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ABSTRACT  
  

Stretchable conductive ink has been widely investigated to be used in the fabrication of 
stretchable electrical devices. Experimentation methods to test the mechanical and 
electrical behaviours of the stretchable conductive ink composite are commonly applied; 
however, not much of the computational approach has been scrutinized to validate the 
results further. This paper employs the finite element analysis method to investigate the 
relationship between the stress and strain distribution of the stretchable conductive ink with 
the highest strain obtained. This research validates the past experimentation works of 
different patterns of stretchable conductive ink for its stretchability and electrical 
performance. The maximum Von Mises stress (VMS) and maximum principal strain of the 
stretchable conductive ink played a significant role in determining its electrical 
performance, rather than the localisation of high stress and strain at specific locations 
within the stretchable conductive ink pattern. Zigzag pattern exhibited the lowest maximum 
stress and strain concentration at 57.826 MPa and 4.05% while straight pattern suffered the 
highest respective values at 118.143 MPa and 10.39%. The lower maximum Von-Mises stress 
and principal strain contributed to a better stretchability which is indicated by a higher 
strain rate prior to electrical conductivity. 

  
Keywords: stress distribution analysis, strain distribution analysis, FEA, SCI, stretchability.  
 
 

1. INTRODUCTION  

 
The electronics industry has experienced a paradigm change in recent years toward developing 
both flexible and stretchable devices [1]. Flexible and printable electronics have received 
considerable interest and are generally regarded as the electronic industry's future [2]. A 
stretchable electronic circuit (SEC) is a technique developed to boost the flexibility, twistability, 
and stretchability of a rigid printed circuit board (PCB) [3].  
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In contrast, a conductive circuit is a critical component of PCB. As it goes by the name, stretchable 
conductive ink (SCI) is a type of ink that is able to stretch while maintaining its electrical 
conductivity. SCI is the primary component of SEC [4]. The SCI composite must include some kind 
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of conductive filler as the dispersed phase to be conductive. SCI is used to assess the composite's 
electrical or thermal conductivity and its ability to stretch or flex, which varies based on the type 
of conductive filler used. Numerous kinds of conductive fillers are shown in the laboratory [5]–
[7] as well for commercial usage [8], [9]. Silver (Ag), gold (Au), and copper (Cu) nanoparticles are 
presently the most often used conductive fillers. The silver nanoparticle is often used as a 
conductive ink filler to increase the ink's conductivity since it has the most excellent electrical 
conductivity of all metal-based fillers [10]. However, the experimentation technique may be 
expensive owing to the need to repeat each experiment to get normalised or averaged data. Unlike 
experimental method, the growth of universal or local stress and strain resulted from external 
applied force can be calculated through computational simulation method. Thus, this method can 
be used to access the development of both stress and strain level within the SCI under various 
mechanical loadings.  
 
Along with experimental procedures, numerical techniques based on digital computers are 
becoming a viable option. The numerical methods for structural analysis are classified into three 
categories: the long-established but limited capability finite difference method, the finite element 
method (developed from earlier structural matrix methods), which gained popularity in the 
1950s with the advent of digital computers, and the boundary element method, which emerged 
more than a decade later [11]. The primary goal of computer analysis is to validate experimental 
research rather than totally replace it, since the experimental findings may be the input 
parameters for the computational approach. In this study, a stress distribution analysis of Ag SCI 
will be conducted to validate the experimental result [1] through the finite element analysis (FEA) 
method by using Abaqus software. It was shown that different interconnect shapes may offer 
various ranges of stretchability as they influence the development of other stress and strain levels 
within [12]–[14]. Patterns of straight, square, sinusoidal, and zigzag are employed to evaluate 
each pattern's stress and strain distribution when subjected to different uniaxial loadings and 
biaxial loading. From the experiment, in terms of maximum elongation percentage before the ink 
started to lose conductivity, the zigzag line pattern showed the best result, following sinusoidal, 
square, and lastly straight pattern as shown in Table 1 [1]. 
 

Table 1. Maximum elongation rate before each pattern starts losing its conductivity [1] 
 

Pattern   Maximum Strain (%)  

Straight 1.11 

Square 3.33 

Sinusoidal 6.67 

Zigzag 7.78 
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2.  METHODOLOGY  

Finite element analysis (FEA) is the process of modelling the behaviour of a component or 
assembly under specified conditions to evaluate it using the finite element method (FEM). The 
results obtained through simulation were captured in the “Visualization” module, readily for view 
in both contour and symbol plot. Abaqus’ output database offers multitude output types, 
including Von Mises Stress (VMS) and maximum principal strain. Theoretically, a material with 
lower VMS will fracture earlier under the same loading condition relatively to a material 
possessing higher VMS value. The same logical assessment can be applied for the principal strain, 
whereby a material having a higher maximum principal strain is assumed to yield earlier at the 
same loading condition compared to a material with relatively lower maximum principal strain. 
Thus, the effect of having different patterns of SCI interconnect can be accessed by evaluating the 
values of stress and strain for each of the patterns used. 
 
There were four patterns used in this study to analyse the VMS and the maximum principal strain 
of the SCI. Abaqus automatically displays the VMS constant stress tensor curve as a default. When 
a material's plastic yielding is present, this amount is quite helpful. VMS is a formula that 
combines the principal stresses to provide equivalent stress compared to the material's yield 
stress as denoted in equation 1 [15]. 
 

(σ1 − σ2 )2 + (σ2 −  σ3)2 + (σ3 − σ1)2 = 2σe
2  (1.0) 

 
Where σ1, σ2, and σ3 are the principal stresses in the direction of x-, y-, and z-axis respectively, 
and σe is the equilibrium stress 
 
Maximum principal strain theory, also called Saint Venant's theory, is the highest value of 
significant strain developed in the body that surpasses the limiting value of strain, that is, the 
strain value corresponding to the yield point of the material causing it to fail. Thus, when the 
maximum principal strain subjected to a biaxial or triaxial state of stress equals the strain at the 
yield point of a reference specimen submitted to a basic tensile test, the component fails. For a 
triaxial loading, let us consider the following parameters. For triaxial loading, these sets of 
parameters are considered: (i) Young's modulus = E, (ii) Poisson’s ratio = µ, (iii) Principal stresses 
= σ1, σ2 and σ3, and (iv) Principal strains = ϵ1, ϵ2 and ϵ3 
 
Under this loading, it is assumed that "ϵ1 > ϵ2 > ϵ3"' and this assumption follows the generalised 
Hooke's Law concept. Along with the hypothesis, the maximum principal strains can be expressed 
in terms of principal stresses along with the properties of Young's modulus and Poisson's ratio 
into the equation 2.0 until 2.2. 
 

ϵ1 =
σ1

E
− μ

σ2

E
− μ

σ3

E
  

ϵ1 =  
1

E
[σ1 −  μ(σ2 +  σ3)] 

(2.0) 

ϵ2 =  
1

E
[σ2 −  μ(σ3 +  σ1)] 

(2.1) 

ϵ3 =  
1

E
[σ3 −  μ(σ1 +  σ2)] 

(2.2) 

 
Now, considering standard specimen subjected to uniaxial tension in a simple tensile test, assume 
that simple specimen has a yield point strain of ϵyt. Since it is a simple uniaxial loading, we can 
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apply the simple Hooke's Law, which is ϵyt = σyt/E. From Saint Venant's Theory, failure will occur 
when ϵ1 > ϵyt, deriving equation 2.3 and 2.4. 
 

 
1

E
[σ1 −  μ(σ2 + σ3)] ≥  

σyt

E
 

(2.3) 

Eq. (2.3) can be simplified as: [σ1 −  μ(σ2 +  σ3)] ≥  σyt (2.4) 

 
For the preliminary testing, a few patterns were developed within the simulation software. The 
patterns are adapted from the past experimentation works conducted to examine further the 
effect of in-plane stress and strain distribution on the electrical performance of SCI [1]. The finite 
element analysis (FEA) simulation upon the patterns was run by Abaqus software. The 
stretchability of the patterns was evaluated by observing the maximum principal strains and the 
VMS of the patterns at different locations. The four patterns that were used are straight, 
sinusoidal, zigzag, and square patterns. The straight line was made as to the baseline patterns for 
the comparison purpose. Equation 4.0 gives the average stress. 
 

σavg = (σmax + σmin)/2 (4.0) 

  
Where σavg, σmax, and σmin represent average stress, maximum stress, and minimum stress.  
 
2.1. Model of SCI  

 
As aforementioned, four different patterns were chosen, modelled, and simulated by FEA 
software further to analyse the stress-strain behaviours of each design. The length of each pattern 
was set to be 90 mm. The ink's width and thickness were 3 mm and 0.005 mm, respectively. The 
length, width, and thickness of the substrate were set to be 95 mm, 30 mm, and 0.1 mm, 
respectively. The dimensions of the modelled pattern within the simulation software were 
chosen to resemble the dimension of patterns from recent experimental work by Yunos et. Al. [1] 
to explore the correlation of induced stress and strain to experimental method. All the patterns 
will be embedded in the middle of the substrate. Figure 1 indicates the general dimension for the 
model of the pattern for straight-line pattern, and the same measurement is applied to other 
patterns. Figure 2 denotes the model for other patterns employed in this research viewed from 
the top. 
 

 
Figure 1. General dimension for the model of SCI pattern 

 

(a)  (b) 
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(c) 

 
 

(d) 

 

Figure 2. Modelled silver ink patterns of (a) Straight, (b) Sinusoidal, (c) Zigzag, and (d) Square 

 

2.2. Material Properties 
 
The material used as the SCI is silver ink which is a metal nanoparticles filler and thermoplastic 
urethane (TPU) as the substrate. Mechanical data such as Young's Modulus and Poisson's ratio 
for the silver ink was obtained from other research employing a similar type of ink and substrate 
[5]. Table 2 describes the properties of silver ink and TPU substrate implemented in the 
simulation. The mechanical behavior of the SCI was set to be elastic to observe the stretchability 
of the SCI when subjected to uniaxial stretching of 10%. 
 

Table 2. Properties of ink and filler used in the simulation 
 

Materials     Properties  

 Young's Modulus (MPa) Poisson's Ratio Density (kg/m3) 

Silver ink 1034.21 0.25 2.2 × 103 

TPU substrate 11.55 0.45 1.2 × 103 

 
2.3. Mesh Convergence Study  
 
Mesh convergence tests for two patterns, straight and zigzag, were conducted. This test was done 
to obtain valid results and reduce the computational period, as further increasing the elemental 
counts will prolong the computational period. Both of the patterns were chosen due to the 
different meshing densities used—straight patterns employed 0.5 and 1 mm for ink and 
substrate, respectively. As for zigzag, square, and sinusoidal patterns, 0.7 mm and 1 mm meshing 
densities were applied for ink and substrate, respectively. However, a zigzag pattern was selected 
as the representative for square, and a sinusoidal pattern for this test as all three possessed 
approximately similar elemental counts at 0.7 mm meshing density. 
 
2.4. Boundary Conditions (BC)   
 
Boundary conditions (BC) are limitations that must be met to solve boundary value issues. All the 
models of silver ink made of different patterns used in the simulation were subjected to uniaxial 
(longitudinal and lateral) or biaxial loading.  
 
2.4.1. Uniaxial Longitudinal and Lateral Loading 
 
In the model, one of the ends was subjected to a fixed support, while the other was subjected to 
uniform load, as shown in Figure 3. In this case, the mechanical loadings comprise of elongation 
stress and strain. For the simulation purpose, three boundary conditions employed to model the 
patterns, namely BC1, BC2, and BC3, respectively. Figures 3(a) and 3(b) show the model's 
schematic diagram subjected to the loadings from boundary conditions. 
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(a) 

 
(b) 

 
Figure 3. Schematic diagram of the model at the application of BC1, BC2, and BC3 for (a) longitudinal 

and (b) lateral loading. The fixed end and loading point location is denoted by the triangular shape and 
arrows, respectively while the dotted lines on the substrate denoted that the surface was constrained 

from deflection in z-axis. Light red shape denotes the substrate while black shape denotes the ink on top 
of the substrate. All the patterns employed the same boundary conditions. 

 
BC1 is the fixed end, at x = 0 mm, and y = 0 mm for uniaxial longitudinal and lateral loading, 
respectively. BC1 was applied normal to the cross-sectional area region of the end (substrate), 
causing the whole surface area to be constrained in displacement and reaction force. For 
longitudinal loading, BC1 was set to along y = 0 and along x = 0 for lateral loading. 
 
BC2 covered the whole body of the model, where the entire model was constrained from 
rotational displacement in all directions and translational displacement normal to the model. 
Blue dots within Figures 3(a) and 3(b) represent the area of constraint indicated by BC2. 
Implementing this boundary condition assumes that the model will not deform out-of-plane from 
the applied elongation. Thus, the expansion and contraction of the model do not occur out of the 
x-y plane (∂z = 0, θz = 0). 
 
For the BC3 established in the model, a reference point is constructed at the centre point of the 
cross-sectional area of another end. A coupling system is established for the whole cell coupling 
the cross-sectional area to the reference point (centre point), where the elongation (∆Lx and ∆Ly) 
was applied. Thus, for uniaxial longitudinal stretch, the stretching is ∆Lx1 and ∆Ly1 for lateral 
stretch. The maximum elongation rate obtained experimentally is 7.78%, according to Table 1. 
To ease the calculation of the input values, the point that represents the whole end was subjected 
to stretching that caused the model to elongate with 10% strain which is equivalent to 9.5 mm 
elongation for longitudinal extension and 3 mm for lateral loading. Although the model in Figure 
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3 illustrated the implementation of straight pattern, the same boundary conditions were applied 
to different shape of ink patterns such as sinusoidal, zigzag and square. 
 
2.4.2. Biaxial Loading 
 
Another type of tensile loading is stretching the body or model on both x- and y-axis. This type of 
pulling is called biaxial tensile loading, where all ends of a square planar body/model are 
subjected to tensile load. In simpler words, biaxial loading combines both uniaxial longitudinal 
and lateral loading. 
 

 

 
Figure 4. Applied boundary conditions for the model implementing the biaxial tensile loading. Just like 

uniaxial loading, dotted lines denoted the on the substrate denoted that the surface was constrained 
from deflection in z-axis while arrows indicated the loading point on each direction of the substrate.  

 

Blue dots in the model are shown in Figure 4, denoting that the model was constrained from 
moving or displacing in the z-axis (out-of-plane) as it is free to deform in both x- and y-axis along 
with the applied elongation. Equation (3.0) until Equation (3.3) show the simplified tensile 
loadings applied onto each model implemented in this study. ∆Lx1 and ∆Ly1 represent the uniaxial 
longitudinal and lateral tensile loading. ∆Lx and ∆Ly represented the total stretching in the x-
direction and y-direction, respectively. Biaxial tensile loading, ∆Ltotal, is denoted by Equation (1.5), 
where it is the sum of the total deformation of length in both longitudinal and lateral axis. The 
key difference between uniaxial and biaxial loading is that for the latter, tensile loading was 
applied in all directions compared to a single direction for uniaxial loading. 

 
 

∆Lx1 = ∆Lx2 = 1.5 mm (3.0) 

∆Ly1 = ∆Ly2 = 4.75 mm (3.1) 

∆Lx = ∆Lx1 + ∆Lx2 = 3 mm (3.2) 

∆Ly = ∆Ly1 + ∆Ly2 = 9.5 mm (3.3) 

∆Ltotal = ∆Lx + ∆Ly = 12.5 mm  

 
2.4.3. Contact Properties Between Ink and Substrate 
 
During the simulation, the surface of both ink and substrate are tied to each other through the 
master and slave-tie method, which is based on an assumption of no slipping between inks and 
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substrate's contact surface. In contrast, the silver ink is modelled as isotropic material possessing 
a linear elastic behaviour. Abaqus/CAE automatically gives master and slave designations to 
surfaces in a recognised contact pair. When mesh surfaces are assigned master and slave 
designations, rigid surfaces always become the master; if the contact pair has two rigid surfaces, 
the master and slave roles are assigned arbitrarily. Abaqus/CAE evaluates the mesh densities of 
the two deformable surfaces in contact pairs; the surface with the coarser mesh becomes the 
master surface. In this case, since the TPU substrate is more rigid than the silver ink, it was set as 
the master surface [16]. This explained the higher meshing density for TPU relatively to the silver 
ink since higher density contributed to a coarser mesh. 
 
3. RESULTS AND DISCUSSION  
 
3.1. Results of Mesh Convergence Study 
 
Mesh convergence study in Figure 5 shows that the stress from the models is less than 10%, with 
the meshing density of the models set to be 0.7 and 1 for ink and substrate, respectively. Due to 
heavy computational workload leading to a lengthy simulation period, two patterns were chosen 
for the mesh convergence study. From past experimental work, straight pattern suffered the 
lowest conductivity after stretching while zigzag possessed the highest conductivity. Thus, these 
two patterns were chosen for this study to reduce the computational workload. For straight 
pattern, the value of maximum VMS began to stabilise as the element counts of the ink were 
increased to 517 elements, which resulted from the meshing density of 0.7 mm. In the case of the 
zigzag pattern, stabilisation of the maximum VMS occurred when the number of elements applied 
for simulation exceeded 1042, which, too, resulted in the meshing density of 0.7 mm. Thus, it can 
be said that for all patterns, the results obtained by the employment of meshing density of 0.7 
mm or lower are sufficient to provide legit results. Lower mesh density for the straight design 
(0.5 mm) was employed solely to better match the number of elements with the other three 
remaining patterns. The number of nodes and elements of each pattern used generated from the 
mesh seed density of 0.7 is tabulated in Table 3. Post-validation, the model will be subjected to 
biaxial tensile load to further analyse the SCI model's behaviour under various mechanical 
loadings. For the validation purpose, the VMS and maximum principal strain for longitudinal 
tensile loading will be simulated and compared with the result obtained from the experimental 
works conducted as per Table 1. The distribution of both stress and strain resulting from the 
longitudinal tensile loading will be analysed and correlated with the findings from the past 
experimental work. 
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Figure 5. Graph of mesh convergence study for two patterns chosen; straight and zigzag 

 
Table 3. Number of nodes and elements generated from the meshing results of each pattern 

  

Pattern Meshing Properties 

 No of nodes No of elements 

Straight 2534 1080 

Square 2944 1222 

Sinusoidal 2468 1002 

Zigzag 2514 1042 

Substrate 5952 2850 

 
Table 4 shows the Von Mises Stress (VMS) obtained for all the patterns when subjected to uniaxial 
tensile loading of 10%.  
 
Table 4. Tabulation of VMS for uniaxial longitudinal tensile loading of all the patterns 
 

Pattern Von Mises Stress (VMS) (MPa) 

 Maximum Minimum Average 

Straight 118.143 65.760 91.952 

Sinusoidal 63.134 9.185 36.160 

Zigzag 57.826 11.354 34.590 

Square 112.865 46.158 79.512 

 
3.2. Maximum VMS Distribution on Patterns for Uniaxial Loading  
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3.2.1. Uniaxial Longitudinal Loading 
 
The tabulated data obtained through the simulation process in Table 4 shows that the highest 
VMS occurred in a straight pattern, with the maximum stress captured at 118.143 MPa, followed 
by square, sinusoidal and zigzag patterns with 112.865, 63.134, and 57.826 MPa, respectively. 
For the sinusoidal line, the high concentration of stresses is located at various locations within 
the ink near the longitudinal centreline of the substrate (line of the half-width of the substrate), 
as shown in Figure 6(b). For straight ink, it is observed that the highest stress is accumulated in 
the middle of the ink with the stress value of 118.143 MPa, as the high-stress concentration covers 
up more than 90% of the ink surface. The stress concentration decreases as it approaches the 
longitudinal end of the straight ink, away from the centre of the pattern. High average stress 
distributed within the design contributed to the electrical conductivity's failure more than the 
localisation of high stress at a particular location within the conductive patterns. The high-stress 
value imposed on a large area of the straight ink pattern could incite the formation of more cracks 
within the silver ink's design, causing more defects; thus, the electron transfers are unable to 
move smoothly due to the scattering mechanism [1]. In Figure 6, take note that the stress contour 
for each stand-alone ink pattern is quite different compared to when observed at the whole 
system (ink on top of substrate). The stress contour of each ink pattern for the whole system 
illustrated a higher stress concentration due to each ink pattern suffered relatively higher 
concentrated stress compared to substrate. However, for a stand-alone ink pattern, the 
concentration of stress for each pattern was independent to the that of substrate as the substrate 
was ‘hidden’ to monitor the stress concentration of the ink directly. Thus, the stress indicator 
appeared in the left side of Figure 6 for each pattern was not applicable to the stress 
concentration for each of its stand-alone ink pattern. Hence, a slight difference in stress 
concentration between both systems can be seen. The same case was applied to each stress 
contour figure for each pattern onward. 
 
As for the square ink pattern, higher stress accumulated at the outer edge of the square pattern. 
For the zigzag pattern, the maximum stress is distributed at the line closer to the outer edge of 
the zigzag pattern, with the highest stress recorded at 57.816 MPa. The FEA finding shows that 
the straight-line pattern induced the highest stress value at a more significant portion of the ink's 
surface when subjected to the uniaxial longitudinal tensile loading. As seen in Figure 6(b) until 
6(d), other patterns exhibited a better distribution with a lower peak stress value than a straight-
line pattern.  
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Figure 6. The stress distributions when subjected to uniaxial longitudinal tensile loading for (a) straight, 

(b) sinusoidal, (c) zigzag, and (4) square pattern, respectively 

 
 
3.2.2. Validation of Results from Uniaxial Longitudinal Loading 
 
The results of the maximum VMS imposed on different patterns of the ink fit the finding from the 
past research works referring to Table 1. It can be said that the higher the VMS imposed on the 
ink pattern resulting from the longitudinal stretch, the lower its ability to deform before losing 
its electrical conductivity. The lower the maximum VMS indicates the better stretchability of the 
patterns, which can be simplified as zigzag > sinusoidal > square > straight, and this sequence fits 
the finding from the experimental works from Table 1 conducted in the past where zigzag 
sustained higher stretching before electrical failure, followed by sinusoidal, square, and lastly 
straight pattern. 

 
3.2.3. Uniaxial Lateral Loading 
 
In contrast to the results in section 2.1, the model of patterns for this section is subjected to an 
elongation of 3 mm in the positive y-axis direction. The maximum VMS for all the patterns were 
recorded in Table 5. As illustrated, when the model is stretched laterally in the positive y-axis 
with another end fixed, it shows a different stress behaviour onto the patterns. One of the major 
differences is that unlike straight ink patterns experiencing the longitudinal stretching in which 
possessing the highest maximum stress, the same pattern under lateral tensile loading exhibited 
the lowest maximum stress relative to other patterns valued at 91.428 MPa. However, despite 
displaying the lowest maximum stress, the distribution of the high-stress value in the straight ink 
pattern is larger than other patterns, as seen in Figure 7.  
 
In the case of uniaxial lateral tensile loading, the highest VMS occurred on the zigzag pattern at 
the tip of the outer edge of the first corner from the right with the stress value of 142.564 MPa. 
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Sinusoidal and square patterns possess the second and third highest VMS, respectively, valued at 
138.781 and 128.51 MPa. From the result, although both zigzag and sinusoidal exhibit higher 
maximum stress compared to the straight and square pattern, their maximum stress is a localised 
stress value. For the zigzag pattern, the high-stress values are located at the tip of the outer edge 
of the zigzag corners, which is possessed by a single element for each of the tips. The observation 
is supported by Figure 8(a). Apart from these elements, the stress distribution for the zigzag 
pattern is reasonably low, averaging at 38.811 MPa, with the highest stress recorded at 59.800 
MPa, which is much lower than other patterns' maximum stress value. The same can be said for 
the case of sinusoidal pattern, where high stresses are localised at the first crest on the left and 
first trough on the right (both viewed from the front). The maximum stress value for the 
sinusoidal pattern is 138.781 MPa which covers a tiny portion of the first crest from the left. By 
ignoring the small portion of the localised high-stress values, the new maximum stress value is 
75.827 MPa, making it the second-lowest VMS among the patterns. Thus, although initially both 
of these patterns showcasing a higher maximum VMS compared to straight and square patterns, 
they can provide better electrical conductivity due to the localisation of the higher stress values 
causing the stress distribution to be more homogenous for low-stress concentration. 
 

Table 5. Tabulation of VMS for uniaxial lateral loading of all the patterns 
 

Pattern Von Mises Stress (VMS) (MPa) 

 Maximum Minimum Average 

Straight 91.428 40.337 65.883 

Sinusoidal 138.781 14.614 76.698 

Zigzag 142.564 17.822 80.193 

Square 128.351 28.128 78.240 
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Figure 7. The stress distributions when subjected to uniaxial lateral tensile loading for (a) straight, (b) 
sinusoidal, (c) zigzag, and (4) square pattern, respectively 

 
(a) 

 

(b) 

 

Fig. 8. (a) Localisation of high-stress value on zigzag ink pattern occurring at the tip of the outer edge of 
the zigzag pattern and (b) Localisation of high-stress value on sinusoidal ink pattern occurring at the tip 

of the outer crest and trough of the sinusoidal pattern 
 

3.3. Maximum VMS Distribution on Patterns for Biaxial Loading  
 
This section will observe and discuss the effect of stress distribution resulting from the biaxial 
tensile loading. Unlike the uniaxial tensile loading, which fixed one end of the model and loads 
applied at another end, models with different ink patterns incorporating the biaxial tensile 
loading will have all ends normal to both x- and y-axis applied with a tensile load. The VMS values 
and the VMS distribution of each pattern are tabulated and shown in Table 6 and Figure 9, 
respectively. According to Table 6, the zigzag pattern exhibited the highest VMS when subjected 
to biaxial tensile loading at 254.664 MPa, followed by sinusoidal, square, and straight patterns at 
224.559, 169.996, and 82.817 MPa, respectively. The sequence is the total opposite of what was 
simulated for the case of uniaxial tensile loading. 
 
To further analyse the recorded value, the location of the maximum VMS and the stress 
distribution for sinusoidal, zigzag, and square patterns are evaluated. The stress distribution of 
the different ink patterns is pictured within Figure 9, while the locations of the maximum VMS 
for straight, square, sinusoidal, and zigzag patterns are shown in Figure 10. Figure 10(b) until 
10(d) shows that the maximum VMS is localised within a minimal area for square, sinusoidal, and 
zigzag patterns. For both zigzag and square patterns, the maximum VMS is possessed by a single 
element at the edge of the outer crest and end tip, respectively. When the element containing the 
maximum VMS is neglected, the new maximum VMS for the zigzag and square pattern is 92.729 
and 103.445 MPa, respectively, which is still higher than that of the straight pattern. The same 
can be said for the sinusoidal pattern, at which the high-stress concentration is localised at the 
crest of the first corner of the ink from both left and right, with the maximum VMS recorded at 
224.559 MPa. By ignoring the maximum VMS region, which is possessed by approximately 4 to 6 
elements within the mesh, the new maximum VMS is 100.478 MPa which showcased a 
remarkable reduction of the stress. 
 

Table 6. Tabulation of VMS for biaxial loading of all the patterns 
 

Pattern Von Mises Stress (VMS) (MPa) 

 Maximum Minimum Average 

Straight 82.817 52.735 67.776 

Sinusoidal 224.559 32.169 128.364 
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Zigzag 254.664 26.557 140.611 

Square 169.996 26.694 98.345 

 
 

 
Fig. 9. The stress distributions when subjected to biaxial tensile loading for (a) straight, (b) sinusoidal, (c) 

zigzag, and (4) square pattern, respectively 
 

Thus, for the analysis of the stress distribution on patterns for the biaxial tensile loading case, 
looking at both the new maximum VMS for each pattern after removing the localised initial 
maximum VMS and their average VMS value could propose a different perspective. This is 
because even though the maximum VMS of the straight pattern is lower than other patterns, the 
high-stress values were not localised at one point but distributed at a large scale on the ink 
pattern itself. This has caused the majority of the straight ink pattern to be subjected to a high-
stress concentration, unlike any other patterns used in this study. Table 7 below tabulated the 
data for the new maximum VMS for each pattern subjected to the biaxial tensile loading. The 
square pattern has exhibited the highest VMS at 103.445 MPa, followed by sinusoidal, zigzag, and 
straight at 100.478, 92.729, and 82.817 MPa, respectively. However, a different scenario can be 
observed when the focus is shifted to the value of the average VMS. As tabulated below, the 
straight pattern has the highest average VMS at 67.776 MPa despite its lowest maximum stress 
value due to its relatively higher minimum VMS at 52.735 MPa. Once again, the zigzag pattern 
showcased an excellent distribution of relatively lower stress, as seen in Figure 9(c), supported 
by its low minimum VMS. In addition, it also exhibited a lower average VMS compared to other 
patterns. Thus, it can be said that even though initially zigzag pattern showed relatively higher 
maximum VMS, the majority of the surface area of the ink was covered with the lower stress 
concentration, and the stress value further reduced away from the point of applied loading. 
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Fig. 10. The location of the occurrence of the maximum VMS for (a) straight, (b) square, (c) sinusoidal, 
and (d) zigzag pattern. The black dashed lines represent the cutting line for each pattern to simplify the 

model of the ink 
 

Table 7. Tabulation of new VMS for biaxial loading of all the patterns 
  

Pattern Von Mises Stress (VMS) (MPa) 

 Maximum Minimum Average 

Straight 82.817 52.735 67.776 

Sinusoidal 100.478 32.169 66.324 

Zigzag 92.729 26.557 59.643 

Square 103.445 26.694 65.070 

 

3.4. Maximum Principal Strain of Each Pattern for Uniaxial Loading  
 
Maximum principal strain theory states that material failure will occur when the maximum 
principal strain developed within the material exceeds the limiting strain, which is the value 
corresponding to the yield point of the material. This section will evaluate the maximum principal 
strain of each of the patterns subjected to longitudinal, lateral, and biaxial loads. It is hypothesised 
that the lower maximum principal strain developed within a pattern will reduce the probability 
of the pattern failing, thus failing to conduct electricity. 
 
 
 
3.4.1. Maximum Principal Strain for Uniaxial Longitudinal Loading 
 
Apart from studying the VMS distribution on the different patterns when subjected to various 
types of tensile load, evaluating the level of maximum principal strain developed within a model 
is necessary. This is due to the assumption that the lower principal strain developed within a 
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body or the material will allow it to stretch more without failure [12]. The maximum principal 
strain obtained from the model of each pattern will be compared to the input strain, which is 10% 
for the case of uniaxial longitudinal tensile loading. The following Equation gives the percentage 
of the reduction of maximum principal strain:  
 

% Strain Reduction = (Ei – MPS) / Ei (3.0) 

 
Ei is the input strain (10%), and MPS is the maximum principal strain for each pattern. 
 
Table 8 shows the maximum principal strain for each pattern and their respective percentage of 
strain reduction. The straight pattern possessed the highest maximum principal strain from the 
tabulated result, marking at 10.39%. The exceeding of maximum principal strain that of straight 
ink pattern from the input of elongation strain has caused the value for its percentage strain 
reduction to become negative, indicating a bigger strain developed within the ink. Apart from the 
straight ink pattern, all patterns successfully reduce the development of the strain. The zigzag 
pattern has once again proven to offer the best stretchability as it showcased the highest 
percentage of strain reduction by 59.5%, followed by sinusoidal and square by 43.2% and 17.9%.  
 

Table 8. Tabulation MPS and percentage of strain reduction for uniaxial longitudinal and lateral tensile 
loading of all the patterns 

  

Pattern Uniaxial Longitudinal Loading Uniaxial Lateral Loading 

 Maximum 

Principal Strain 

(MPS) 

Percentage Strain 

Reduction (%) 

Maximum 

Principal Strain 

(MPS) 

Percentage 

Strain 

Reduction (%) 

Straight 10.39 -3.9 7.39 26.1 

Sinusoidal 5.68 43.2 12.85 -28.5 

Zigzag 4.05 59.5 13.95 -39.5 

Square 8.21 17.9 12.51 -25.1 

 
From the contour plots within Figure 11, it is observed that all of the ink patterns exhibited a 
lower maximum principal strain relatively that of their respective substrate, with an exception 
for the straight ink pattern. As seen, the strain distribution of the straight ink pattern is almost 
similar to that of the TPU substrate. For the stand-alone maximum principal strain distribution 
of the ink, the result for the straight pattern shows that a large principal strain is imposed on its 
surface. In contrast, other patterns significantly reduce strain ranging from 17.9% to 59.5% for 
three different patterns. From the uniaxial longitudinal loading, employing a different shape of 
the ink pattern, especially in meandering shapes such as sinusoidal and zigzag, may improve the 
stretchability due to the reduction of the local strain development within the ink. Straight ink 
pattern suffers from high maximum principal strain induced from elongation of 10%. On top of 
that, the majority of the area for the surface of the straight ink is covered by the high principal 
strain, which might be the main cause of failure to conduct electrical charge.  
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Fig. 11. Contour plot of the maximum principal strain distribution under uniaxial longitudinal tensile 

loading for the pattern of (a) straight, (b) sinusoidal, (c) zigzag, and (d) square. Figures on the left show 
the maximum principal strain on the whole model for each pattern, while figures on the right show the 

maximum principal strain of the stand-alone patterns 
 

Figure 11 (d) describes the contour plot of the strain distribution within the square pattern—the 
red dots denoting the location of the high principal strain imposed during the 10% straining. For 
square pattern, results of maximum principal strain from FEA also show agreement with the 
experimental research [1], approving that the presence of a parallel-stretching zone in the 
intended structure is likely to contribute to the pattern's inability to tolerate a greater strain [1]. 
This is somewhat contradicting what Yunos et al. [1] mentioned through their study. From the 
FEA simulation, instead of high-stress concentration localised at the parallel-stretching zone for 
the square pattern, it was the localisation of high principal strain on that region that is observed 
to be the main contributor towards the failure mechanism of the square pattern.  
 
3.4.2. Maximum Principal Strain for Uniaxial Lateral Tensile Loading 
 
Table 8 shows the results of the maximum principal strain and the percentage of strain reduction 
for all the patterns subjected under uniaxial lateral tensile loading. The trend of the percentage 
of strain reduction for each pattern, this time, shows a different result in comparison to the same 
result for the uniaxial longitudinal loading. Surprisingly, straight patterns recorded a strain 
reduction of 26.1% under uniaxial lateral loading, while other remaining patterns suffered 
additional strain increment. For this case, the zigzag pattern suffers the highest strain increment 
of 39.5%, followed by sinusoidal and square at 28.5% and 25.1%, respectively. The negative 
values within the table indicate that instead of having a reduction of principal strain value, the 
pattern developed higher strain during stretching in comparison to the initial 10% elongation on 
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the end of the TPU substrate. Figure 12 depict the strain distribution for both the assembly and 
stand-alone ink for all the patterns. From the contour plot, despite having the lowest maximum 
principal strain, high strains developed within the ink of the straight pattern cover a larger area 
than other patterns. A clear finding for the uniaxial lateral loading is the major reduction in the 
strain accumulation within the straight ink model compared to that of uniaxial longitudinal 
loading. Unlike when it is subjected to longitudinal loading, under lateral loading, high principal 
strain is located at the edge of the top and bottom of the ink. 
 

 
Fig. 12. Contour plot of the maximum principal strain distribution under uniaxial lateral tensile loading 

for a pattern of (a) straight, (b) sinusoidal, (c) zigzag, and (d) square. Figures on the left show the 
maximum principal strain on the whole model for each pattern, while figures on the right show the 

location of the high principal strain of the stand-alone patterns. Dotted circles indicated the high level of 
strain located at the tip while dotted rectangles indicated region of the high level of strain. 

 

From the values tabulated for lateral loading, the employment of different shapes apart from 
straight patterns does not provide an additional advantage, in this case, in reducing the strain 
localisation. However, just like the case for the evaluation of Von Mises stress, the highest strains 
localisation appears to develop at just a few mesh elements, contradicting that of straight ink 
pattern. Figure 12 shows the location of the localised maximum principal strain for each pattern. 
High strain localisation for the straight pattern is distributed evenly at the top, and the bottom 
line of the ink with the highest strain value is marked at 7.39%. In this study, a straight pattern is 
more effective in reducing the strain localisation under the subjection to lateral loading compared 
to being subjected to the longitudinal loading. The much lower strain developed within the 
straight ink for the lateral loading than the longitudinal loading might be caused by the further 
distance between the ink pattern and the loading point. From the front view, for the case of lateral 
loading, the distance between the ink model and the point of applied loading is 13.5 mm and 2.5 
mm for the longitudinal loading. For square pattern, the high-level strains are localised at the tip 
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of the outer edges of the ink ranging from 10.43% to 12.51%. Although the principal strain level 
is high at these points, the high level of strain is possessed by approximately three to seven 
elements with an area of 0.49 mm2 each. Two areas parallel to straining (inside the dashed 
rectangular lines) also developed high principal strain values ranging from 9.23% to 11.43%. The 
contour plot in Figure 12(d) shows that higher strains are localised at the region parallel to the 
lateral loading.  
 
For sinusoidal patterns, high principal strains are localised at the tip of four different regions, as 
shown in Figure 12(b), ranging from 9.96% to 12.85%. However, the high principal strain is 
developed within a minimal area, ranging from one to three small elements. By ignoring these 
elements, the average strain developed at the non-corner area (green area) is approximately 
7.06% and 2.72% for the corner region. Thus, for the square pattern, the strain concentration for 
the whole ink pattern is relatively low despite having the highest maximum principal strain 
initially. The same condition can be explained for the zigzag pattern where the highest principal 
strains localised at the tip of the outer edge of the pattern. The strain at the tip of the edge ranges 
from 13.71% to 13.95%. The localised high strain is developed within one to three elements at 
the edge of the zigzag corner, while the strain concentration of the whole ink model by ignoring 
these high straining elements ranges from 2.08% to 7.028%. It can be concluded that for these 
two ink patterns, despite having high maximum principal strain initially, the average strain 
concentration within the model itself is relatively low. 
 
3.5. Maximum Principal Strain of Each Pattern for Biaxial Loading  
 
Table 9 tabulated the results for the maximum principal strain and percentage of strain reduction 
for all the patterns subjected to biaxial tensile loading. For biaxial loading, the model is subjected 
to 10% strain at all directions in the X-Y plane. Under biaxial loading, all the patterns do not 
exhibit any advantages from the different variations of patterns, as all the patterns are unable to 
reduce the magnitude of local strain. As tabulated, the straight pattern suffers the lowest 
increment of principal strain from the input elongation strain, with 6.8%, while the other three 
patterns exhibited far inferior values. Again, for straight patterns, the localisation of high 
magnitude of principal strain is distributed well on the region, as shown in Figure 13(a). The high 
magnitude of principal strains ranging from 9.69% to 10.75% covers more than 90% of the 
elements within the straight pattern. Thus, a straight ink pattern is assumed to be subjected to 
high straining due to the majority of the elements consisting of a large magnitude of local strains 
with an average strain magnitude of 10.22%. 
 
Table 9. Tabulation of new MPS and percentage strain reduction for biaxial tensile loading of all patterns 

  

Pattern  Maximum Principal 

Strain (MPS) 

Percentage Strain 

Reduction (%) 

New Average 

Principal Strain (%) 

New Percentage 

Strain Reduction 

(%) 

Straight 10.68 -6.8 10.22 -2.2 

Sinusoidal 20.27 -102.7 8.70 13.0 

Zigzag 18.08 -80.8 8.00 20.0 

Square 19.69 -96.9 7.73 22.7 
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For sinusoidal patterns, the high magnitudes of principal strain are located in the area of 
rectangular dashed lines in Figure 13(b), where the values range from 18.51% to 21.83%. 
However, these magnitudes are possessed by a relatively very small number of elements 
compared to the total number of elements possessed by the ink model, which is approximately 
seven elements each. Thus, the localisation of the relatively much higher principal strain of these 
elements can be ignored since it is assumed that the higher principal strain magnitude will not 
significantly affect the model itself. By ignoring the magnitudes of these elements, a significant 
reduction in the local strain of the model can be observed, where the average principal strain of 
the model in the region of the dark blue dashed lines is 8.7%.  
 
The same case is applicable to both zigzag and square patterns. Both inks also exhibited high 
magnitudes of local strain at a small region of the ink. Rectangular dashed lines in Figures 13(c) 
and 13(d) shows the location of high magnitudes of strain for both zigzag and square pattern, 
respectively. For the zigzag pattern, the maximum local strains are 24.35% and 24.45% for each 
location, possessing a single element each. Since the number of elements possessing this high 
magnitude of strain is so much lower than the total elements of the ink model, it is assumed that 
the high strain of these elements will not significantly affect the strain value of the whole model. 
The average strain concentration of the zigzag pattern within the blue dashed lines is 
approximately 8%, which is lower than both straight and sinusoidal patterns. As for the square 
pattern, the highest magnitudes of strain are located at the region of two red dashed lines of the 
edge tip of the horizontal lines. The range of the high local strains is around 15.01% to 20.08% in 
these regions. However, similar to sinusoidal and zigzag patterns, the outstandingly high local 
strain is developed within just a few elements ranging from seven to ten elements per region. By 
ignoring these elements, the range of the local strains for regions A and B are approximately 
5.24% to 13.83%, and the average strain magnitude is approximately 7.73%. It can be said that 
varying the shape of the ink conductor may improve the magnitude of local strain for each of the 
patterns under the biaxial tensile loading. 
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Fig. 13. Contour plot of the maximum principal strain distribution under biaxial tensile loading for a 

pattern of (a) straight, (b) sinusoidal, (c) zigzag, and (d) square. Figures on the left show the maximum 
principal strain on the whole model for each pattern, while red-dashed lines from figures on the right 

show the location of the high magnitude of principal strain for the stand-alone patterns. Blue dashed lines 
represent the region with relatively lower local strain magnitudes 

 

4.  CONCLUSION  
 
In summary, a study incorporating the FEA method by Abaqus has been conducted to validate the 
effect of stress and strain distribution on the electrical performance of the silver-filled SCI by 
evaluating the stress and strain distribution of each pattern subjected to various types of loading. 
From the study, it can be concluded that maximum VMS and maximum principal strain played a 
significant role in determining the electrical performance of silver SCI subjected to uniaxial 
tensile loading with a 10% strain rate incorporated for the simulation process. Uniaxial lateral 
and biaxial tensile loading is subjected to each of the different ink patterns to further study each 
pattern's stress and strain distribution at varying types of loading. By aligning the results from 
the simulation relatively to that of experiment, it can be concluded that the lowest maximum VMS 
and principal strain contributed to a better electrical performance of SCI and better stretchability. 
This might be due to the appearance of lesser cracks within the SCI, allowing the electron 
transfers to be efficiently conducted. From both experiment and simulation conducted, it can be 
summarised that the electrical performance of different patterns of silver ink subjected to 
straining can be indicated as zigzag > sinusoidal > square > straight line. Some suggestions that 
may be recommended for further works are to consider the development of the plastic strain 
within the model as it is believed to play a significant role in influencing the stretchability of the 
designs [17], [18]. Out-of-plane simulation should also be considered. It may induce different 
stress concentrations at the centre due to the small crumpling and bending effect onto the model 
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[19]. Future works include implementing hyperelastic and plastic behaviour onto each TPU 
substrate and SCI, respectively, as it was cited to provide higher accuracy of the stress-strain 
curve compared to experimental works [20], [21]. This study may provide an insight on how the 
failure mechanism of stretchable electronic circuit used in application such as thermo-sensor 
under applied stress and strain. 
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