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ABSTRACT - Stretchable electronic devices are progressively deployed in many applications 
of mechanical, electrical, and biomedical engineering. These circuits are made of stretchable 
and flexible substrates, as well as conductive ink and various electronic components. The 
choice of components and layouts for the substrate and conductive ink can regulate the 
stretchability of stretchable circuits. On top of that, the substance utilized to create the 
conductive ink must have high electrical conductivity and strong adherence to the substrate in 
order to produce a high-quality stretchable printed circuit. Thus, this study focused on the 
development of stretchable conductive ink using silver powder as a conductive filler and 
PDMS-OH as a binder. The mechanical properties of the synthesized ink were investigated 
via a simple uniaxial tensile testing method and nanoindentation technique, respectively. 
Accordingly, the modulus of elasticity, tensile stress and yield stress of the ink were obtained 
as 5.72 MPa, 1.195 MPa, and 0.86 MPa, congruently at 137% strain before undergoing failure. 
The experimental stress-strain data was then employed on the elastic-plastic constitutive 
model to investigate the elastomeric properties of the ink as it is an alternative method of 
lengthy and expensive procedures of validating different polymers. Moreover, the hardness 
and reduced modulus of the ink were evaluated by the nanoindentation method using a 5 mN 
maximum load with 0.5 mN/s loading/unloading rate and 2 secs holding time. Consequently, 
the hardness and reduced modulus values were obtained as 1.45 MPa and 34.53 MPa, 
respectively. These values were further validated by the Oliver-Pharr method and were in 
good agreement. 
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1.0 INTRODUCTION 
In the last few decades, stretchable and flexible electronic devices are playing an excellent role in various mechanical 

and electrical applications like mechanical sensors [1], actuators, microfluidic circuits [2], robotics [3], and electronic 
devices [4,5]. These devices are composed of stretchable substrate, conductive ink and electronic components like LED. 
Conductive ink is the most important and primary part of any electronic system that can be designed or fabricated into a 
certain geometry to get the desired stretchability. The conductive inks are used in potential electronic applications such 
as LED display [6,7], touch panels [8], health monitoring devices [9], smart sensors [10], transistor arrays [11], artificial 
electronic skins [12,13] and so on. 

Several researches have been carried out on the development of different conductive inks in which different types of 
conductive fillers and elastomers have been utilized [14–21]. These conductive fillers include carbon-based conductors 
(like single-walled carbon nanotubes (SWCNTs), graphene, graphite, carbon fiber), metal-based (gold (Au), silver (Ag), 
copper (Cu), aluminum (Al)) and organic conductive polymers (PEDOT: PSS, PANi, polypyrrole (PPy)) [22]. In recent 
studies, silver is utilized as a conductive filler of various geometrical shapes and sizes like powder, wires, flakes and 
particles, in the formation of stretchable conductive ink because it possesses high electrical conductivity (6.3 x 107 Ω-1 m-

1) [23–26] and remains conductive after atmospheric exposure than the other metallic fillers like copper and aluminum
whose electrical conductivity decreases after reacting with oxygen [23,24]. Apart from the conductive filler, selection of
the binder is also very important to produce the desired conductivity as it helps to connect the elements of conductive
filler with each other. However, the most widely used binders are elastomers such as polydimethylsiloxane (PDMS) [14],
polyurethanes (PU) [27], Ecoflex [28] and poly(styrene-butadiene-styrene) (SBS).

The reliability and strength of a material can be examined using several experimentation techniques. Among them, 
the most common and general method of calculating the mechanical strength of silver-based conductive is performing 
tensile testing on a universal tensile testing machine (UTM). Since the conductive ink is a polymeric composite, therefore, 
it possesses nonlinear stress-strain behavior during loading and unloading conditions [29–32]. It has been found from the 
literature that the polymer composites show nonlinear and inelastic behaviour in shearing and transverse compression 
conditions, while on the other hand, they behave elastically in the fibre direction before failure. It is assumed that the 
nonlinear behaviour of these composites only occur due to the brittle nature of the polymers which are used in making 
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the polymeric composites and can be solved by continuum damage mechanics theory [33]. Thus, the convenient way of 
predicting the structural behavior of a composite is to impose an elastic-plastic model based on the macroscopic approach 
on the experimental data. The size and direction of the yield surface depend on the rules of isotropic and kinematic 
hardening, respectively. However, the simplest formation of plasticity models involves the linearity functions which are 
restricted to monotonic loading only. As a consequence, the elastic-plastic models help to solve the complex behavior of 
polymeric composites that depends on the strain rate [34], temperature [35], stress state [36], large deformations and 
plastic flow [37]. Though the mathematical equations of these constitutive models are obtained via plasticity theory which 
is based on the yield function criterion, plastic potential function or flow rule and hardening rule.  

Apart from various mechanical tests like tension, compression, flexural, dynamic and impact, the consistency of 
polymeric composites in electrical, optical and mechanical areas can be predicted by considering the effect of size, 
different coatings on a small scale and the effect of modest inclusions. Due to this reason, large-scale mechanical tests 
are not applicable, and thus, a non-destructive, proficient and faster technique is used to explore the mechanical properties 
of the polymeric composites at the micro or nano level. This advanced technique is known as the nanoindentation 
technique, which fulfils all the limitations and has become a very popular method of finding mechanical properties under 
complex conditions with high resolution of different polymers and their composites [38,39]. The depth sensing 
indentation (DSI) or nanoindentation technique is widely used to extract the hardness and elastic properties of specimens 
with known geometry of indenters and material properties, as mentioned by Oliver-Pharr [40]. The commonly used 
indenters are pyramidal three-sided Berkovich and four-sided Vickers [41,42]. These indenters are treated as conical 
indenters with equivalent half angle α. The area-to-depth ratios of conical indenters are the same as that of pyramidal 
indenters. 

Many researchers have used the nanoindentation method to investigate the mechanical properties of polymers and 
their composites [43–45]. These composites are tested to examine their elastic, elastic-plastic, visco-elastic and visco-
plastic behavior depending on the requirement of the respective application [46–49]. Hence, the nanoindentation method 
is employed efficiently to study the mechanical changes that occur in polymeric composites [44–46]. Moreover, the 
mechanical properties of three types of carbon nanotube or carbon nanofiber-reinforced composites were examined using 
the nanoindentation technique by Lee et al. [50]. They compared the mechanical properties of neat epoxy with the nano-
array reinforced epoxy at the nano-level. Jee and Lee [51] adopted the atomic force microscopy (AFM) nanoindentation 
method to measure the elastic modulus and hardness of several polymers. The ten different polymers were tested such as 
low density polyethylene (LDPE), polyvinyl alcohol (PVA), high density polyethylene (HDPE), ultra-high molecular 
weight polyethylene (UHMWPE), polyvinyl chloride (PVC), polycarbonate (PC), Nylone 6, poly (methyl methacrylate) 
(PMMA), polystyrene (PS) and polyacrylic acid (PAA). Similarly, Ferencz et al. [43] determined the mechanical 
properties of EPDM elastomer by atomic force microscopy nanoindentation (AFM) at various curing temperatures and 
crystallinity. The review of nanoindentation on different polymers was done by Diez-Pascual et al. [52], in which they 
used different nanofillers such as graphene, carbon nanotubes and nano clay to make the polymeric composites and 
examined their modulus of elasticity, hardness and creep values at small-scale. Also, the visco-elastic creep properties of 
soft materials were investigated by Zhang et al. [53] using different types of indenters in the nanoindentation method, 
while Goodarzi et al. [54] computed the visco-elastic properties of glass/epoxy composite by nanoindentation method and 
applied the experimental data on three-element Zener model for curve-fitting. In the same way, Wang et al. [55] studied 
the visco-elastic properties of different polymers by applying the experimental data from nanoindentation on the three-
element Maxwell and visco-elastic contact models. 

Based on the literature review, it is important to study the mechanical properties of polymers and their composites at 
the macro and micro levels for various engineering applications. The objective of this research is to examine the 
mechanical properties of silver-based ink by UTM and nanoindentation methods. At first, the ink was fabricated and 
tested uniaxially on UTM to determine its stress-strain behavior under large deformation. Since the silver ink contains a 
polymer binder in the formulation, therefore, it acts as a polymer-matrix composite and possesses a nonlinear 
performance. Thus, one goal is to analyze its complex behavior by implementing a multi-linear isotropic hardening 
plasticity model on the experimental stress-strain data. For this purpose, a plane stress state was considered, and no 
plasticity was assumed in the fibre direction. The simulated results were then compared with the experimental ones. 
Moreover, the nanoindentation method was utilized to explore the elastic and hardness properties of the ink at a small-
scale and obtained results were compared with the theoretical values determined by the Oliver-Pharr method.  

2.0 THEORETICAL BACKGROUND 
2.1 Constitutive Law of Plasticity 

The elastic-plastic analysis of polymeric composites takes part in the synthesis and evaluation of structural integrity 
of different components in various applications. The loading condition in the elastic-plastic analysis depends on the type 
of application and may vary accordingly from simple monotonic loading to cyclic loading. A plastic constitutive model 
must have the yield criterion function, which is used to define the state of a material from elastic to elastic-plastic behavior 
during the transition, plastic strain increment due to the load increment is determined by the flow rule, and the hardening 
rule used to evaluate the yield criterion during plastic deformation.  
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The plastic behavior of a material is described by implementing the flow plasticity theory, based on an assumption 
that the amount of plastic deformation in a material is determined by a flow rule. It is also considered that the total strain 
tensor increment of a material is obtained by adding the elastic and plastic strain tensors increments together, as shown 
in Eq. (1). However, the elastic strains are obtained through a linear elastic, whereas for strains in the plastic region are 
calculated by flow rule and different hardening models.  

𝑑𝑑𝜀𝜀𝑡𝑡 = 𝑑𝑑𝜀𝜀𝑒𝑒𝑒𝑒 + 𝑑𝑑𝜀𝜀𝑝𝑝𝑒𝑒 (1) 
 

Likewise, other constitutive models, the elastic-plastic models are based on the Helmholtz free energy function per 
unit volume (strain energy density function). This function depends on the structural tensor (Α), elastic strain or total 
strain (𝜀𝜀𝑡𝑡), plastic strain (𝜀𝜀𝑝𝑝𝑒𝑒) and the hardening coefficient (κ) [56]. The constitutive formulation of strain energy density 
function is expressed in Eq. (2) as: 

𝑊𝑊(𝜀𝜀𝑒𝑒𝑒𝑒 ,𝛢𝛢, 𝜅𝜅) = 𝑊𝑊(𝜀𝜀𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑒𝑒 , 𝜀𝜀𝑝𝑝𝑒𝑒 ,𝛢𝛢, 𝜅𝜅, ) =
1
2 𝜀𝜀

𝑒𝑒𝑒𝑒:𝐶𝐶𝑒𝑒𝑒𝑒: 𝜀𝜀𝑒𝑒𝑒𝑒 + 𝑊𝑊ℎ𝑡𝑡𝑎𝑎𝑎𝑎(𝛢𝛢,𝜅𝜅) (2) 
 
where, 𝐶𝐶𝑒𝑒𝑒𝑒 or  𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑒𝑒 is the fourth-order elastic tensor and 𝑊𝑊ℎ𝑡𝑡𝑎𝑎𝑎𝑎(κ) represents the free-energy function with the hardening 
rule. Furthermore, the stress tensor (𝜎𝜎) is calculated on the basis of standard arguments [57] by taking the differential of 
the strain function in respect of the elastic strain tensor. Also, the elastic tensor (𝐶𝐶𝑒𝑒𝑒𝑒) for transversely isotropic materials, 
is obtained by partial differentiating two times the strain function in respect of the elastic strain tensor as expressed in Eq. 
(3). 

𝜎𝜎 =
𝑑𝑑𝑊𝑊
𝑑𝑑𝜀𝜀𝑒𝑒𝑒𝑒 = 𝐶𝐶𝑒𝑒𝑒𝑒: 𝜀𝜀𝑒𝑒𝑒𝑒 (3) 

 

2.2 Formation of Yield Function, Plastic Flow Rule and Hardening Rule 

There are two yield criteria used in plasticity models: Von Mises and Hill yield criterion. The von Mises yield criterion 
is utilized for the plastic behavior of several materials like metals, polymers and their composites. This function is 
independent of the hydrostatic pressure and is considered an isotropic criterion. It is, therefore, not useful for the 
application of micro-structured materials that demonstrates plastic expansion. However, for materials such as forged 
metals and composites, the Hill yield criterion is used to develop the respective constitutive model in which the 
macroscopic behavior of the material is influenced by the microstructural behavior. It is an anisotropic criterion which is 
based on the direction of the stress with respect to the axis of anisotropy. Thus, a von Mises yield criterion is used in this 
study to analyze the nonlinear behavior of an isotropic and incompressible silver-based conductive ink.  

According to the von Mises yield criterion, the yield function for homogenous, isotropic materials in the plastic regime 
can be expressed as: 

𝐹𝐹�𝜎𝜎𝑖𝑖𝑖𝑖� = 𝑓𝑓�𝜎𝜎𝑖𝑖𝑖𝑖� − 𝜎𝜎𝑦𝑦 = �𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒� − 𝜎𝜎𝑦𝑦 (4) 
 
where, 𝜎𝜎𝑖𝑖𝑖𝑖 is the Cauchy stress tensor that has three principal or normal stresses (𝜎𝜎1, 𝜎𝜎2 and 𝜎𝜎3), 𝐹𝐹�𝜎𝜎𝑖𝑖𝑖𝑖� is the von Mises 
yield criterion function with the deviatoric components of normal stresses along 𝑖𝑖 and 𝑗𝑗 axis. 𝑓𝑓�𝜎𝜎𝑖𝑖𝑖𝑖� and 𝜎𝜎𝑦𝑦 represent the 
von Mises effective stress (𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒 = 𝜎𝜎𝑒𝑒𝑒𝑒 = equivalent stress) based on the stress tensor and corresponding yield stress in 
uniaxial loading, respectively. However, the main purpose of the yield function is to create a surface boundary between 
the elastic and plastic behavior of materials in the stress space which is known as the yield surface. The yield surface can 
be expressed in terms of principal stresses or invariants and is different for different plasticity models. 

The direction or evolution of the plastic straining can be determined by calculating the plastic flow rule. The general 
formation of the plastic flow rule in terms of the plastic flow potential function of stresses comprised of different quantities 
and hardening parameters can be modelled as depicted in Eq. (5).  

𝑑𝑑𝜀𝜀𝑝𝑝𝑒𝑒 = 𝑑𝑑𝑑𝑑
𝜕𝜕𝜕𝜕
𝜕𝜕𝜎𝜎  (5) 

 
where, 𝑑𝑑𝑑𝑑 is the proportionality constant, termed as a plastic multiplier that can be obtained using different hardening 

rules and must be greater than 0. This multiplier helps in determining the amount of plastic straining. 𝜕𝜕 = 𝜕𝜕(𝜎𝜎) is the 
plastic flow potential function. However, there are two types of plastic flow rules: associated and non-associated flow 
rule. If the plastic flow potential function has the same value as that of the yield criterion function, i.e., 𝜕𝜕 = 𝐹𝐹(𝜎𝜎), then 
the flow rule is known as the associative plastic flow rule. This condition is only valid for stable materials that possess 
convex yield surfaces, and their plastic strain increment vectors are acted normal to the yield surfaces. On the other hand, 
when the plastic flow potential function is not equal to the yield criterion function (𝜕𝜕 ≠ 𝐹𝐹(𝜎𝜎)), then the flow rule is said 
to be non-associated. The non-associated flow rule is used to describe the hardening behavior of unstable materials like 
soils and powdered materials. The plastic strain of these materials occurs due to the internal friction sliding behavior of 
the material. Also, the direction of plastic strain increment is not similar to that of the stress increment. 
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In consequence, the associative flow rule is opted for the formation of elastic-plastic model which works on the 
assumption of no plastic strain at 𝐹𝐹(𝜎𝜎) < 0 and �𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒� < 𝜎𝜎𝑦𝑦. The material then behaves elastically, and the elastic stress 
range is defined by �𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒� < 𝜎𝜎𝑦𝑦. The constitutive equation for stress increment becomes, 

𝑑𝑑𝜎𝜎
𝑑𝑑𝑑𝑑 = 𝐶𝐶𝑒𝑒𝑒𝑒 �

𝑑𝑑𝜀𝜀𝑡𝑡

𝑑𝑑𝑑𝑑 − 𝑑𝑑𝑑𝑑
𝜕𝜕𝐹𝐹(𝜎𝜎)
𝜕𝜕𝜎𝜎 � (6) 

 
The yield criterion of several materials is based on the loading and calculation of the plastic strain values. However, 

the loading can change the yield criterion which is known as hardening of the material. The hardening behavior of any 
material is defined by means of the hardening rule that explains the change in yield surface from one state to another via 
increment in the respective yield stress value in order to establish the stress states for successive yielding. The most 
commonly used hardening rules are isotropic and kinematic hardening rules.  

The material is said to undergo isotropic hardening when the yield surface in a particular stress space remains 
unchanged and centred along its initial centreline where all principal stresses are the same (𝜎𝜎1 = 𝜎𝜎2 = 𝜎𝜎3). Also, the size 
of the yield surface increases or decreases during the development of the plastic strains. It is also not applicable for cyclic 
loading because it does not consider the Bauschinger effect. On the other hand, in the kinematic hardening rule, the 
translation of the yield surface via stress space occurs along with the progressive yielding, but the size and shape of the 
yield surface remain unchanged. As a matter of fact, the kinematic hardening rule is applicable for modelling the nonlinear 
behavior of materials under cyclic loading. It is used to model different material behavior, such as Baushinger effects in 
which the compressive yield stress is less than the tensile yielding and ratcheting behavior which is helpful in building 
the plastic strains during repetitive loading. 

2.3 Multi-linear Isotropic Hardening Plasticity Model 

The multi-linear isotropic hardening model is one of the simplest elastic-plastic models used in uniaxial loading which 
generates the total stress-strain curve with positive stress-strain values. The von Mises yield criterion is used with the 
associative plastic flow rule and isotropic hardening rule in this model.  

As per von Mises criterion, it is assumed that the stress state point occurs on the yield surface; therefore, the effective 
stress is considered to be the same as the yield stress. Because of this condition, the yield function will become zero and 
shows plastic deformation under continuous loading. However, the von Mises effective stress is expressed as:  

𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒 = �(𝜎𝜎1 − 𝜎𝜎2)2 + (𝜎𝜎2 − 𝜎𝜎3)2 + (𝜎𝜎3 − 𝜎𝜎1)2

2 = �3
2 𝑠𝑠𝑖𝑖𝑖𝑖𝑠𝑠𝑖𝑖𝑖𝑖 

(7) 

 
where, 𝑠𝑠𝑖𝑖𝑖𝑖 denotes as the elements of deviatoric stress tensor given in Eq. (8) as: 

𝑠𝑠𝑖𝑖𝑖𝑖 = 𝜎𝜎 −
1
3 𝑑𝑑𝑡𝑡

(𝜎𝜎)2 (8) 
 

In the principal stress space, the yield surface along the hydrostatic axis generates a von Mises yield criterion function, 
which is independent on the hydrostatic stress. Hence, the yield function for a multi-linear isotropic hardening model is 
represented in Eq. (9) as: 

𝐹𝐹(𝜎𝜎) = �𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒� − 𝜎𝜎𝑦𝑦 = �3
2 𝑠𝑠𝑖𝑖𝑖𝑖𝑠𝑠𝑖𝑖𝑖𝑖 − 𝜎𝜎𝑦𝑦 = 0 (9) 

 
The parameter 𝜎𝜎𝑦𝑦 denotes the final yield stress, which is based on the plastic work done. It can be calculated from the 

effective plastic strain and stress-strain curve data as expressed in Eq. (10). 

𝜎𝜎𝑦𝑦 = 𝐸𝐸𝑝𝑝𝑒𝑒𝜀𝜀𝑒𝑒𝑒𝑒𝑒𝑒
𝑝𝑝𝑒𝑒  (10) 

  

 ∵    𝐸𝐸𝑝𝑝𝑒𝑒 =
𝐸𝐸𝑒𝑒𝑒𝑒𝐸𝐸𝑒𝑒𝑝𝑝

𝐸𝐸𝑒𝑒𝑒𝑒 − 𝐸𝐸𝑒𝑒𝑝𝑝 (11) 

 
where, 𝐸𝐸𝑝𝑝𝑒𝑒 is the plasticity modulus, 𝐸𝐸𝑒𝑒𝑒𝑒 denotes the modulus of elasticity and 𝐸𝐸𝑒𝑒𝑝𝑝 represents the elastic-plastic modulus 
or tangent modulus obtained from the engineering stress-strain data. However, the general formation of the loading 
surface with isotropic hardening is illustrated as: 

𝐹𝐹(𝜎𝜎, 𝑘𝑘) = 𝑓𝑓(𝜎𝜎) − 𝑘𝑘�𝜀𝜀𝑒𝑒𝑒𝑒𝑒𝑒
𝑝𝑝𝑒𝑒 � (12) 
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The parameter 𝑘𝑘�𝜀𝜀𝑝𝑝� represents the internal variable which is dependent on the effective plastic strain, not the strain 
path and shows the hardening of respective material. For the von Mises yield criterion, the hardening parameter (𝑘𝑘) can 
be evaluated by using Eq. (13) as: 

𝑑𝑑𝑘𝑘�𝜀𝜀𝑒𝑒𝑒𝑒𝑒𝑒
𝑝𝑝𝑒𝑒 �

𝑑𝑑𝑑𝑑 = ℎ
𝑑𝑑𝜀𝜀𝑒𝑒𝑒𝑒𝑒𝑒

𝑝𝑝𝑒𝑒

𝑑𝑑𝑑𝑑 → 𝑘𝑘�𝜀𝜀𝑒𝑒𝑒𝑒𝑒𝑒
𝑝𝑝𝑒𝑒 � = 𝜎𝜎𝑦𝑦𝑡𝑡 + ℎ𝜀𝜀𝑒𝑒𝑒𝑒𝑒𝑒

𝑝𝑝𝑒𝑒  (13) 

 
where ℎ is the material constant and 𝜎𝜎𝑦𝑦𝑡𝑡 represents the initial yield stress. In addition, a Ludwig equation (power curve 

relation) [58,59] is used to calculate the strain hardening index (n) and strength coefficient (K) also known as isotropic 
hardening modulus, by applying Eq. (14) on the simulated true stress-strain data as: 

𝜎𝜎 = 𝜎𝜎𝑦𝑦 + K𝜀𝜀𝑛𝑛 (14) 

3.0 EXPERIMENTAL AND NUMERICAL ANALYSIS 
This section focused on the fabrication and evaluation of the mechanical properties of conductive ink using tensile 

testing and nanoindentation technique. The material characterization was also carried out using a multi-linear isotropic 
hardening rule plasticity model. Results obtained from the tensile test were used to calibrate and validate using FEM. 

3.1 Materials  

Poly(dimethylsiloxane) hydroxy-terminated (PDMS-OH) of 110 × 103 g/mol molecular weight and 50 × 103 cSt 
viscosity used as a binder or epoxy resin. (3-glycidyloxypropyl) trimethoxysilane (ETMS) with 236.34 g/mol molecular 
weight, ≥98% purity, and 1.07 g/ml specific gravity at 25oC worked as a cross-linking agent that connects the binder with 
conductive filler. Octamethylcyclotetrasiloxane (D4) served as an organic solvent which is 99% pure with a molecular 
weight of 92.14 g/mol. Silver flakes of 2-3.5 µm size were used as a conductive filler, whereas the viscosity of the mixture 
was controlled by 99% pure toluene (92.14 g/mol molecular weight). Two catalysts were used to speed up the reaction: 
acetic acid (99% pure) and dibutyltin dilaurate (DBDTL – 631.56 g/mol molecular weight, 95% purity). All these 
chemicals were purchased from Sigma Aldrich. 

3.2 Fabrication of Conductive Ink 

The silver-based conductive ink was fabricated by mixing silver flakes with the base polymer PDMS-OH. Toluene 
was added and mixed in the solution for 24 hours on a magnetic stirrer at 220-280 rpm to dissolve all the silver particles 
in the binder. When all the silver particles were dissolved, then some amount of D4 and ETMS were added and mixed 
for further 5-10 minutes depending upon the solubility of the mixture. Lastly, some drops of acetic acid and DBDTL were 
added to the mixture before curing. The conductive ink mixture was then dispensed on a rectangular-shaped mould of 
specifications shown in Figure 1(a), and curing was done for 24 hours at room temperature. Three samples were made 
using the same procedure and proceeded to the experimentation.  

3.3 Uniaxial tensile testing 

The mechanical properties of formulated silver-based conductive ink were investigated initially by uniaxial tensile 
testing on UTM Instron 3360 at room temperature in the Rubber lab of USM. The test was carried out on three samples 
of ink at a loading rate of 10 mm/minute and 10 kN load cell. The schematic illustration of ASTM D412 type C standard 
dog-bone-shaped geometry and the ink sample with the rectangular portion of the standard is shown in Figure 1. 

  
(a) (b) 

Figure 1. (a) Dog-bone shaped standard geometry, (b) the rectangular silver ink sample  

To perform the experiment, the silver ink sample was fixed between the jaws at the length of 25 mm, which is the 
actual gauge length of the dog-bone standard. Three samples were tested one at a time. The stress-strain data of every 
sample was generated, and the final curve of the ink was plotted between the average engineering stress and engineering 
strain values of all three samples, as illustrated in Figure 2. This data was then utilized in a multi-linear isotropic hardening 
model, and FE analysis was done as explained in the following section.  
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Figure 2. Graphical representation of stress-strain data of silver-based conductive ink from UTM. The x-axis denotes 

the engineering strain and y-axis represents the engineering stress data 

3.4 Calculation of Material Properties by Plasticity Model 

The material characterization of formulated silver-based conductive ink was done by applying the experimental data 
on the multi-linear isotropic hardening plasticity model in Abaqus. The purpose of curve fitting analysis was to determine 
the approximated stress-strain curve that fit closely to the engineering stress-strain data. For curve fitting, Young’s 
modulus, yield stress, and plastic strain data were required. In order to get the yield stress and plastic strain values, the 
engineering stress-strain values from tensile testing were converted to the true stress and true strain, respectively, using 
Eq. (15) and (16). The true stress was represented as the yield stress, while the plastic strain values were obtained by 
subtracting the elastic true strain from the total true strain as expressed in Eq. (17). Lastly, the calculated yield stress and 
plastic strain data were used for further analysis. 

𝜀𝜀𝑡𝑡𝑎𝑎𝑡𝑡𝑒𝑒 = ln(1 + 𝜀𝜀𝑒𝑒𝑛𝑛𝑒𝑒) (15) 
  

𝜎𝜎𝑡𝑡𝑎𝑎𝑡𝑡𝑒𝑒 = 𝜎𝜎𝑒𝑒𝑛𝑛𝑒𝑒𝑒𝑒𝜀𝜀𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝜎𝜎𝑒𝑒𝑛𝑛𝑒𝑒(1 + 𝜀𝜀𝑒𝑒𝑛𝑛𝑒𝑒) (16) 
  

𝜀𝜀𝑝𝑝𝑒𝑒 = 𝜀𝜀𝑡𝑡𝑡𝑡𝑎𝑎𝑡𝑡𝑒𝑒 −
𝜎𝜎𝑡𝑡𝑎𝑎𝑡𝑡𝑒𝑒

𝐸𝐸𝑒𝑒𝑒𝑒  (17) 

 
where 𝜀𝜀𝑡𝑡𝑎𝑎𝑡𝑡𝑒𝑒 represents the true strain, 𝜎𝜎𝑡𝑡𝑎𝑎𝑡𝑡𝑒𝑒 is the true stress, 𝜀𝜀𝑒𝑒𝑛𝑛𝑒𝑒 denotes the engineering strain and 𝜎𝜎𝑒𝑒𝑛𝑛𝑒𝑒 is the 
engineering stress. 𝜀𝜀𝑝𝑝𝑒𝑒 gives the true plastic strain value, while the total true strain is symbolized as 𝜀𝜀𝑡𝑡𝑡𝑡𝑎𝑎𝑡𝑡𝑒𝑒. 

3.5 Nanoindentation Method 

The main principle of nanoindentation is to allow the indenter to penetrate the material by employing a high-resolution 
force actuator. Due to this penetration, the elastic and plastic deformations occur, and the hardness value of a material is 
then calculated. After removing the indenter from the material, the part that is covered is only the elastic part of the 
displacement, and from this, one can calculate the modulus of elasticity of the material. However, in this study, the 
nanoindentation technique was utilized to examine the mechanical properties of formulated silver-based conductive ink 
at the micro or nano level. The test was conducted on the Micro Materials NanoTest Vantage machine with a three-sided 
pyramidal indenter named Berkovich. This type of indenter has been widely used in the testing of various materials 
because it helps to induce the plasticity at very small loads and measure the hardness. The Berkovich indenter also reduces 
the influence of friction due to its large included angle. The synopsis of the platform of NanoTest Vantage machine in the 
Nanofabrication & Functional Material lab of USM is depicted in Figure 3. 

 
Figure 3. Platform of NanoTest Vantage machine. 
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A small amount of conductive ink sample with a thickness of 3 mm was mounted on the stub by applying 
cyanoacrylate adhesive between the interface of the sample and the stub. The stub was screwed onto the sample plate and 
placed into the working station on the machine by sliding the sample plate down. The sample plate was tightened on the 
sample mount until both became parallel to each other. For the new experiment and indent position definition, the transfer 
stage was moved back to the microscope position. The area of indentation on the sample was recognized by the visible 
light and scanning probe microscopes. The new recalibrate nanoindentation experiment was defined to ensure high 
precision in the nanoindentation experiment. The default parameters were used except the loading rate, dwell time and 
maximum load. Based on the literature, for soft materials like rubbers or rubber-like materials, various maximum loads 
have been used in accordance with the dwell time and loading rate [60–63]. In this analysis, a 5 mN load was applied to 
the material with a loading and unloading rate of 0.5 mN/s and dwell time of 2 secs. Ten indentations were marked on 
two specimens under both loads, and their respective average load-displacement curves were calculated. The obtained 
hardness and reduced modulus values were also validated by Oliver and Pharr’s method [64].  

The typical load-displacement curve that gives the values of maximum load (𝑃𝑃𝑚𝑚𝑡𝑡𝑚𝑚), maximum displacement (ℎ𝑚𝑚𝑡𝑡𝑚𝑚) 
and elastic unloading stiffness or contact stiffness (𝑆𝑆) (slope of unloading curve) can be found in [40]. As per the curve, 
the unloading curve behaves non-linearly, so, the power-law can be used to interpret the unpredictable behavior of the 
material in which the values of load (𝑃𝑃) and depth (ℎ) can be taken at any point of the curve [65] as: 

𝑃𝑃 = 𝛼𝛼�ℎ − ℎ𝑒𝑒�
𝑚𝑚 (18) 

 
where, m is the geometry constant of the indenter, which is equal to 1.5 for the Berkovich indenter, while 𝛼𝛼 is the material 
constant which can be found from the regression analysis. Theoretically, the final depth after complete unloading is 
denoted by ℎ𝑒𝑒 but in the Oliver-Pharr method, it represents the fitting parameter obtained via the regression method. For 
fitting the power law, only the upper unloading data is used. 

 
Figure 4. Loading and unloading process showing parameters during nanoindentation 

The schematic representation of nanoindentation machine alongwith loading, unloading, and sink-in of the material 
during nanoindentation is shown in Figure 4. It is important to assume that the contact periphery sinks in a manner which 
can be described by models for indentation of a flat elastic half-space by rigid punches of simple geometry. Assuming 
that pile-up is negligible, the elastic model shows the amount of sink-in, ℎ𝑠𝑠 is given in Eq. (19), where 𝜖𝜖 (geometry 
constant of indenter) = 0.75 for paraboloid Berkovich indenter with an angle of 𝜙𝜙 =  70.3°. The contact depth (ℎ𝑐𝑐) is 
used to calculate the projected contact area, i.e., 𝐴𝐴 =  𝐹𝐹(ℎ𝑐𝑐) as shown in Eq. (20). However, from Fischer-Cripp [66], 
the projected area of the contact is obtained by Eq. (21).  
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ℎ𝑠𝑠 = 𝜖𝜖

𝑃𝑃𝑚𝑚𝑡𝑡𝑚𝑚

𝑆𝑆  (19) 
  

ℎ𝑐𝑐 = ℎ𝑚𝑚𝑡𝑡𝑚𝑚 − 𝜖𝜖
𝑃𝑃𝑚𝑚𝑡𝑡𝑚𝑚

𝑆𝑆  (20) 
  

𝐴𝐴𝑝𝑝 = 24.49ℎ𝑐𝑐
2 (21) 

 
After calculating the projected area, the hardness, elastic modulus and stiffness can be calculated using Eq. (22), (23) 

and (24), respectively. 

𝐻𝐻 =
𝑃𝑃𝑚𝑚𝑡𝑡𝑚𝑚

𝐴𝐴  (22) 

  
1
𝐸𝐸𝑎𝑎

=
1 − 𝜈𝜈𝑠𝑠2

𝐸𝐸𝑠𝑠
+

1 − 𝜈𝜈𝑖𝑖2

𝐸𝐸𝑖𝑖
 (23) 

  

𝑆𝑆 =
𝑑𝑑𝑃𝑃
𝑑𝑑ℎ =  𝛽𝛽

2
√𝜋𝜋

𝐸𝐸𝑎𝑎√𝐴𝐴 (24) 

 
where, 𝛽𝛽 represents the geometry shape factor of Berkovich indenter and is equal to 1.034. Based on the value of 

geometry shape factor, plastic depth (hp) is the same as the contact depth (ℎ𝑐𝑐) when 𝛽𝛽 = 1 or near to 1. For the present 
study, it was assumed that ℎ𝑝𝑝 = ℎ𝑐𝑐 and the modulus of elasticity (𝐸𝐸𝑖𝑖) and Poisson’s ratio of indenter were taken as 1141 
GPa and 0.07, respectively. From Figure 5, it can be seen that the unloading curve behaves non-linearly; therefore, Eq. 
(18) can be used to define the nonlinear behavior of the material in which the values of load (𝑃𝑃) and depth (ℎ) are taken 
at any instant of the curve [65]. The reduced modulus (𝐸𝐸𝑎𝑎) was obtained from the nanoindentation test and Poisson’s ratio 
for silver-based conductive ink was considered as 0.37. These values were then compared with the tensile testing Young’s 
modulus.  

4.0 RESULTS AND DISCUSSIONS 
The experimental test data obtained from the uniaxial tensile testing machine was implemented on the multi-linear 

isotropic hardening plasticity model in simulation software. The curve-fitting results were then compared with the 
experimental data in order to validate the results. Furthermore, the load-depth curve from nanoindentation and different 
parameters used in this technique were evaluated. The comparison between the elastic modulus obtained from tensile test 
and indentation was also done.  

4.1 Application of plasticity model and simulation results 

Since conductive ink is a combination of rubber-like material and conductive filler, therefore, it is considered as a 
polymeric composite that has both elastic and plastic properties. Such type of composites possesses nonlinear behavior 
under tensile loading due to the presence of base polymer and do not obey simple Hooke’s law. Subsequently, to study 
the complex behavior of polymeric composites, the constitutive modeling in respect of the elastic, perfectly-plastic or 
elastic-plastic nature of the material is carried out. In the present study, the experimental stress-strain data of silver-based 
conductive ink were converted to equivalent plastic strain and yield stress data using mathematical expressions of true 
strain and true stress, respectively. This data was then imported to the simulation software, and FE analysis was done. 

A 3D rectangular-shaped model of the ink, having a geometry similar to that used for tensile testing, was generated 
into a commercially available FE software Abaqus. The elastic properties of the ink were taken as 5.72 MPa Young’s 
modulus and Poisson’s ratio 0.37. Similarly, for elastic-plastic analysis, the calculated plastic strain and yield stress data 
from tensile testing were added to the plasticity section of the material properties and isotropic hardening was chosen. 
The hexahedral elements with linear formulation C3D8RH were opted for meshing. This type of meshing represents the 
8-node linear bricks, hybrid formulation, constant pressure and reduced integration along with the hourglass control. The 
boundary conditions were applied at both ends of the sample after meshing. One end was fixed in all directions, i.e., 𝑈𝑈𝑚𝑚 =
𝑈𝑈𝑦𝑦 = 𝑈𝑈𝑧𝑧 = 0, while on the other end, 25 mm displacement in the y-direction was implemented, and the displacement 
along two directions, x and z, were equal to 0, i.e., 𝑈𝑈𝑚𝑚 = 𝑈𝑈𝑧𝑧 = 0. The applied boundary conditions and meshing of the 
proposed parametrized FE model for silver-based conductive ink are described in Figure 5. 
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Figure 5. FE model of silver ink with meshing and boundary conditions 

The simulations were accomplished on a machine with 3.60 GHz Intel(R) Xenon Core 4 CPU, 4 GB RAM and x64-
based processors. The simulated and experimental true stress vs true total strain were expressed in Figure 6. It is worth 
noticing that the simulated results are in good agreement with the experimental data; therefore, the multi-linear isotropic 
hardening model is suitable for the current formulated ink under the aforementioned elastic properties. 

 
Figure 6. Comparison of true stress-strain data obtained experimentally and simulating the multi-linear isotropic 

hardening model. The x-axis denotes true strain, and y-axis represents true stress 

Furthermore, the true stress-strain curve for the elastic-plastic model is comprised of elastic and plastic regimes; 
therefore, the strain hardening and hardening modulus of the material also plays a vital role in studying the plastic 
behavior. As a matter of fact, the strain hardening index or work hardening parameter (𝑛𝑛) is defined as the measurement 
of a material to gain strength quickly under deformation. Thus, for the isotropic hardening plasticity model, the power 
law was used to fit the simulated true stress-strain data in order to evaluate the strain hardening exponent (𝑛𝑛) and isotropic 
hardening modulus (Κ). The values of these material constants after curve fitting were obtained as 1.268 and 2.625 MPa, 
respectively, with the coefficient of determination (𝑅𝑅2) equal to 0.9994. 

4.2 Nanoindentation Experiment 

The nanomechanical properties such as elastic modulus, hardness, plastic deformation, and elastic and plastic work, 
of silver-based conductive ink were investigated by the nanoindentation technique. A load-controlled mechanism was 
used to make ten indents on the sample at equal lengths. The material started to deform soon after the application of the 
indenter on the surface of the sample. The peak load applied to the sample was 5 mN with 2 secs dwell or holding time 
and 0.5 mN/s loading and unloading rate. The loading and unloading curve obtained after every indent giving the 
respective load and depth data points. The average of these data points was taken to analyze the behavior of formulated 
ink at the nanoscale level. Figure 7 shows the load-depth curve of the ink. 
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Figure 7. Load (𝑃𝑃) and depth (ℎ) curve of conductive ink. 

It can be seen from the above figure that the plastic work of the sample is represented by the area under the curve and 
the area from maximum depth (ℎ𝑚𝑚𝑡𝑡𝑚𝑚) to the permanent deformation or the final depth (ℎ𝑒𝑒) denotes the elastic work. This 
graph shows that the ink exhibited both elastic-plastic behavior depending on the applied load, loading/unloading rate 
and holding time. Furthermore, the Oliver-Pharr method was used to calculate the reduced modulus, modulus of elasticity, 
stiffness and hardness values of the sample theoretically and then compared with the indentation test results as illustrated 
in Table 1.  

Table 1. Mechanical properties of silver-based ink by nanoindentation technique 
Parameters Nanoindentation machine Oliver-Pharr method % error 
Reduced modulus (𝐸𝐸𝑎𝑎) 34.53 MPa 38.04 Mpa 9.23 
Stiffness (𝑑𝑑𝑃𝑃/𝑑𝑑ℎ) 0.000105 mN/nm 0.0001048 mN/nm 0.19 
Modulus of elasticity (𝐸𝐸𝑠𝑠) 29.80 MPa 32.83 MPa 9.23 
Hardness (𝐻𝐻) 1.45 MPa 1.424 MPa 1.83 

 
From Table 1, it can be inferred that the elastic modulus, reduced modulus, and hardness of silver-based conductive 

ink obtained by nanoindentation and the Oliver-Pharr method are somehow in good agreement with each other. In 
addition, the reduced modulus can be calculated through nanoindentation, which depends on the stiffness or slope of the 
unloading curve. The stiffness is measured at the start of the unloading curve, and because of this reason, the reduced 
modulus values become very high, whereas such values may decrease in the lower part of the unloading curve. Despite 
this, the elastic modulus obtained by nanoindentation (29.80 MPa) was compared with that of the tensile measurements 
(5.72 MPa) and found that it was very high as compared to the tensile modulus of elasticity. This is because the evaluation 
of the modulus of elasticity of polymers and their composites mainly depends on the type and environment of the 
experimentation used for the analysis. Based on the soft nature and variation in the properties of these materials under 
different working environments, the elastic modulus values from the uniaxial tensile test and nanoindentation technique 
are not similar to each other. Thus, the elastic modulus is always higher during indentation method than the tensile testing 
because of the following reasons: (a) the polymers are not homogenous throughout the length scales; (b) the indentation 
measurements are limited to the region of indenter contact, that is from millimetres to nanometers, depending on the 
indenter size and geometry; (c) the macroscopic deformations occur during tensile measurements using the full-length 
sample; and (d) the elastic modulus from indentation is perpendicular to the orientation of the sample, whereas, the tensile 
test provides the modulus along the direction of the sample.  

Consequently, the present study examined the mechanical and material characterization of silver-based conductive 
ink under macro and micro levels of testing and constitutive modelling. Several formulations for conductive inks have 
been proposed by various scientists to evaluate their modulus of elasticity, stretchability and hardness values depending 
on the application. However, the obtained results of this research are compared with the associated work, as illustrated in 
Table 2. According to Table 2, it can be observed that the current formulation of silver-based conductive ink at room 
temperature exhibited good stretchability with respective modulus of elasticity than the other conductive inks, as these 
inks mostly required higher temperatures of fabrication and curing. However, the key factors in designing a good 
conductive ink are the manufacturing process, fabrication and curing temperatures, conductive filler and the polymer 
binder. So, by considering all the factors, it can be said that Ag-PDMS conductive ink is useful for stretchable electronic 
devices with up to 137% stretchability and 1.45 MPa hardness. 
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Table 2. Comparison of current research findings with the other related studies 

Ref. Conductive Material Polymer 
matrix Stretchability Elastic 

modulus Hardness Filler Size 

[67] CuNWs 10 wt.% PHB - - 0.35 GPa 
10 wt.% PHO - - 0.0137GPa 

[68] MWCNTs 0.75 wt.% Epoxy-acrylate - 2.05 GPa 0.094 GPa 

[69] Ag flakes 0.6-4.0 µm 
(70%) 

Acrylic 
polymers - 492±39 

Pa - 

[70] CuNWs L = 20 µm 
D = 60 nm PVA-PDMS 60% 37.5 kPa - 

[71] Ag powder 2-3.5 µm PDMS 150% 8 MPa - 

[72] AgNWs L = 8 µm 
D = 60 nm PLA 3% 3048 

MPa - 

[73] CNT 0.5 wt.% TPU - 74.8 MPa 83.6 MPa 
Modified CNT 0.5 wt.% 65 MPa 84.5 MPa 

[74] AgNPs > 100 nm PVP 130% - - 
[75] AgNPs < 100 nm PDMS 70% - - 

Present study Ag powder 2-3.5 µm PDMS-OH 137% 5.72 MPa 1.45 MPa 
Note: CuNWs: Copper nanowires, MWCNTs: Multi-walled carbon nanotubes, AgNWs: Silver nanowires, AgNPs: Silver 

nanoparticles, PHB: Polyhydroxybutyrate, PHO: Polyhydroxyoctanoate, PVA: Polyvinyl alcohol, PDMS: Polydimethylsiloxane, PLA: 
Polylactide, TPU: Thermoplastic polyurethane, PVP: Polyvinylpyrrolidone 

5.0 CONCLUSIONS 
The purpose of this study is to investigate the mechanical properties of formulated silver-based conductive ink for 

stretchable electronics applications. Two methods opted for experimental analysis: uniaxial tensile testing and 
nanoindentation technique. Initially, the ink was fabricated using silver powder as a conductive filler and PDMS-OH as 
a binder. The following results were obtained during this study: 

i. The modulus of elasticity, tensile strength and yield stress of the ink at 137% stretchability before rupture were 
obtained as 5.72 MPa, 1.195 MPa and 0.86 MPa, respectively. 

ii. The experimental stress-strain data, in the form of yield stress and plastic strain values, was implemented on 
the multi-linear isotropic hardening plasticity model to analyze the complex behavior of the ink. 

iii. As a consequence, the simulation results were in good agreement with the experimental true stress-strain values. 
However, these results may be slightly changed from the experimental because of the change in thickness and 
displacement values. 

iv. In addition, the nanoindentation technique was utilized to determine the hardness and elastic modulus values 
of the silver conductive ink at 5 mN peak load, 0.5 mN/s loading rate and 2 sec holding time as 1.45 MPa and 
29.80 MPa, respectively. 

v. The nanoindentation results were compared with the theoretical values obtained by the Oliver-Pharr method, 
and as a result, it is concluded that the nanoindentation method is designed on the theory proposed by Oliver 
and Pharr. 

vi. Moreover, the modulus values obtained from nanoindentation are very high than the elastic modulus of tensile 
testing because the indentation measurements are limited to the region of indenter contact, while, in tensile 
testing, the modulus is measured using the full-length sample. 

vii. Lastly, the mechanical properties of the proposed silver-based conductive ink were compared with the other 
formulations proposed by many researchers, and it was found that the current silver ink could stretch up to 
137% with 1.45 MPa hardness for particular applications such as wearable electronics. 
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