hebbalalu et al., 2013). Most research studies 

describe the use of MW to assist chemical reduction(Djeddou et al., 2020; B. Hu et al., 

2008; Kundu et al., 2009; Pal et al., 2009; Sreeram et al., 2008; Yamamoto et al., 2004; 

X. Zhao et al., 2014) by increasing the temperature and studied the effect of MW 

power(Baruwati et al., 2009) and irradiation time(Fuku et al., 2013; B. Hu et al., 2008; 

H. Peng et al., 2013; Torras & Roig, 2020; X. Zhao et al., 2014), capping agent(J. Chen 

et al., 2008), concentration of silver precursor(Gul et al., 2020; H. Peng et al., 2013) and 

other variables(H. Jiang et al., 2006; X. Zhao et al., 2014). Yin et al. proposed a large-



346 
 

scale synthesis for MW-assisted chemical reduction where they achieved NPs of about 

24 nm(H. Yin et al., 2004).  In particular several research groups used MW- assisted 

polyol reduction using EG(Bhattacharyya & Gedanken, 2008; Hong et al., 2016; H. Jiang 

et al., 2006; Nishioka et al., 2011; Torras & Roig, 2020; Tuval & Gedanken, 2007), PEG 

as solvent(Tuval & Gedanken, 2007), reducing and sometimes capping agent.  Hong et 

al. managed to synthesise nanocubes, nanospheres and nanowires using this method and 

also investigated their microbial effect(Hong et al., 2016). 

Several research studies have used MW assisted biological methods to 

compensate for the characteristic slow nature of biological techniques, while still being 

cost-effective and environmentally friendly(Joseph & Mathew, 2015). Several leaf and 

fruit extracts(K. Ali et al., 2015; Ashraf et al., 2020; Fatimah, 2016; Joseph & Mathew, 

2015; Kahrilas et al., 2014; Parveen et al., 2016; H. Peng et al., 2013; Raghunandan et 

al., 2011) were used, as well as fungal extracts(Jia et al., 2020) to reduce and stabilise 

silver NPs. Joseph et al. also proposed a large scale synthesis for biological MW-assisted 

silver NP synthesis(Joseph & Mathew, 2015).  

Chau et al. also used MW to assist in the thermal decomposition of silver 

carbonate yielding NPs of about 9 nm. Research was carried out on the deposition of 

silver NPs on fibres (Bandi et al., 2020; L. Peng et al., 2016), microgels(A. Khan et al., 

2011) and PMMA beads(Irzh et al., 2007) using microwave . Other investigations were 

also carried out on the use of MW to assist in producing nanoalloys and nanocomposites 

(NC) such as ZnO-Ag NC(Bhattacharyya & Gedanken, 2008), Fe-Ag Nanoalloys(Luo et 

al., 2012), Ag-Graphene oxide NC (Chook et al., 2012), Au-Ag alloys(Jia et al., 2020), 

Ag-AgO NC(Elmaci, 2020), Ag-Carbon dot(CD)(Gul et al., 2020). 
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II.1.1.2.3  Biological Methods 

The main disadvantages of chemical techniques are the use of toxic solvents and 

reagents and the use of energy in the form of microwave or heating. Biological approaches 

provide a green alternative to this by making use of organisms to reduce silver 

ions(Ahmad et al., 2019; Iravani et al., 2014). The organisms that have been studied range 

from the simple bacteria to fungi and plants.  

Extracts from plant leaves have been investigated and used as alternatives to 

chemical agents. Examples include Soybean(Vivekanandhan, 2009), Pine(J. Y. Song & 

Kim, 2009), Henna leaves(Kasthuri et al., 2009) amongst others(Hamidi et al., 2019; 

Nilavukkarasi et al., 2020; J. Y. Song & Kim, 2009). On the other hand, when using 

micro-organisms such as bacteria and fungi, the reaction generally occurs within the cell 

itself. Studies have made use of several fungi including; Penicillium spp. (Maliszewska 

et al., 2009; Rose et al., 2019), Humicola spp. (Syed et al., 2013), Asperigus 

flavus(Vigneshwaran et al., 2007) and also bacteria such as; Klebsiella 

pneumonia(Mokhtari et al., 2009), Bacillus cereus(Gurunathan, 2019), Streptococcus 

mutans(Gurunathan, 2019) and Escherichia fergusonii(Gurunathan, 2019).  

Apart from the aforementioned organisms, recently some studies also explored 

the use of algae, Polysiphonia(Moshfegh et al., 2019), as well as animal by-products 

namely cow urine(Jain et al., 2019). 

 

II.1.1.2.3  Conclusion 

Silver NPs have been applied in a multitude of industries including textiles, 

electronics, water treating applications, biotechnology as well as medicine amongst 
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others. This variety of applications is due to their unique antimicrobial properties, 

conductivity and mechanical properties. 

A wide range of synthetic processes can be executed, with variables that can easily 

be controlled to yield the size, size distribution and shape of NPs required for the 

application. To this end, research has delved deeper into the effect of these reaction 

conditions on the NPs produced. The different synthetic procedures described in this 

review all provide a different set of variables which are used to tailor make silver 

nanoparticles to the need of the user. As a general rule, physical methods tend to consume 

more energy and have a wider size distribution of nanoparticles, chemical methods on the 

other hand use less energy and yield nanoparticles with a narrow size distribution, 

however generally making use of toxic solvents. It is worth noting that polyol synthesis, 

especially using accelerator agents instead of heating, provide an economical yet accurate 

method of nanoparticle synthesis. The interactions of the polyols, as well as the viscosity 

of the solution, aid in controlling the shape and size of nanoparticles. 

 

II.1.2 Iron Nanoparticles 

II.1.2.1 Introduction 

The term nanoparticles is a relatively new term which came into use in the late 

1970s (Huber, 2005) and is quite a loose term with some arguing that based on the SI 

units system they are particles between 1-10 nm while some hold that it is anything 

between 1 to a 1000 nm (Sorensen, C. M. & Klabunde, 2001). What distinguishes such 

particles is that a series of their properties depend on their particular size in the nanoscale 

region. In this intermediary region, neither quantum nor classic laws of physics hold. 
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  Therefore, by being able to produce uniform nanoparticles of a certain size, one 

can tailor the size-dependant properties as required. This is possible due to their 

immensely huge surface energy which allows the bulk properties to be synonymous to 

the surface properties. In some cases, spherical nanoparticles in the 3 nm range can have 

up to 50% of their atoms on the surface and this allows the manipulation of NPs properties 

by altering their size and morphology (L. Li et al., 2006; Nel et al., 2006).  

 

Figure II.11: Image taken from Nel et al. (Nel et al., 2006) illustrating the inverse 

relation of diameter and percent surface molecules. 

 

Having such a huge surface energy results in a higher intrinsic reactivity (Crane 

& Scott, 2012; Huber, 2005a; L. Li et al., 2006) which can be explained through several 

classical equations such as the Gibbs-Thompson relation between particle size and 

energy. This shows how as the size is decreased, it approaches the size of specific lengths 

namely the electron mean-free path. As a result, these quantum size effects change the 

electronic structure and their properties. This affects the reactivity of the compound and 

hence properties such as magnetism and others due to changes in the Fermi level and band 

gap (Huber, 2005a; D. Zhang et al., 1998). This coupled with other properties mentioned 

previously give nanoparticles the ability to perform optimally in certain applications.  
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Amongst the multitude of unique properties of nanoparticles, we will be focusing 

on magnetic nanoparticles whose properties has resulted in their potential use in a wide 

range of applications including data storage (Gubin et al., 2002), magnetic pumps (Andò 

et al., 2006), water purification (Crane & Scott, 2012), biochips (Deng et al., 2019) as 

well as magnetism and biomedicine, namely magnetic hyperthermia (Hadjipanayis et al., 

2008), bio separation and MRI contrast agents (Hadjipanayis et al., 2008; Na et al., 2009). 

Of all nanoparticles, iron nanoparticles have filled a particular niche of 

applications. Iron as a metal exhibits ferromagnetism and is one of the highest saturation 

magnetisation of the elements. Besides, iron NPs, below a certain size exhibit a different 

type of magnetism,  superparamagnetism (Huber, 2005). These magnetic properties in 

addition to iron’s biocompatibility, make it the suitable material ideal for several 

application such as MRI contrast agents, biosensors and in drug delivery amongst others. 

Whilst research on magnetic and iron nanoparticles specifically has been carried 

out since the late seventies, it is only in the past few decades that the synthesis of iron 

NPs has been improved. While spherical nanoparticles have been successfully 

synthesised, controlling their size and shape has proved quite difficult. As a matter of fact, 

only recently have non-spherical iron nanoparticles been achieved (Shavel et al., 2007). 

Another limitation is the fact that pure metallic NPs are susceptible to being oxidised as 

a result of their high surface area and reactivity, therefore metallic oxides are used which 

have a weaker magnetisation. Another issue that arises is that since iron nanoparticles are 

magnetic, they agglomerate and as a result of their superparamagnetic properties pack 

together which reduces the effect of properties characteristic to the nanoscale (Krämer et 

al., 2008). 
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A solution to the problems discussed was to coat the nanoparticles. Magnetic 

nanoparticles in particular iron nanoparticles coated by non-magnetic capping agents 

have gained significant interest due to their stability (Sajitha et al., 2004). This, however, 

effects the properties of the nanoparticles which includes a reduction in its magnetic 

properties.  

 

II.1.2.2 Iron Nanoparticle Synthesis Techniques 

In this review, several techniques to synthesise iron nanoparticles will be explored 

with close reference to the literature that has been performed in this field. Most of the 

conducted studies produced iron oxide which is the result of the oxidation during or after 

the formation of iron nanoparticles. While iron oxide nanoparticles have significant 

importance, the main aim of this review will be regarding zero-valent iron nanoparticles 

with some mentions to the iron-iron oxide core-shell structures.  

When talking about nanoparticle synthetic pathways, we can classify them into 

three broad categories: Physical methods, Chemical methods and Biological methods. 

  

II.1.2.2.1 Physical Synthesis Techniques 

The physical methods usually consist of top-down techniques, i.e., techniques 

which involve the breakdown of bulk iron. The main advantages of such methods over 

the chemical and biological methods are that no toxic chemicals are used and most of 

them are relatively fast. On the other hand these methods are uneconomical due to the 

high temperatures,  equipment and other expensive requirements for the techniques (X. 

Zhao et al., 2016).  
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II.1.2.2.1.1 Inert Gas Condensation 

Inert gas condensation is one of the first techniques developed for the synthesis of 

metallic nanoparticles. In this method, the metal material is vaporised by evaporating, 

sputtering or ablating into an inert atmosphere, and is then condensed under controlled 

conditions to produce particles of a desired size (Gleiter, 1990) as shown in 

 

Figure II.12: A diagram illustrating the Inert Gas Condensation process taken from 

Inoue et al.(Inoue et al., 2018). 

 

In 1987, Gleiter et al. described one of the first iron nanoparticle synthesis through 

inert gas condensation (Herr et al., 1987). Following this, Sanchez-Lopez managed to 

synthesise iron nanoparticles having an average diameter of 17nm (Sánche-Lópeaz et al., 

1997). Fung et al. later showed that iron NPs produced through this technique exhibited 

superior oxidation resistance (Fung et al., 2000) due to the iron oxide shell. Similar 

studies investigated the passivation through oxidation as well as the magnetism of the 

nanoparticles produced (Baker et al., 2002; Del Bianco et al., 1998; Rojas et al., 2004). 
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Some groups also investigated iron-polymer composites (Baker et al., 2004) and alloying 

NPs (Djekoun et al., 2009). 

 

II.1.2.2.1.2 Laser Ablation 

Laser ablation is a simple and flexible technique in which a solid target is 

irradiated by a laser beam. A plasma plume is formed and as it condenses, nanoparticles 

are produced in the medium. Several research groups have investigated this method 

namely Vitta et al., where they characterised the iron NPs produced. In this study, SDS 

was used as a surfactant in an alcohol-water medium to obtain zero-valent iron NPs with 

a mean size of 17 nm (Vitta et al., 2011). Over the years, research has been conducted on 

the variables of this method including the irradiation time (De Bonis et al., 2015; Okada 

et al., 2013; Sukhov et al., 2012), different lasers (Sukhov et al., 2012) as well as different 

liquid media (Amendola et al., 2011; Okada et al., 2013; Sukhov et al., 2012), in some 

cases gaseous media (Z. Wang et al., 2012). The use of pulsed laser irradiation was also 

explored (Amendola et al., 2011; De Bonis et al., 2015; Lahoz et al., 2020; Okada et al., 

2013), an example of this is a study by Dadashi et al. where iron nanoparticles were 

synthesised by pulsed Nd:YAG laser ablation in a solution of water and acetone. These 

nanoparticles had a narrow -size distribution with an average size of 30 nm (Dadashi et 

al., 2015).  
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Figure II.13: TEM image and histogram showing the NPs and their size (produced by 

Dadashi et al. (Dadashi et al., 2015)) 

 

II.1.2.2.1.3 The Exploding Wire Technique 

In this process, a high-density current pulse is applied to a thin metal wire. The 

metal wire in turn is heated enough for it to vaporise resulting in it exploding into small 

fragments (Alqudami & Annapoorni, 2007; Kotov, 2003; Sen et al., 2003; Siwach & Sen, 

2008b; Vandana & Sen, 2005). A number of research groups have investigated this 

method and have explored the effect of variables such as wire diameter, current as well 

as the medium used (Alqudami, Annapoorni, Lamba, et al., 2007).  

In 2007, Alqudami et al. investigated the use of the capping agent PVP. The 

explosion medium for the iron wires used was water with PVP polymer dissolved using 

different concentrations of PVP which yielded NPs approximately 4 nm in diameter. They 

also investigated the effect of the coating on the magnetic properties of the iron NPs 

produced and found that the coating reduces the saturation magnetism (Alqudami et al., 

2012; Alqudami, Annapoorni, Lamba, et al., 2007; Alqudami & Annapoorni, 2007). 

Other research groups have also explored the synthesis of bimetallic NPs by exploding 

two different wires simultaneously such as Al and Fe wires (Kotov et al., 2003).  
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II.1.2.2.1.4 High Energy Ball Milling 

 

Figure II.14:Diagram illustrating the high-energy ball milling process 

 

In ball-milling, micron-sized iron powder is fed into the mill and is broken down 

into smaller sizes by using the high energy collisions that occur in ball milling as shown 

in Figure II.14. Li et al. used iron powder having a mean size of 2 micrometres which 

after the milling process broke down into iron nanoparticles ranging from 40-60 nm (S. 

Li et al., 2009). The resulting nanoparticles had comparable reactivity to those formed 

using the conventional borohydride reduction technique which will be discussed further 

on. Other research groups have also produced iron NPs using this method such as Tung 

et al. where they achieved NPs 10 nm in size (Tung et al., 2016) and Munoz et al. where 

they described the production of nanoparticles having a mean size of 3 nm with HREM 

images (Muñoz et al., 2007). In the latter study the use of ethanol as a processing control 

agent was employed which aided the cold-welding processes and fracturing (Muñoz et 



356 
 

al., 2007). In a study by Zhao et al., the researchers produced nanoparticles with relatively 

small sizes using three methods; Wet chemical reduction, Gas-phase reduction and the 

high energy ball milling technique. The latter was found to be an energy-efficient and 

time-efficient process which singled it as a possibility for mass production (S. Li et al., 

2009; X. Zhao et al., 2016). The main disadvantage of such technique is the inevitable 

surface defects that arise in the nanoparticles due to the collisions. 

This technique has also been used to synthesise nanocomposites. In 1997, Giri 

prepared a iron-polyethylene NC by milling for 200 hours at room temperature (Giri, 

1997). More recently studies have synthesised Fe/Fe2–3N NC, Sm2Co7/α-Fe NC(Zhuge et 

al., 2020) and with the popularity of multi-walled carbon nanotubes, FeCu-MWCNT NC 

were also produced (Naoui et al., 2020). 

 

II.1.2.2.2 Chemical Synthesis Techniques 

Chemical methods generally adopt a bottom up approach in which the atoms are 

produced from a precursor ion and come together to form clusters and stabilise as 

nanoparticles. These methods are extensively used particularly in metal nanoparticles 

synthesis due to their control on the morphology of nanoparticles via reaction parameters 

(X. Zhao et al., 2016).  

 

II.1.2.2.2.1 Arc discharge Technique 

In this technique, electrodes are used to create an arc which ionises the atmosphere 

usually containing an inert gas producing plasma. The arc channels current into the 

electrolytic solution resulting in the reduction of the ions present. This process is a simple 

one-step procedure which yields homogeneous and well-coated particles. In 2006, 
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Fernandez-Pacheco successfully produced iron nanoparticles coated with a silica shell of 

an average size 56 nm(Fernández-Pacheco et al., 2006). In another study by Kassaee et 

al., iron nanoparticles 37 nm in diameter were obtained using the arc-discharge method 

and were compared to the iron nanoparticles obtained via borohydride reduction(Kassaee 

et al., 2011). 

 

II.1.2.2.2.2 Chemical Vapour condensation 

 

Figure II.15: A diagram illustrating the chemical vapour deposition process. 

 

Chemical vapour condensation (CVC) is a process versatile process which can be 

used with a variety of precursors. It is similar in concept to Inert Gas Condensation 

mentioned previously however instead of vaporising the target metal, the metal nuclei are 

formed from a metal precursor. Choi et al. described a method where iron nanoparticles 

have been produced through this process via the pyrolysis of the precursor iron 

pentacarbonyl(C. J. Choi et al., 2002). It was reported that iron NPs ranging from 5 to 

13nm in size were produced with a uniform distribution. 
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II.1.2.2.2.3 Decomposition  

Decomposition is one of the most popular syntheses for metallic NPs, owing to 

its simplicity. Metal precursors (generally metalloorganic compounds) are used which are 

then decomposed, when exposed to conditions such as heat, ultrasound and laser amongst 

others, to produced metal NPs. Metal carbonyls and their related derivatives are very 

popular as they are usually readily available (Krämer et al., 2008) and due to the nature 

of the carbonyl ligand which is easily removed forming the metal clusters which grow 

into NPs (Amara et al., 2009; Frey et al., 2009).  

 

II.1.2.2.2.3.1 Thermal Decomposition  

Thermal decomposition is the use of heat energy to decompose a metal precursor 

yielding metal nanoparticles.  of iron pentacarbonyl with different surfactants such as 

dioctyl ether solvent and oleic acid and oleyl amine yielded iron nanoparticles with sizes 

ranging from 5 to 19 nm (Amara et al., 2009; Y. Gao et al., 2005; Y. C. Han et al., 2007). 

However, it has proven to be an uneconomical process due to the elevated temperatures 

and expensive highly toxic precursors needed (K. C. Huang & Ehrman, 2007). Other 

researchers used different types of iron precursor such as Fe3CO12 giving iron 

nanoparticles between 5 to 8 nm (Amara et al., 2009) and {Fe(N[Si(CH3)3]2)2}2 producing 

iron nanoparticles of 1.5 nm (Lacroix et al., 2008) and 2 nm (Kelsen et al., 2013) in two 

separate studies. A green synthesis was proposed by Nguyen et al. combining thermal 

decomposition and chemical reduction where iron(iii) oleate in a NaCl matrix was 

decomposed at high temperatures in the presence of a hydrogen atmosphere to produce 

iron nanoparticles (Nguyen et al., 2019). 
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Figure II.16: A diagram explaining the synthesis through thermal decomposition by 

Nguyen et al.(Nguyen et al., 2019). 

 

Different experimental condition and stabilisers have been investigated such as 

trioctylphosphine oxide used by Park et al. to produce iron nanoparticles of about  2 nm 

from iron pentacarbonyl (S. J. Park et al., 2000). Shavel et al. improving on the work of 

Hyeon and his co-workers (Hyeon et al., 2001), was also able to produce cubic core shell 

iron-iron oxide nanoparticles through the use of sodium oleate and by varying the 

experiments conditions (Shavel et al., 2007). Kim et al. also investigated the effect of 

sodium oleate and found that in some cases the nanocubes were transformed to hollow 

nanoframes (D. Kim et al., 2007).  

This technique has also been use to create alloy nanoparticles such as bimetallic 

CoFe alloy particles produced by the decomposition of Fe(CO)5 and Co2(CO)8 in 1,2-

dichlorobenzene (Dung et al., 2017). 

II.1.2.2.2.3.2 Other Decomposition techniques 

Apart from the thermal decomposition, Suslick et al. (Suslick et al., 1996) and 

Koltypin et al. (Koltypin et al., 2004) have provided a sonochemical method using 

ultrasound irradiation of iron pentacarbonyl in the presence of polyvinyl pyrrolidine and 
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oleic acid. Laser-driven decomposition of iron pentacarbonyl vapour has also led to the 

formation of iron nanoparticles. In this method, an laser is used to rapidly heat a mixture 

of precursor vapours which results in the localised thermal decomposition of the precursor 

which yields NPs (Y. He et al., 2006). Park et al. used pulsed laser decomposition of 

ferrocene to form carbon encapsulated iron nanoparticles with the particles produced 

ranging from 10-30 nm (J. B. Park et al., 2008). He et al. also used this technique on iron 

pentacarbonyl vapour yielding iron nanoparticles 5 nm in diameter (Y. He et al., 2006). 

 

II.1.2.2.2.4 Chemical Reduction 

According to the majority of studies, this method is the easiest, most efficient and 

one of the most popular technique for the synthesis of iron nanoparticles (J. Guo et al., 

2012). In this method, a reducing agent converts the ferrous and ferric ions to metal ions 

forming nanoparticles.  Several studies have investigated the use of different reducing 

agents to synthesise these NPs with some of the most common being the hydrides; sodium 

borohydride (Carpenter, 2001; K. C. Huang & Ehrman, 2007; Jafari et al., 2010; Kanel 

et al., 2005; J. Lin et al., 2001; Liou et al., 2006; Ponder et al., 2000; Y. P. Sun et al., 

2007; W.-X. Zhang & Wang, 1997; W. L. Zhou et al., 2001) and lithium superhydride(S. 

Sun et al., 2003). Other reducing agents used including hydrazine(Seip & O’Connor, 

1999), dihydrogen gas (Margeat et al., 2005),  amino acids (Klačanová et al., 2013) and 

polyols (G. M. Chow et al., 1998; Dijith et al., 2018; Kurihara et al., 1995; Nene et al., 

2016)  

This reduction generally is performed in a solvent medium and therefore the 

nanoparticles are obtained as a dispersion of solid nanoparticles in the solvent. This brings 

up the main disadvantage of this method, the oxidation and the aggregation of the 
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nanoparticles. However it is possible to mitigate this effect by employing the use of 

surfactants and capping agents during their synthesis which will be discussed later on (J. 

Guo et al., 2012; Ling et al., 2012).  

One advantage of chemical reduction methods is the manipulation of morphology 

by controlling the reaction parameters; chemicals used and reaction conditions. There are 

two differing techniques in chemical reduction techniques; Ones which use aqueous 

mediums and those which use non-aqueous mediums.  

Aqueous methods: In these techniques, an inert atmosphere and antioxidants are 

employed to prevent the oxidation of the nanoparticles produced. Many studies in this 

area have investigated the effect of capping agent/surfactant, pH reaction conditions and 

seeding agents on the morphological structure.  

Huang et al. reported a method using palladium ion seeds as nucleating agents for 

iron nanoparticles (K. C. Huang & Ehrman, 2007). In this study, sodium borohydride was 

used as a reducing agent and polyacrylic acid as a capping agent. Iron nanoparticles 

produced were about 6 nm whereas under the same conditions, excluding the palladium 

ions, the size of nanoparticles was 110 nm implying that the seeds aided the formation of 

smaller nanoparticles. Yang et al. also introduced palladium chloride as a nucleating 

agent which upon reduction became palladium seeds (T. I. Yang et al., 2011a). The iron 

nanoparticles produced ranged from 200 to 9 nm depending on the capping agent and the 

amount of capping agent. In this study it was shown that by increasing the amount of 

Citric Acid results in a uniform size distribution of smaller nanoparticles. However, being 

a strong chelating agent for iron, it is not feasible to use Citric acid alone. Oleic acid was 

also used and was shown to be ineffective in controlling nanoparticle formation however 

when used in conjunction to citric acid, 8.2 nm nanoparticles were produced with a much 
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narrower size distribution while eliminating the re-dissolution of iron. Sun et al. 

introduced polyvinyl alcohol-co-vinyl acetate-co-itaconic acid, a surfactant which 

produced spherical nanoparticles about 7.9 nm which when compared to the bare 

nanoparticles (without surfactant), which were about 59.4 nm shows the reduction in size 

while reducing aggregation. It was also shown how the polymer stabilised the surface 

energy (Y. P. Sun et al., 2007).  

Klacanova et al. also investigated the use of amino acids as reducing agents. Iron 

(II) Sulphate was reduced to produce iron nanoparticles ranging from 8 to 11 nm with 

aliphatic amino acids producing nanoparticles with higher magneto activity (mass 

susceptibility, mass magnetisation in saturation, remnant magnetism and magnetic 

hysteresis coercive field)(Klačanová et al., 2013)  

The non-aqueous techniques can be performed under inert gas or also without an 

inert atmosphere. In this synthesis, capping agents and surfactants are used to attain the 

morphology desired while also controlling temperatures and molar ratios (Margeat et al., 

2005). A class of reducing agents of interest are polyols, especially polyols having 

adjacent hydroxyl groups. These class of compounds have gained interest due to their 

versatility as they act as a solvent, reducing agent and capping agent in the reaction (Frey 

et al., 2009). A technique called the Polyol method was developed and described by Islam 

et al. (Islam et al., 2013). In this method, the precursor compound such as sulphates, 

halides and others were dissolved in the polyol. The mixture is then heated usually at a 

certain pH resulting in the reduction of the precursor into metal particles which in turn 

are coated by the polyol itself. It has been reported that to reduce particle size one can 

increase the reaction temperature(Catauro et al., 2018).  
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While nanoparticles of nickel and cobalt are relatively easily produced due to 

nickel and cobalt ions being easily reduced using polyols, iron ions are less 

electronegative and therefore their reduction requires harsh conditions. 

In 2002, Sun et al. proposed an approach in which iron (III) acetylacetonate, 

Fe(acac)3 was dissolved in a diphenyl ether medium and exposed to a high-temperature 

(265 °C) (S. Sun & Zeng, 2002). Then chemical agents such as alcohols, oleic acid, and 

oleyl amine were used to reduce the iron ions to monodisperse magnetite nanoparticles. 

This magnetite in turn could be transformed into iron nanoparticles by annealing at 

different temperatures.  

Following this, Nene et al. proposed the use of ascorbic acid to reduce iron 

acetylacetonate (acac)(Nene et al., 2016). The iron acetylacetonate was dissolved in 

diphenyl-ether medium and kept under a nitrogen atmosphere. In the absence of water 

and by heating to 70°C, this yielded iron nanoparticles of around 7 nm. The presence of 

water resulted in iron oxide nanoparticles instead, 15 nm in size.  

Viau et al., described a method for using propylene glycol and ethylene glycol as 

solvents, reducing agents and capping agents. In this technique, sodium hydroxide was 

used accompanied with heating to yield nanoparticles ranging from 200 to 500 nm (Viau 

et al., 1996a). In a later study, Viau et al. described the bimetallic synthesis of iron with 

cobalt and nickel via the polyol method (Viau et al., 1996b). In two studies, Chow and 

Kurihara developed the reduction of iron acetate using both ethylene glycol and tetra 

ethylene glycol yielding nanoparticles of about 20 nm (G. M. Chow et al., 1998; Kurihara 

et al., 1995). More recently, Kesa et al. used PEG in the reduction of iron(II) chloride 

however the polyol did not provide adequate protection resulting in an iron oxide rich 

phase (Dijith et al., 2018). However in 2011, Cheng et al. reported the successful use of 
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PEG as a stabiliser in borohydride reduction via the reverse micelle method discussed 

later on(Cheng et al., 2011).  

In general, non-aqueous methods yield nanoparticles with better morphological control 

than their aqueous counterparts however most of the techniques involve toxic chemicals 

and heating which make them environmentally unfavourable.  

 

II.1.2.2.2.5 Reverse Micelle Technique 

 

Figure II.0.17: A schematic diagram showing the synthesis of nanoparticles through the 

reverse micelle process(Y. Liu et al., 2013) 

 

The reverse micelle method is a technique that has been used frequently as it is an 

excellent method to prepare nanoparticles with a small size distribution and uniform 

morphology can be produced (Carpenter, 2001). In this process, micelles containing 

extremely small quantities of the reactants come together resulting in a very controlled 
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reaction to occur as shown in Figure II.0.17. Carpenter used a system containing 

cetyltrimethylammonium bromide (CTAB) was used as the surfactant, with octane as the 

oil phase, n-butanol and an aqueous reactant to reduce ferrous ions using the reducing 

agent sodium borohydride. The nanoparticles produced were then protected by a thin 

layer of gold. Building on this research, several researchers modified the process 

producing gold shells of different thickness as well as iron cores of different sizes(Jafari 

et al., 2010; J. Lin et al., 2001; W. L. Zhou et al., 2001). In a study in 2001, Zhou et al. 

found that by varying the water to surfactant ratio ([H2O]/[CTAB]), they were able to 

carefully control the particle size, ranging from 5 to 30 nm(W. L. Zhou et al., 2001). In 

2011, Cheng et al. showed how the size and morphology of the iron nanoparticles were 

affected by the interfacial properties of the micelle as well as its size(Cheng et al., 2011). 

The main disadvantage of such method is the use of organic solvents which makes them 

environmentally unfavourable.  

 

II.1.2.2.3 Biological Synthesis Techniques 

Iron NPs have also been synthesised through the use of a multitude of  

microorganisms ranging from bacteria and fungi to plants. In 2006, Bharde et al. reported 

the synthesis of iron oxide  NPs using the fungi F. oxysporum and Verticillium spp. 

(Bharde et al., 2006). A later study by Tarafdar et al, successfully synthesised zero-valent 

iron nanoparticle by Aspergillus oryzae (TFR9) using FeCl3 as a precursor metal salt. 

Using this method, nanoparticles ranging between 10 to 25 nm were achieved(Tarafdar 

& Raliya, 2013).  

In a more recent study, metallic iron nanoparticles were synthesised using 

Aspergillus niger (YESM1). In this process, iron sulphate decomposed to iron sulphide 
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which in turn are bioreduced to form iron sulphide nanoparticles. When exposed to the 

supercritical ethanol, iron nanoparticles are formed with the evolution of H2S gas which 

protects the iron nanoparticles from oxidation. The iron nanoparticles produced by this 

method had an average size of 18 nm and were shown to exhibit 

superparamagnetism(Abdeen et al., 2016; Ghozlan et al., 2018).  

Bio-extracts of plants such as flavonoids, proteins, terpenoids have also been used 

as both reducing agents as well as capping agents in the synthesis of iron NPs. Generally, 

such methods are referred to as green synthesis due to the eco-friendly aspect of the 

method. A wide variety of plant extracts have already been studied; Azadiracta 

indica(Devatha et al., 2016)  yielding 50-100 nm large nanoparticles, Magnifera 

indica(Devatha et al., 2016), giving nanoparticles in the size range 50 to 150 nm, 

Magnolia champaca(Devatha et al., 2016), yielding nanoparticles in the size range 99 to 

200 nm, Rosa damascene(Fazlzadeh et al., 2017) producing nanoparticles of about 

100nm, Thymus vulgaris(Fazlzadeh et al., 2017) producing nanoparticles of about 100 

nm, Urtica dioica(Fazlzadeh et al., 2017) producing nanoparticles of about 100 nm, 

Amaranthus dubius(Harshiny et al., 2015) giving a wide size distribution of 

nanoparticles, 43-700 nm, Terminalia chebula(Mohan Kumar et al., 2013) yielding 

nanoparticles in the size range of 80 nm, Lawsonia inermis(Naseem & Farrukh, 2015) 

producing iron particles 21 nm in diameter, Gardenia jasminoides(Naseem & Farrukh, 

2015) giving nanoparticles 32 nm in diameter, Camellia sinensis (green tea) (Hoag et al., 

2009) giving nanoparticles ranging from 5-15 nm, and other tea extracts such as black tea 

and oolong tea giving particles with a diameter of 40-50 nm(L. Huang et al., 2014b, 

2014a) as well as eucalyptus leaves extract(T. Wang et al., 2014) yielding particles of 

around 20 to 80 nm.  
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II.1.3 Major Issues and Solutions 

The main concerns in the synthesis of Iron NPs are the aggregation and the oxidation of 

these particles(Ling et al., 2012). 

 

II.1.3.1 Oxidisation 

It has been found that under ambient conditions iron NPs smaller than 8 nm oxidise 

completely upon exposure to air whereas larger nanoparticles form an oxide shell(Cheong 

et al., 2011). This is due to iron’s reactivity coupled with the high surface energy on 

nanoparticles. In fact, when iron nanoparticles are produced, the outer layer oxidises 

producing an oxide shell which gradually increases as oxidation(X. Q. Li & Zhang, 2006, 

2007). However, studies have shown that if a crystalline Fe3O4 shell is formed, the iron 

core would be protected from further oxidation as opposed to an amorphous one which 

allows oxygen to seep through and come in contact with zero-valent iron resulting in 

oxidation(S. Peng et al., 2006).  

This oxidation can also be mitigated completely by applying shell coatings which will be 

discussed further on.  However the resultant properties are inevitably affected by the 

shell’s properties(S. Guo & Sun, 2012). 

 

II.1.3.2 Aggregation 

Another problem is the fact that magnetic nanoparticles tend to aggregate due to 

strong dipole-dipole interactions(Amara et al., 2009)as aggregation is a 

thermodynamically favourable process(F. He & Zhao, 2005, 2007; Laurent et al., 2010; 

S. Sun & Zeng, 2002). The issue with this is that the agglomeration of nanoparticles into 
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larger clusters results in a change in properties due to the change in the reactive surface 

area(Nurmi et al., 2005). 

There are two ways in which aggregation has been dealt with over the past few years. 

Ling et al. and other researchers controlled this issue by immobilizing nanoparticles in or 

on supports(Ling et al., 2012). Xiao immobilised iron nanoparticles within electrospun 

polymer nanofibers through the in-situ reduction of Fe(III) ions complexed with the 

water-insoluble nanofibrous mats(Xiao et al., 2009). An alternative is coating with 

organic compounds or surfactants(Amara et al., 2009).  

 

II.1.3.3 Stabilising Iron Nanoparticles 

An effective solution to aggregation and oxidation is coating the iron 

nanoparticles with a layer of inert compounds which are termed stabilizers or dispersing 

agents(M. De Fan et al., 2010). Different compounds impart different properties to the 

nanoparticles. Generally stabilisers fall into three categories; metals, organic compounds 

and surfactants, however other compounds such as dendrimers, resins, alumina, active 

carbon, zeolites and clay minerals are also used(M. De Fan et al., 2010).  

To stabilize these nanoparticles, there are two strategies that are usually used: Pre-

aggregation stabilization or post-aggregation stabilization. As the name implies, pre-

aggregation stabilization is when stabilizers are applied before the nanoparticles 

aggregate whilst, post-aggregation stabilization is when the aggregates are broken down 

and a stabilizer is added to the nanoparticles(Gawande et al., 2015; F. He & Zhao, 2007). 

Organic compounds have been used extensively as stabilizers. This is since an 

organic coating can allow the binding of other biological molecules (such as proteins) 

effectively functionalizing the nanoparticles’ surface (Amara et al., 2009). This is of high 
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importance in drug delivery and biomedical applications. He et al. in 2007 also used 

carboxymethyl cellulose as a stabilizer(F. He & Zhao, 2007). Burke et al. also 

investigated different polymer shells consisting of polyisobutylene, polyethylene or 

polystyrene chains which were functionalised with tetraethylenepentamine(Burke et al., 

2002). The effect of other polymers were investigated such as carboxy methyl cellulose , 

poly(styrene sulfonate), poly(acrylic acid) and polyacrylamide by Cirtiu et al.(Cirtiu et 

al., 2011). All the polymers were negatively charged with the exception of the non-ionic 

polyacrilamide(Cirtiu et al., 2011). Another organic compound is polyethylene glycol 

which is a cheap, and stable polymer making it a suitable stabiliser(Cheng et al., 2011). 

As discussed previously, coating helps to functionalise the particles, but it also 

enhances their biocompatibility and hence reduces the extent of clearance by the 

reticuloendothelial system. The inorganic silica is both biocompatible and non-toxic, it 

also has hydroxyl surface groups which allow functionalisation making it a suitable 

stabiliser(Fernández-Pacheco et al., 2006; Ni et al., 2010). 

One of the main problems with organic compounds is that being non-magnetic, 

the coating layer reduces the particles magnetic properties. This problem can be 

mitigated, by using gold as a passivating layer(J. Lin et al., 2001). Gold coating has 

become a favoured coating material as it protects the magnetic core from oxidation 

without have a large impact on the decrease in magnetisation(Ban et al., 2005). Zhang et 

al. have shown a method of synthesising core-shell iron-gold nanoparticles using laser 

irradiation(J. Zhang et al., 2006).  

Another coating involves carbon encapsulation which enhances stability and 

prevents agglomeration and oxidation by isolating the particles magnetically from each 

other. Graphite has several desirable properties namely being light and resistant to acids, 
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bases, greases and high temperatures and more importantly, having the potential of 

functionalising, allowing for surface engineering(Bystrzejewski et al., 2011; Huo et al., 

2004). In fact several studies have obtained Carbon-encapsulated magnetic nanoparticles 

(CEMN) consisting of graphite layers that cover an iron core(Bystrzejewski Michałand 

Huczko et al., 2007; El-Gendy et al., 2009; Si et al., 2003; A. Taylor et al., 2010). 

Iron oxide can also be used for surface coating however it was shown that an amorphous 

layer of iron oxide is ineffective as it allows deep oxidation. On the other hand a 

crystalline layer prevents this such as a γ-Fe2O3 shell(Fung et al., 2000). 
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Appendix III: Silver Nanoparticle Synthesis and 

Characterisation 

III.1 Introduction 

 At the nano-scale, a material has a significant portion of its atoms on the surface 

resulting in a high surface area to volume ratio. This phenomenon drastically changes the 

properties of the material from the bulk material. In metals this is clearly observed in the 

colour changes as well as physical and chemical properties. Silver nanoparticles have 

been especially distinguished for their antimicrobial efficacy as well as their very unique 

optical, electric and chemical activity(D. Kim et al., 2006; Suber et al., 2005; Y. Sun et 

al., 2002; D. Zhang et al., 2004).  

In order to produce uniform nanoparticles, synthetic techniques were developed 

to realize the production of nanoparticles of different sizes and shapes which in turn 

yielded different properties. For silver nanoparticles, one of the most popular production 

techniques is the Creighton method (Creighton, J.A.; Blatchford, C.G.; Albrecht, 1978) 

where sodium borohydride is used to reduce silver in conjunction with a capping agent 

such as PVP (Borysiuk et al., 2008; Dong et al., 2010; Kandarp Mavani, 2013; Song et 

al. 2009; J. S. Kim et al., 2007; Mulfinger et al., 2007; S.A. Vorobyova , A.I. Lesnikovich 

& Research, 2008; Wagner et al., 2007; Wani et al., 2011; Zielińska et al., 2009). Another 

promising technique is the Lee-Meisel method (P. C. Lee & Meisel, 1982), based on the 

Turkevich method developed in 1951 (Peter et al., 1951), which is a chemical synthesis 

using trisodium citrate as the reducing and capping agent. However since trisodium citrate 

only acts as a reducing agent above 60°C, this reaction is accompanied by heating the 

solution to boiling (Mazzonello et al., 2015; Ratyakshi & Chauhan, 2009; Steinigeweg & 
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Schlücker, 2012; Y. Wan et al., 2013; H. Yin et al., 2004). Agnihotri et al.(Agnihotri et 

al., 2014), showed that they were able to control the reducing ability of trisodium citrate 

in a co-reduction method (Agnihotri et al., 2014) by varying the reaction temperature,. In 

addition to this, there are studies that have shown that the size of nanoparticles increases 

with increasing temperature (Agnihotri et al., 2014; X. C. Jiang et al., 2011; G. J. Lee et 

al., 2004). It was also shown that with higher temperatures, the nanoparticles obtained 

were more monodisperse, homogenous and had uniform shapes (G. J. Lee et al., 2004; 

Y. C. Lee et al., 2010). In 2012, Steinigeweg et al., introduced the use of the highly 

viscous glycerol at 95°C (Steinigeweg & Schlücker, 2012). This resulted in a decrease in 

nucleation speed and reducing power which yielded smaller nanoparticles of about 30 nm 

in size. Apart from this, glycerol also exhibited stabilizing effects which suppressed the 

ripening process(Steinigeweg & Schlücker, 2012). A modified method using NaOH as 

an accelerator of the reaction was suggested in which  glycerol or EG was used as both 

the reducing agent and the solvent in conjunction with stabilisers such as PVP (Sarkar et 

al., 2010). This reaction was carried out at room temperature and produced monodisperse 

silver nanoparticles, 25 nm in size. To the best of our knowledge, there are no studies 

carried out using glycerol at zero and sub-zero temperatures (°C) and there is lack of 

research regarding the effect of glycerol and of low temperatures on the nanoparticle 

shape and size.  

In view of the above, the main objective of this chapter is to synthesise, 

characterise and understand the underlying mechanism for the production of silver 

nanoparticles using a glycerol-mediated reduction of silver ions using potassium 

hydroxide as an accelerator  at low temperatures.  

In particular this study aims to. 
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• Study the effect of low temperatures on the size and morphology of silver 

nanoparticles when using this method 

• Study the effect different capping agents, namely trisodium citrate and PVP, 

have on the size and morphology of silver nanoparticles. This includes 

investigating the effect of using PVP with different molecular weights.  

 

III.2 Methodology 

III.2.1 Synthesis 

A solution of silver nitrate (Biochem Chemopharma, France, 99%, CAS: 7761-

88-8) was prepared by dissolving 0.20 g (weighed using an analytical balance, Precisa 

XT220) of silver nitrate in 10 g of ultra-pure water (18 MΩ/cm). A solution of trisodium 

citrate (Scharlab, Spain, 99-100.5%, CAS: 6132-04-3) was then prepared by dissolving 

3.47 g of trisodium citrate in 10 g of ultra-pure water. The latter two solutions were then 

added to 170 g of glycerol (food grade glycerol CAS:56-81-5) present in a 500 mL beaker. 

This results in a system having a 1:10 molar ratio between silver nitrate and trisodium 

citrate. The beaker was then covered with aluminium foil to block sunlight and was placed 

in an insulated reaction chamber, wrapped with aluminium foil to further reduce exposure 

to light. As shown in Figure III.1, the beaker was surrounded by a hollow copper coil 

through which cooled liquid was passed from a circulating chiller (WCR-P8 refrigerated 

bath circulator) set at a temperature of 20°C. Copper being a good heat conductor allows 

efficient transfer of heat to the beaker and its surroundings. The body of liquid 

surrounding the beaker and the expanded polystyrene reduce thermal fluctuations. To 

achieve homogeneity, the contents of the beaker were stirred at 500 RPM using an 

overhead stirrer (AM120Z-H Laboratory mixer). 
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Figure III.1 (Top) Schematic of the reaction chamber (Left) Insulated reaction chamber 

(Right) Black solution formed at -10°C using a 1:20 Silver nitrate: Trisodium citrate 

ratio 

 

After that the solution reached the temperature of the water bath a solution 

containing 1.4 g of potassium hydroxide (Carlo Erba, Italy, 85%, CAS: 1310-58-3) 

dissolved in 10 g of water were added. The mixture was mixed for one hour after which 

a dark liquid was collected. This methodology was then repeated using different reaction 
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times of 15, 30, 60 and 120 minutes, trisodium citrate concentration yielding a silver : 

citrate ratio of 1:1, 1:2, 1:5, 1:10, 1:15 and 1:20 and temperatures ranging from 20°C to -

20°C in increments of 5°C.  

 

III.2.2 Purification  

First 15 mL of the suspension was poured into a 50 mL centrifuge tube to which 

10 mL of water and 15 mL of acetone were added. The solution was thoroughly mixed to 

avoid any separation of layers. Hereafter, centrifugation was applied at 13480 ×g for 10 

minutes using a TG16 Yingtai centrifuge. The supernatant was then removed and the 

solid was re-suspended in 2 mL of water to which 38 mL of acetone were added. This 

procedure was repeated twice. Thereafter, the supernatant was removed and left to dry in 

the dark overnight. 

The dry solid that remained was then re-suspended in 100 mL of water by 

sonication for 15 minutes. The suspended nanoparticles were then filtered through a 200 

nm membrane (Kinesis, KX Syringe filters, SFS-PES-25-022, 1706260007) and were 

stored in the dark at 4°C.  

 

III.2.3 Characterisation 

III.2.3.1 UV-Vis analysis 

UV-Vis analysis within the range of 200–900 nm was then carried out using an 

Ultraviolet-visible (UV-vis) spectrophotometer (Shimadzu Single monochromator UV-

2600, Japan). The samples were first diluted in order not to have any absorption above a 
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value of 2. The results obtained were then modulated in order to be able to compare the 

UV-Vis spectra of different samples.  

 

III.2.3.2 X-Ray diffraction 

Due to the limited amount of silver nanoparticles produced an epoxy sample 

holder was designed and build. The sample was tightly packed inside the container and 

X-Ray diffraction was carried out using a diffractometer (Bruker D8 Advance, 

BW/509/98/Ro, Erz Nr. 7Kp2025, F. Nr. D8-00/08-233) between angles of 30° and 90°. 

These angles were chosen to avoid the broad peak of the epoxy holder at around 25°.  

 

III.2.3.3 ICP-MS  

The silver and capping agent concentration within the nanoparticles suspension 

was studied using ICP-MS. The dispersion was first digested using concentrated nitric 

acid and the sample was injected in a Thermo Scientific iCAP Q ICP-MS using the kinetic 

energy discrimination measurement mode, a Dwell time of 0.01s and a spacing of 0.1. 

III.2.3.4 TEM 

In order to analyse the size and the morphology of the nanoparticles produced, 

Transmission Electron Microscopy (Tecnai T12 Biotwin TEM run at 100kv accelerating 

voltage, images captured using a Megaview II Soft Imaging camera system with Analysis 

software package) was used. A few milligrams of the sample were suspended (using a 

vortexer) in a 1:2 acetone: water mixture which was determined shown to be able to 

suspend and disperse the nanoparticles. Then one drop of the solution was pipetted onto 



377 
 

a TEM grid and a filter paper was used to dry the excess liquid. The grid was allowed to 

dry after which it was placed in the Microscope.  

 

III.3 Results and Discussion 

In this study silver nanoparticles were successfully synthesised as initially 

indicated by the characteristic colour change that occurred during the reaction. The 

presence of silver nanoparticles was confirmed by the characteristic UV-VIS spectra 

obtained (see below). Two main features of the spectra obtained were the peak at around 

400 nm which represents the spherical nanoparticles and broad peaks at higher 

wavelengths indicative of nanoparticle morphologies other than spherical. The production 

of silver nanoparticles was further verified by XRD spectra. Referring to Figure III.2, the 

XRD spectra of silver nanoparticles shows the presence of pure silver characterised by 

the peaks at about 38°, 45°, 65° and 78° which correspond to the [111], [200], [220] and 

[311] planes respectively. However, the spectra were noisy due to the limited amount of 

silver nanoparticles used in the test.  

 

Figure III.2: XRD spectra of silver nanoparticles, produced at -5°C with a silver:citrate 

ratio of 1:10 and a reaction time of half an hour. 
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In the first part of this study, the effect of temperature was investigated. As shown 

in Figure III.3,a change in temperature may result in different morphologies as indicated 

by the broad peak at around 550 nm in the case of the nanoparticles produced at -1°C 

when compared to those produced at -20°C. The size distribution and size of nanoparticles 

remain relatively constant with changes in temperature. In fact, referring to Figure III.3 

which shows  TEM images of silver nanoparticles, one may observe that the nanoparticles 

produced at a temperature of -20°C have a diameter of circa 19 ± 6 nm whilst those 

produced at a temperature of -1°C have a diameter of circa  20 ± 5 nm.  
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Figure III.3(a) UV-VIS spectra and (b & c) TEM images for silver nanoparticles 

produced at different temperatures using a 1:5, silver nitrate: sodium tricitrate ratio at -

1°C and -20°C respectively. 

 

The effect of changing the concentration of trisodium citrate at -20°C was then 

assessed. A relatively sharp peak at circa 390 nm together with a distinct broad peak at 

550 nm was observed when using a low concentration of citrate (1:2 silver:citrate). The 

latter peak is indicative of a second morphology. Increasing the citrate concentration to a 

a.

. 

b. 

c. 

Size (nm) 

C
o

u
n

t 
C

o
u

n
t 

Size (nm) 



380 
 

silver: citrate ratio of 1:5 results in the reduction of the broad peak found at circa 550nm, 

which indicates that more spherical nanoparticles are being produced. A further increase 

in the concentration of silver: citrate ratio to 1:10, yields a very broad secondary peak, 

indicating that the production of spherical nanoparticles relative to the other 

morphologies present is being reduced once again. Finally, when using a silver: citrate 

ratio of 1:20 a distinctive secondary peak at about 450 nm is observed.  

It is also interesting to note the absorbance of the primary peak which gives an 

indication of the size of the spherical nanoparticles. As shown in Figure III.5a, at low 

citrate concentrations, the spherical nanoparticles were larger having a maximum 

wavelength of 392 nm and 393 nm for a silver nitrate: trisodium citrate ratio of 1:2 and 

1:5 respectively whilst at a ratio of 1:20, the peak shifted to 385 nm, indicating that 

smaller spherical nanoparticles were being produced.   

This is in accordance to the TEM images shown in  Figure III.5c & d where for a 

1:2 ratio the nanoparticles were reported to be approximately 19±7 nm in size whereas 

for a 1:20 ratio the nanoparticles were 9.4±4 nm in size. With regards to the peak at higher 

wavelengths indicating a different type of morphology, some nanoparticles observed had 

an oval shape as depicted in Figure III.5c which could be cause by different morphologies 

namely rods. To confirm this observation TEM images with higher resolutions will have 

to be performed.  

The change of citrate concentration was also observed at -1°C, shown in Figure 

III.5b, where a similar trend was observed with a reduction in the broad peak at around 

550nm as the citrate concentration increases. This implies that the nanoparticles have 

opted for a spherical arrangement rather than other morphologies. On the other hand with 

regards to the main peak at 390nm, (shown in Figure III.5b)  started relatively high for a 
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1:2 ratio after which a decrease was observed followed by an increase in concentration 

however for a 1:20 ratio, the peak increased slightly. 

Once again, the TEM images (shown in Figure III.5e & f) seem to confirm what 

has been observed in the UV spectra where for a 1:2 silver: citrate ratio, large particles 

approximately 24±8 nm in size were recorded with the presence of non-spherical 

nanoparticles as indicated by the broad peak at 550 nm. Meanwhile for a 1:20 silver: 

citrate ratio, smaller nanoparticles 17±7nm in size were observed. It is worth noting that 

a decrease in reaction temperature was accompanied by a decrease in size in both cases.  

 

 

Figure III.4. (a & b) UV spectra of silver nanoparticles produced through different silver: 

citrate ratios at -20°C and -1°C respectively, and the relation between the silver: citrate 

ratio and the maximum wavelength in the UV spectra. 

a. 

b. 
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Figure III.5: (c - f) TEM images of silver nanoparticles produced at -20°C with silver: 

citrate ratios of 1:2 and 1:20 and -1°C with silver: citrate ratios of 1:2 and 1:20 

respectively. 
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It is also important to look at the amount of citrate bound to the silver 

nanoparticles. In this study, this was done through the use of ICP-MS, wherein the silver 

and sodium content in the nanoparticles suspension was quantified. The sodium is 

indicative of the amount of trisodium citrate bound to the nanoparticles.  Referring to 

Table III-1,one may note that the water used to suspend the nanoparticles did not contain 

significant amounts of silver and sodium ions. As one would expect, increasing the 

amount of trisodium citrate during the production of the silver nanoparticles increases the 

amount of citrate bound to the silver nanoparticles. Using a silver: citrate ration of 1:20 

results in the production of nanoparticles wherein the majority of these particles is 

composed of citrate ions. This may be due to the small size of the nanoparticles, (large 

surface area where the citrate ions may interact with the silver atoms).  

 

Table III-1: A table showing the data from the ICP-MS and the citrate: silver ratio in the 

nanoparticles. 

Sample Na 

(g/100g) 

Moles of 

Na 

(moles) 

Moles of 

citrate 

(moles) 

Ag 

(g/100g) 

Moles of 

Ag (moles) 

Citrate: 

Silver 

Water  2×10-5   4.55×10-4   

1:2 -20°C 8.12×10-3 3.53×10-4 1.18×10-4 9.32×10-2 8.64×10-4 1.36×10-1 

1:20 -20°C 1.37×10-1 5.95×10-3 1.98×10-3 1.04×10-1 9.62×10-4 2.06 

1:2 -10°C 1.68×10-3 7.30×10-5 2.43E-05 6.55×10-2 6.07×10-4 4.01×10-2 

1:20 -10°C 2.49×10-1 1.08×10-2 3.61×10-3 5.77×10-2 5.36×10-4 6.75 

 

The effect of the reaction time on the produced silver nanoparticles was studied 

by preparing silver nanoparticles using different reaction times (15, 30, 60 and 120 

minutes), as explained in the methodology section above using a silver: citrate ratio of 
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1:10 and at -10°C. From the results obtained (see Figure III.6), it is evident that the 

reaction time has an important effect on the shape and size-distribution of the 

nanoparticles. Referring to Figure III.6, one can note that after 15 minutes of reaction, the 

nanoparticles produced are quite spherical, and have a wider size distribution when 

compared to the nanoparticles taken from longer reaction times. As the reaction is allowed 

to proceed the nanoparticles start becoming less spherical and their size distribution 

becomes narrower. As the reaction time increases to the maximum reaction time allowed 

in this study, one notes that once again, nearly spherical nanoparticles are obtained, with 

their sizes continuing to increase once again when compared to the ones obtained from a 

reaction time of 30 and 60 minutes. 

 

Figure III.6: UV spectra taken silver nanoparticles produced through different reaction 

times: Orange: 15 minutes, Purple: 30 minutes, Yellow: 60 minutes, Blue: 120 minutes. 

 

The stability of the nanoparticles was also investigated. From the results obtained 

(see Figure III.7), the nanoparticles produced were in general shown to be stable for at 

least one week. However, the nanoparticles produced at +20°C using different citrate 
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concentrations gave different stability. For a 1:1 and 1:15 silver: citrate ratio, the 

nanoparticles did not exhibit any significant change. For a 1:5 and 1:10 silver: citrate 

ratio, however, there was a significant change in the 550 nm peak which indicates 

unstable morphologies shifting to a more stable conformation. 

 

Figure III.7: UV spectra for silver nanoparticles produced with a silver: citrate ratio of 

a) 1:1, b) 1:15, c) 1:5 and d) 1:10 with the orange line depicting the initial UV spectra 

and the blue line depicting the UV spectra taking one week after the experiment.   

 

  

a. b. 
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Appendix IV: Antimicrobial and cytotoxicity of 

Silver Nanoparticles 

IV.1 Introduction 

One major application of silver nanoparticles is in the medical industry as an 

antimicrobial agent (T. Zhang et al., 2014). In the past few decades, silver nanoparticles 

have been used extensively in medical applications such as wound-dressings (Haider & 

Kang, 2015; Z. Wang et al., 2004), surgical instruments, and bone prostheses (Abudabbus 

et al., 2016). Silver nanoparticles’ antimicrobial activities against pathogens such as 

Gram-positive and Gram negative bacteria have been reported (Gandhi & Khan, 2016; 

Taglietti et al., 2012). Silver nanoparticles were also studied for their ability to damage 

bacterial cell walls such as that of Escherichia coli (Slavin et al., 2017). 

While research on nanotechnology and production of nanoparticles is growing 

exponentially, the research on the toxicity and their impact on human health and the 

environment is still lacking (Andreas & Howard, 2013). The main concerning factor is 

that while the toxicity of parent bulk materials is well-known, nanoparticles have a very 

high surface area to volume ratio, which leads to a higher reactivity and an alteration in 

the biological activity (Yildirimer et al., 2011). Animal models, namely Caenorhabditis 

elegans and Japanese medaka, have been used to investigate the cytotoxicity of silver 

nanoparticles which have shown effects on the development, reproduction as well as 

mortality rate, depending on the dose (K. J. Lee et al., 2017; Scown et al., 2010; Y. Wu 

et al., 2010; T. Zhang et al., 2014). Additionally, research performed at the cell level has 

shown that exposure to silver nanoparticles could affect the cell’s shape and reduce cell 

viability as a result of the oxidation stress brought about by silver nanoparticles (T. Zhang 
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et al., 2014). All this shows that research is vis-à-vis antimicrobial efficiency and 

cytotoxicity is still lacking and needs to be investigated. 

Considering the above, this chapter aims to investigate the antimicrobial activity and 

cytotoxicity of the nanoparticles produced in the previous chapter. More specifically this 

chapter aims to:  

• Investigate the antimicrobial activity of silver nanoparticles particularly 

identifying the non- inhibitory concentration (NIC) and the minimum inhibitory 

concentration (MIC) by monitoring the optical density responses at different 

concentrations of the silver nanoparticles and by measuring the bacterial 

population levels for different exposure times.  

• Investigate the effect of silver nanoparticles on different bacteria and analyse the 

differences. The bacteria that have been proposed are Listeria monocytogenes, 

Salmonella enterica and Escherichia coli.  

• Investigate the difference in the antimicrobial activity between silver 

nanoparticles produced under different producing conditions. Different capping 

agents, different morphologies and different sizes may have an impact on the 

antimicrobial activity of the silver nanoparticles. 

• Investigate the cytotoxicity of silver nanoparticles using normal human dermal 

fibroblasts (NHDF).  

 

IV.2 Antimicrobial activity 

The two methods used were the multi-well method and the assay by plate counting. The 

former resulted in the precipitation of silver nanoparticles which effectively removed 

them from solution whilst the latter yielded some promising results.  
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IV.2.1 Multi well Method 

IV.2.1.1 Methodology 

For the microbiological testing of the silver nanoparticles dispersions, different 

strains of Listeria, were used. The bacterial cultures were stored in vials at -80°C. In order 

to activate the bacteria, 10 μL were taken using an inoculation loop and were streaked 

onto Brain Heart Infusion (BHI) agar. The plate was then incubated for 20 h at 37°C and 

kept at 4°C. 

Two different colonies were picked under sterile conditions from the stock with a 

10 μL loop and were transferred to 2 different tubes with 5 mL of BHI Broth. The tubes 

were then incubated again for 21 ± 3 h at 37°C, in order to reach stationary phase. This 

was repeated one more time.  

The Listeria strains were then streaked on BHI agar plates and five wells were 

made on the agar. In three of the wells 50 µL silver nanoparticles suspension of 1, 10, 

100 µg/mL were poured and a negative (water) and positive control (penicillin) in the 

other two. The plates were then incubated for 21 ± 3 h at 37°C and colony plate counting 

procedure was followed.  

 

IV.2.1.2 Results and Discussion 

The plates in Figure IV.1 show the bacterial inhibition around the wells. It is 

evident that no antimicrobial activity was observed except for the positive control. This 

is a very unexpected result and may be giving a false reading due to the fact that it was 

not designed to test the antimicrobial effect of nanoparticles. In fact, it may happen that 

the silver nanoparticles agglomerate, effectively removing them from suspension or they 
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were not able to diffuse into the agar gel. In view of this, a second method was set up to 

study the antimicrobial effects of silver nanoparticles.  

 

Figure IV.1: BHI agar plate with Listeria and five wells. 

 

IV.2.2 Bacterial Inactivation Assay by Plate Counting 

IV.2.2.1 Methodology 

Salmonella enterica cultures were stored in vials at -80°C. As with the Listeria, a 

10 μL inoculation loop was used to transfer the cultures and to streak onto Tryptic Soya 

Agar (TSA) plate. The plate was then incubated for 20 h at 37°C and kept at 4°C.  

Two different colonies were picked under sterile conditions from the stock with a 

10 μL loop and were transferred to 2 different tubes with 9 mL of Tryptic Soya Broth 

without dextrose (TSB-D) (Scharlau, Spain). The tubes were then incubated again for 24 

± 2 h at 37°C, allowing the bacteria to reach stationary phase (108-109 log CFU/mL). To 

obtain the final inoculum, 5 mL of the suspension of each tube (after stirring it with 

Vortex) was centrifuged (6400 g) for 20 minutes and the supernatants were discarded. 
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The same volume of sterile water was added in each centrifuge tube, resulting in a 

concentration of 106 CFU/mL.  

1 mL of each inoculum was transferred to 9 mL of nanoparticles’ dispersion and 

another 1 mL of each inoculum was transferred to 9 mL of distilled water. The tubes with 

the nanoparticles’ dispersion were covered with Aluminium foil and survival studies were 

performed for the following time intervals: 0, 2, 4, 6 h. Duplicated samples from each 

inoculum (the blank and the one with the nanoparticles’ dispersion) were diluted with 

Ringer’s solution (Scharlau, Sentmenat, Spain and were spread plated on TSA (Oxoid, 

UK). Samples were incubated for 24 ± 2 h at 37°C, and colony plate counting procedure 

was followed.  

 

IV.2.2.2 Results and Discussion 

Using this method, the antimicrobial properties of the silver nanoparticles 

produced were measured. In fact, preliminary studies showed that the silver nanoparticles 

produced in this study have a strong antimicrobial effect even at low concentrations of 5 

ppm. However, for the data to be conclusive, repeated tests have to be performed having 

different concentrations.  
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Appendix V: Iron Nanoparticle Synthesis and 

Characterisation 

V.1 Introduction 

Magnetic nanoparticles are attracting the interest of researchers from several 

disciplines given their wide range of applications such as in data storage (Gubin et al., 

2002), magnetic pumps (Andò et al., 2006), water purification (Crane & Scott, 2012), 

biochips (Deng et al., 2019) as well as biomedicine and in biomedical applications, 

namely magnetic hyperthermia (Hadjipanayis et al., 2008), bio separation and magnetic 

resonance imaging (MRI) contrast agents (Hadjipanayis et al., 2008; Na et al., 2009). 

Of all nanoparticles, iron nanoparticles have filled a particular niche of 

applications. Iron as a metal exhibits ferromagnetism and is one of the highest saturation 

magnetisation of the elements. Besides, iron NPs, below a certain size exhibit a different 

type of magnetism,  superparamagnetism (Huber, 2005). These magnetic properties in 

addition to iron’s biocompatibility, make it the suitable material ideal for several 

application such as MRI contrast agents, biosensors and in drug delivery amongst others. 

Whilst research on magnetic and iron nanoparticles specifically has been carried 

out since the late seventies, it is only in the past few decades that the synthesis of iron 

NPs has been improved. While spherical nanoparticles have been successfully 

synthesised, controlling their size and shape has proved quite difficult. As a matter of fact, 

only recently have non-spherical iron nanoparticles been achieved(Shavel et al., 2007). 

Another limitation is the fact that pure metallic NPs are susceptible to being oxidised as 

a result of their high surface area and reactivity, therefore metallic oxides are used which 

have a weaker magnetisation. Another issue that arises is that since iron nanoparticles are 
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magnetic, they agglomerate and as a result of their superparamagnetic properties pack 

together which reduces the effect of properties characteristic to the nanoscale(Krämer et 

al., 2008). 

In view of the above, the main objective of this chapter is to synthesise, 

characterise and understand the underlying mechanism for the production of iron 

nanoparticles using a glycerol-mediated reduction of iron ions using sodium hydroxide 

as an accelerator and using arc-discharge techniques under cold plasma conditions. 

In particular this chapter aims to. 

• Develop a synthesis technique for the reduction of iron ions through chemical 

reduction and through an electric arc discharge process 

• Investigate the effect different capping agents, namely PVP and glucose, have 

on the size and morphology of iron nanoparticles. This includes investigating 

the effect of using PVP with different molecular weights. 

• Investigating the effect different iron precursors have on the size and 

morphology of iron nanoparticles and the effect the anion may have on the 

reduction process. 

• Study the effect of capping agent concentration on the size and morphology 

of iron nanoparticles  

• Investigate the role of glycerol and to study the effect glycerol content has on 

the morphology and size of iron nanoparticles 

• Study the role of potassium hydroxide as an accelerator in chemical reduction 

and the effect potassium hydroxide concentration has on the size and 

morphology of the iron nanoparticles 
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• Study the role of current and exposure time in the electric arc discharge 

process and the effect it has size and morphology of iron nanoparticles. 

 

V.2 Methodology 

V.2.1 Arc-discharge synthesis 

In a typical synthesis by arc-discharge, 6.15 g of iron (II) sulphate (Biochem CAS: 

7782-63-0) were weighed using an analytical balance (Precisa XT220)). This was then 

added to 200 g of a 25% w/w glycerol-water mixture (food grade glycerol CAS:56-81-

5). This was followed by the addition of 3.5 g of D-(+)-glucose (Labkem CAS: 50-99-7). 

The solution was then mixed thoroughly for two hours using an overhead stirrer at 500 

RPM to ensure complete dissolution. 

The Arc-discharge synthesis was performed in an in-house build reactor, shown 

in Figure V.1. The main aim of this reactor was to provide an anoxic environment in 

which an electric arc reduces the iron ions in the solution. The setup consists of two 

chambers, with a titanium cathode (Alfa Aeser 99.99%) placed in the first chamber and 

an iron anode (Alfa 40500.DJ 99.99% pure) placed in the second chamber. The cathode 

and anode chambers of the circuit were electrically connected through the solution as 

shown in Figure V.1. The anode was placed in a second chamber due to the fact that 

electrochemical reactions may take place on the submerged anode. Argon gas was 

allowed to flow at a rate of 500 mL / min in the cathode chamber. Although the argon gas 

was allowed to leave from the same chamber, a slight increase in pressure was noted. This 

pushes the liquid from the first chamber to the second chamber, something that was 

counteracted by pushing the plunger of the second chamber, equilibrating the pressures 

between the two chambers once again. Any formation of gases in the second chamber 

results in the plunger being pushed up. The High Voltage (HV) power supply and the 
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replenishing of the solution through a peristaltic pump was controlled using an Arduino 

nano micro-controller to which a custom made circuitry was attached in order to measure 

the current at the cathode.  

 

Figure V.1: Reaction chamber for arc-discharge synthesis 

 

The microcontroller was then programmed (see code below) to coordinate the 

peristaltic pump and the HV power supply. Through this system, the solution was pumped 

into the reaction chamber, drop by drop, providing a fresh supply of iron ions while 

a. b.

. 

c. 

e. 

d. 
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removing the iron nanoparticles. Each drop was exposed to an arc discharge (with a 

voltage of circa 10KV and a current set at 10 mA) for a predetermined duration which 

would reduce iron and the iron nanoparticles would be collected.  

This experiment was repeated for different current, exposure time, cooling time, 

pumping speed and frequency, different electrodes as well as different solutions, 

specifically by varying the iron sulphate concentration, glucose concentration, w/w% of 

glycerol. 

 

V.2.1.1 Arduino Code  

const int pinButton = 7; 

const int LED =2; 

const int pinButton2 = 8; 

const int LED2 =3; 

const int dirPin = 4; 

const int stepPin = 5; 

const int powerPin = 10; 

const int slpPin = 6; 

const int stepsPerRevolution = 200; 

const long burnTime =120000; // time that plasma is active in ms 

int pulses = 1 ; // number of pulses 

int pulse_pause = 1000; // time between pulses in ms 

int dir = 2; // 1 = clockwise direction, 2 = anti-clockwise direction 

int RPM =70; //70 for soln 

int turns = 80; //80 for sol 

int turns2 = 1; 

int flag = 0; 

long stepper_delay; 

int delay2; 

float voltage = 0.1; 

int voltage_analog; 

float curr; 

float req_curr = 7.0;//required current in mA 

unsigned long time_at_start; 

void setup() {    // Defining the inputs and outputs of the system 

  Serial.begin(9600); 



396 
 

  pinMode(pinButton, INPUT); 

  pinMode(LED, OUTPUT); 

  pinMode(pinButton2, INPUT); 

  pinMode(LED2, OUTPUT);  

  pinMode(stepPin, OUTPUT); 

  pinMode(dirPin, OUTPUT); 

  pinMode(powerPin, OUTPUT); 

  pinMode(slpPin, OUTPUT); 

} 

void loop() { 

  analogWrite(powerPin, 0); 

  digitalWrite(slpPin, LOW); 

  int stateButton = digitalRead(pinButton); //read the state of the switch 

  int stateButton2 = digitalRead(pinButton2); 

  while(stateButton == 1) { // while switch 1 is on  

    stateButton = digitalRead(pinButton); 

    digitalWrite(LED,HIGH); // LED is on 

   if (flag == 0) { 

           voltage_analog = 10;    

        do { 

            stateButton = digitalRead(pinButton); 

            if (stateButton == 0) { 

            break; 

           } 

            analogWrite(powerPin, voltage_analog); 

            curr = current_read();            

            voltage_analog = voltage_analog + 1; 

            } while (curr < (0.95*req_curr)); 

        analogWrite(powerPin, 0); 

        flag = 1; 

        analogWrite(powerPin, 0); 

    delay (pulse_pause); 

     } 

      if (stateButton == 0) { 

            break; 

      } 

     for(int z = 0; z < pulses; z++) { 

    analogWrite(powerPin, voltage_analog);    

    time_at_start = millis(); 

    while ((millis() - time_at_start) <= burnTime) { 

      stateButton = digitalRead(pinButton); 

        if (stateButton == 0) { 

          break; 

         } 
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      curr = current_read(); 

      Serial.print (curr); 

      Serial.print (","); 

      Serial.print (voltage_analog); 

      if ((curr < 0.95 * req_curr) || (curr > 1.05 * req_curr)) { 

        stateButton = digitalRead(pinButton); 

           

          if (stateButton == 0) { 

            break; 

          } 

        while (curr < (0.95*req_curr)){ 

           stateButton = digitalRead(pinButton); 

            

           if (stateButton == 0) { 

              break; 

           } 

           voltage_analog = voltage_analog + 1; 

           analogWrite(powerPin, voltage_analog); 

           curr = current_read(); 

        }   

         while (curr> (1.05*req_curr)){ 

          stateButton = digitalRead(pinButton); 

           

          if (stateButton == 0) { 

            break; 

          } 

          voltage_analog = voltage_analog - 1; 

          analogWrite(powerPin, voltage_analog); 

          curr = current_read(); 

        } 

      } 

    } 

    Serial.println("smallmotor"); 

    motorcontrol(7,3,dir,stepsPerRevolution,pinButton); 

    delay (pulse_pause);  

     } 

    analogWrite(powerPin, 0); 

    Serial.println("Motor"); 

    motorcontrol(turns,RPM,dir,stepsPerRevolution,pinButton);  

    digitalWrite(slpPin, LOW); 

    stateButton = digitalRead(pinButton); 

           

          if (stateButton == 0) { 

            break; 
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          } 

  } 

  digitalWrite(LED, LOW);  

  digitalWrite(slpPin, LOW); 

  while ((stateButton == 0) && (stateButton2 == 1)) { // if switch 1 is off and switch 2 is 

on, LED2 is on 

    stateButton = digitalRead(pinButton); 

    stateButton2 = digitalRead(pinButton2); 

    digitalWrite(LED2,HIGH);  

      if (dir == 1) { 

        digitalWrite(dirPin, HIGH); // direction of the motor is set 

      } else { 

        digitalWrite(dirPin, LOW);   

      } 

    stepper_delay =(60*1000000)/(stepsPerRevolution*80); // RPM set to 80 

    while ((stateButton == 0) && (stateButton2 == 1)) { //when switch2 is on, stepper 

motor is on  

      stateButton = digitalRead(pinButton); 

      stateButton2 = digitalRead(pinButton2); 

      digitalWrite(slpPin, HIGH); 

      digitalWrite(stepPin, HIGH); 

      delayMicroseconds(500); 

      digitalWrite(stepPin, LOW); 

      delayMicroseconds(500); 

      delay2 = (stepper_delay-1000)/1000; 

      delay(delay2); 

      } 

      digitalWrite(slpPin, LOW); 

  } 

  digitalWrite(LED2,LOW); 

  analogWrite(powerPin, 0);  

  digitalWrite(slpPin, LOW); 

} 

float current_read() { // Float current command  

  unsigned long time_before; 

  float current; 

  float tot_for_av; 

  unsigned int reps; 

  reps = 0; 

  tot_for_av = 0; 

  time_before = millis(); 

  while (millis() - time_before <= 100) { 

    int sensorValue = analogRead(A0); 

    tot_for_av = tot_for_av + (((sensorValue * (5.0 / 1023)) / 220) * 1000); 
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    reps = reps + 1; 

  } 

 current = tot_for_av / reps; 

 return current; 

} 

int motorcontrol (int turns_, int RPM_, int direction_, int stepsPerRevolution_,int 

pinButton_) { 

  if (direction_ == 1) { 

    digitalWrite(dirPin, HIGH); // direction of the motor is set 

  } else if (direction_ == 2) { 

    digitalWrite(dirPin, LOW);   

  } 

     

    stepper_delay =(60*1000000)/(stepsPerRevolution_*RPM_); //delay is set 

     

    for(int x = 0; x < turns_; x++) { //loop depending on the number of turns 

      digitalWrite(slpPin, HIGH); 

      int stateButton_ = digitalRead(pinButton_); // read whether switch 1 is on or off 

       

      if (stateButton_ == 0) { // if off break the for loop 

        digitalWrite(slpPin, LOW);  

        break; 

      }  

      digitalWrite(stepPin, HIGH); //switch on stepper motor 

      delayMicroseconds(500); 

      digitalWrite(stepPin, LOW); // switch off 

      delayMicroseconds(500); 

      delay2 =(stepper_delay-1000)/1000; 

      delay(delay2);  //wait 

      } 

      digitalWrite(slpPin, LOW); 

} 

 

V.2.2 Chemical reduction synthesis 

V.2.2.1 Synthesis  

50 g of glycerol (food grade glycerol CAS:56-81-5), weighed using an analytical 

balance (Precisa XT220), were placed in a 500 ml beaker and 150 g of ultra-pure water 

(18 MΩ/cm) were added to it. This mixture was then stirred using an overhead stirrer 

(AM120Z-H Laboratory mixer) for 30 minutes at 500 RPM. This resulted in a of 25% 
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w/w glycerol-water mixture. To this, 6.15 g of iron(II) sulphate (BIOCHEM CAS:7782-

63-0) and were added and 3.5 g of PVP (molecular weight 1406.9g) were added. This 

solution was then sonicated for 30 minutes to ensure dissolution. Finally, 2 g of the 

accelerator KOH (Carlo Erba CAS:1310-58-3) was added and the solution was stirred at 

room temperature using an overhead stirrer for 30 minutes at 500 RPM. 

This procedure was repeated for different w/w% glycerol, concentrations of iron 

sulphate, PVP concentration, concentrations of accelerator KOH. 

 

V.2.2.2 Purification 

Once sufficient amount of the nanoparticle suspension was collected, the arc was 

switched off and the solution was poured into a plastic tube. Using neodymium magnets 

(mm in diameter) to keep the iron nanoparticles in place, the solution was decanted. Due 

to the viscous nature of glycerol, 25 mL of water were added and mixed thoroughly. Once 

again, the mixture was decanted using the magnets to keep iron nanoparticles in place. 

This was repeated until there was no trace of the iron sulphate solution. Then the 

nanoparticles were washed with 10 mL of propanol and stored under propanol.  

 

V.2.3 Characterisation 

V.2.3.1 UV-VIS 

UV-Vis analysis within the range of 200–900 nm was then carried out as 

explained in Appendix III above.  
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V.2.3.2 X-Ray diffraction 

X-Ray diffraction was carried out using the diffractometer between angles of 30° 

and 90°, as explained in section Appendix III above. 

V.2.3.3 SEM 

In order to analyse the size and the morphology of the nanoparticles produced, a 

Field Emission Scanning Electron Microscope (FESEM) with a Gemini II column was 

used in conjunction with energy dispersive X-ray spectroscopy (EDS) (under EHT of 15 

KV and I probe of 1 nA). 

V.2.3.4 TEM 

Transmission Electron Microscopy (Tecnai T12 Biotwin TEM run at 100kv 

accelerating voltage, images captured using a Megaview II Soft Imaging camera system 

with Analysis software package) was used as described above. 

V.3 Results and Discussion 

Iron nanoparticles were successfully produced through the arc discharge method as 

shown by the XRD taken with the characteristic peaks at 44°, 65°, 82° owing to the [110], 

[200], [211] planes respectively.  Through TEM imaging, the size and size distribution of 

the iron nanoparticles was collected. From the data gathered, iron nanoparticles obtained 

were about 10 ±6 nm in size. The relatively large standard deviation may be attributed to 

the few large particles which could be agglomerates. 
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Figure V.2:(Top) XRD of zero-valent iron nanoparticles produced when using 21.25g of 

iron sulphate, 13 g of glucose in 20 mL of 2:5 glycerol: water mixture, (Left) TEM 

image of iron nanoparticles (Right) size distribution of iron nanoparticles 

 

When using the chemical method, Iron oxide nanoparticles were obtained. Figure 

V.3 shows an XRD for these nanoparticles with the characteristic peaks at peaks at 35°, 

42°, 57°, 62° and 68° owing to the [311], [400], [511], [440] and [533] planes 

respectively. Some peaks were covered by the noise however it was quite clear that the 

nanoparticles had oxidised.  
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Figure V.3: XRD of iron oxide nanoparticles when using Chemical reduction. 

 

The SEM images obtained were analysed and it was immediately clear that the 

iron oxide nanoparticles had agglomerated perhaps due to the method used to prepare the 

sample. However, at high magnifications, one can observe a dense set of agglomerates 

approximately 200 nm large. The EDS analysis shown in Figure V.4 also confirms the 

presence of iron oxide however could indicate that the core of the nanoparticles is in fact 

zero-valent iron.  
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Figure V.4:SEM imaging of Iron Nanoparticles at a magnification of 10,000× and 

100,000× along with the EDS results. 

 

 


