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Simulation and Design Analysis Using Nonlinear
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Abstract—This work is driven by the continuous improve-
ment in additive manufacturing and the growing interest in
developing flexible strain sensors with complex designs and
structures. Characterization and analysis require not only
understanding the mechanical behavior of the sensorbut also
the electrical behavior and the coupled electromechanical
behavior. Traditionally, this coupled electromechanical behav-
ior is determined using simplified approaches to establish a
relationship between the electrical domain and mechanical =
domain. This work presents an experimental and numerical ol e
platform to characterize strain sensors and serves as a tool =
for design guidelines for these sensors. A nonlinear finite
element COMSOL model is developed and validated against
experiment. At 38% strain level the sensitivity is increased by 7% when the thickness,t, of the sensor decreased from
t=1.4 mm to t = 0.6 mm. A sensor with triangular embedded channels exhibits improved performance compared to
square, hexagonal, and octagonal cross-sectional shapes. Three common channel patterns are examined including spiral,
vertical serpentine, and horizontal serpentine patterns. Three commonly used materials for fabricating strain sensors are
investigated including PDMS, EcoFlex, and NinjaFlex. At 35% strain level, a sensor with NinjaFlex substrate exhibits,
approximately, 6% improvement in sensitivity, compared to a sensor with EcoFlex substrate.
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Index Terms—Flexible strain sensor, 3D printed sensor, finite element modeling, hyper-elastic material, liquid metal
sensor.

|. INTRODUCTION
DVANCED manufacturing techniques have led to a
growing interest in the fabrication of flexible sensors.
Among those devices are strain sensors that can be used
in a variety of applications, including robotics, prosthetics,
automobile industry, and machine environment interphases
[1]-[15]. Chief among strain sensors is the resistive-type strain
sensor, shown in Fig. 1. The sensor uses a flexible substrate

TPU substrate

Serpentine Channel
filled with Galinstan

Tungsten Wire
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Fig. 1. A representative resistive-type strain sensor structure consists
of a flexible substrate, fluid passages (embedded micro-channels), and
liquid metal conductor.

coupled with an electric conductor to allow for a change in
electric resistance as a result of mechanical deformation in the
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flexible substrate [16].

Typical conductors used in these sensors include liquid
metals, conductive polymers, and conductive inks. PDMS and
other rubber-like materials such as EcoFlex and NinjaFlex
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are among the most common materials used to fabricate
these strain sensors [16]. Over the past few years, several
fabrication techniques have been used to fabricate these strain
sensors [4], [17].

Molding, lithography, planar printing, coating, and additive
manufacturing are among the most common fabrication
methods used to manufacture these sensors [4], [18]-[21].
For instance, Case et al. [22]. utilized the soft lithogra-
phy method using a Universal Laser Systems to fabricate a
dog-bone shaped resistive strain gauge sensor for application
in the soft robotic industry. Additive manufacturing provides
a cost-effective, efficient, and highly versatile approach to
fabricating flexible strain sensors. Furthermore, additive man-
ufacturing is attractive because it facilitates the construction of
complex designs and geometries, allows rapid design iterations
with minimum wasted material, does not require cleanroom
environments, does not require advanced and costly labor
training [10], [23]. To this end, several researchers have
successfully demonstrated the use of additive manufacturing
to fabricate flexible sensors [4], [10], [11], [17], [24]. For
example, Muth ef al. [4] used a modified inkjet printer to
fabricate flexible strain sensors by embedding a conductive
ink into an elastomer. Similarly, Agarwala used inkjet printing
to fabricate micro-channels in a composite rubber substrate
with 500 gm diameter channels [10]. Smith ef al. fabricated a
uniaxial strain sensor using commercially available NinjaFlex
Thermoplastic Polyurethane (TPU) flexible polymer and desk-
top Fused Deposition Modeling (FDM) 3D printing to obtain
embedded micro-channels that were then filled with liquid
metal conductor [16].

The previous discussion reveals that there are both
increasing interest and an urgent need for flexible sensors.
To this end, the main objective of this work is performing
numerical studies to understand, analyze, and characterize
the performance and response of these strain sensors. The
numerical platform developed in this work serves as a tool
for the design strategies and guidelines of these strain sensors.
The presented work is driven by the continuous improvement
in additive manufacturing technologies as well as soft and
flexible materials that open the gate for fabricating sensors
with more elaborate designs and structures. These sensors
represent coupled electromechanical systems. Thus, full char-
acterization, design, and analysis require not only under-
standing the mechanical behavior of the sensor but also the
electrical behavior and the coupled electromechanical effect
on the sensor response [25]. Traditionally, this coupled electro-
mechanical behavior has been determined using simplified
analytical formulas to establish a relationship between the
electrical resistance change AR, and strain, ¢ such as those
reported in [16], [19], [26], [27]. These traditional models do
not consider the nonlinear behavior of the rubber-like materials
used for these sensors, which results in a discrepancy between
theoretical predictions and experimental data. Besides, in these
theoretical approaches, owing to both geometrical and mathe-
matical complexities, the relationship between electric domain,
i.e., changes in electrical resistance, AR, and mechanical
domain, i.e., mechanical strain, ¢, does not take into account
the interaction between embedded liquid metal channel and

its substrate. Moreover, the deployment of a new generation
of wearable sensors requires higher accuracy to monitor/record
the data, leading to sensors with more complex geometries.
For these reasons, there is an urgent need to develop a
computational platform that serves as a tool to understand,
analyze, and optimize the continuously advancing strain sensor
structures. To the best knowledge of the authors, there are only
a few studies that have numerically investigated these types of
sensors. For example, Overvelde ef al. [25]. developed a finite
element-based model to simulate the mechanical and electrical
performance of a liquid metal flexible sensor. They assumed
a neo-Hookean material model for EcoFlex substrate with
rectangular and semi-circular cross-sectional micro-channels
and focused on different loading conditions.

In this work, we fabricate a prototype of a strain sensor
and develop a coupled electro-mechanical finite element model
using COMSOL software and use it to understand and analyze
the characteristics of a resistive-type strain sensor. We also
perform a comprehensive parametric study to investigate
the critical geometrical/material characteristics and maximize
the sensor’s sensitivity. Here, we implement a nonlinear
finite element technique with two parameters Mooney-Rivlin
hyper-elastic material model and validate these simulations
against experimental data. The work presented in this article
provides a full insight into the effects of various design
parameters and lays out strong design guidelines and roadmap
for flexible strain sensors.

Il. METHODS

A. Experimental Procedure

1) Fabrication: Fig 1. shows a schematic of the resistive-
type strain sensor used for model validation in this work.
The main constituents of the strain sensor are U-shaped
embedded channels, conductive fluid, and substrate material.
The U-shaped channel consists of long and short channels that
altogether make a flexible conductive path. External loading
results in the deformation of the cross-sectional area and
elongation of these channels. Therefore, leading to a change
in electrical resistance of the conductive fluid inside these
channels. The amount of strain experienced by the sensor can
be estimated by tracking changes in the electric resistance.
The U-shaped channels are embedded inside a substrate and
obtained via additive manufacturing. First, we prepared a 3D
CAD sketch of the sensor using SolidWorks software, which
was then used to create the correspondingly STL file that is
compatible with 3D printer software Cura. Upon fabrication,
the Ultimaker 3 FDM 3D printer was used to obtain the
substrate of the sensor. Commercial 3D materials of NinjaFlex
Thermoplastic Polyurethane (TPU) (Shore hardness 85A) and
Polyvinyl Acetate (PVA) were used to obtain the substrate
and support materials, respectively. The role of the support
material, i.e. PVA, was to prevent the channel from being
filled or clogged by the substrate material during the 3D
printing process. Later these channels were filled with a
conductive fluid material. Once the 3D printing process was
complete, the PVA support material was removed using boiling
water and a 0.16 gauge tungsten wires were inserted into the
ports on both sides of the channel as connecting wires and
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TABLE |
SPECIFICATIONS AND PRINTING CONDITIONS USED TO 3D PRINT THE
STRAIN SENSOR FOR MODEL VALIDATION PURPOSES

Thermoplastic Polyurethane (TPU

Flow (%) 106
Generate Support on
Horizontal Expansion (mm) 0.16
Infill Density (%) 100
Infill Pattern Grid
Layer Height (mm) 0.04
Line Width (mm) 0.35
Printing Temperature (°C) 245
Speed (mm/s 20
Flow (%) 100
Horizontal Expansion (mm) 0.16
Infill Density (%) 100
Infill Pattern Grid
Layer Height (mm) 0.04
Line Width (mm) 0.35
Printing Temperature (°C) 215
Speed (mm/s) 80

sealed using liquid rubber sealant. After the rubber seal dried,
the fabricated channel was filled with the conductive fluid,
Galinstan (Ga 68.5% In 21.5% Sn 10%, Rotometals). In the
process of filling the channel, the air removal and injection
of the Galinstan was done, simultaneously, to prevent bubbles
from forming inside the channel. For this purpose, one needle
was utilized to inject Galinstan in one side and a second needle
was used to remove air from the other side of the channel.
The detailed schematic of the fabrication process is presented
in a previous work of the authors [16]. Also, the channel was
checked for any defects or holes using confocal laser scanning
microscope (VK-100X) to make sure that there is no leakage
[16]. Settings and conditions used for 3D printing the substrate

are presented in Table L.
2) Experiment Setup: The experiment setup shown in Fig. 2

was utilized in testing and characterizing the fabricated strain
sensor. In the setup, the test bench (PASCO ME-8236 Mate-
rials Testing Machine) with a built-in optical encoder module
and load cell capable to measure up to 7100 N were used
to measure the displacement and axial force, respectively.
The test bench machine transfers the data through Bluetooth
connection (PASCO airlink PS-3200) to a PC for later analy-
sis. Tungsten wires in both sides of the strain sensor were
connected to a data acquisition system (DAQ). Additionally,
a circuit was utilized to measure the change of resistance in
the strain sensor. For this purpose, a constant voltage of 5V
was running across a 120€) resistor that was connected in
series with the strain sensor. The electric circuit was utilized to
increase the accuracy of measured resistance change because
the resistance of the strain sensor was relatively small. The
strain sensor was latched into a pair of aluminum mounts from
the bottom and fixed to the force cell by a hook from the top.
A hand-wheel was used to manually crank two lead-screws in
both sides of the machine causing the vertical movement of the

Force-Displacement
sensor

LT ]

Fig. 2. Experiment setup used in this work to characterize the resistive-
type strain sensor.

force bar. The sensor was stretched/un-stretched as the force
bar was moving. This change in length of the sensor when
subject to the external loading, Al, causes the strain in the
sensor, defined as £ = Al/ly where [y represents the original
length of the sensor. Due to this strain, the cross-sectional area
and, consequently, the resistance across the strain sensor, AR,
change. The change in resistance across the strain sensor was
measured as voltage drop across external load resistance.

B. Numerical Method

Fig. 3 shows a flowchart describing the finite element
model structured inside COMSOL software. A 3-D
stationary model of the strain sensors was developed and
implemented using commercial finite element-based software,
COMSOL Multiphysics®. For this purpose, referring to
Fig. 3, the geometry of the strain sensor was generated
using SolidWorks CAD software and then imported into
COMSOL software. During the simulation process, a coupled
multi-physics model of the electric and mechanical domains
of the strain sensor was created using conjugated structural
mechanics and AC/DC modules. In the structural mechanics
module, a hyper-elastic Mooney-Rivlin model for the TPU
substrate was implemented in order to accurately predict the
behavior of the substrate material. The coefficients of this
model were calculated using least squares method fitted to
the measured experimental data. Next, all the needed material
properties for both the substrate and liquid conductive metal
were imported into COMSOL. Then, the boundary conditions
were defined for the structure. Here, an interactive boundary
condition between the channel wall and the conductive
liquid metal was constructed to accurately represent the
multi-physics of the structure. In this boundary condition it
was assumed that the deformation of the channel, because of
the strain force, leads to volume change of the channel. The
volume change affects the internal pressure of the conductive
liquid metal and, consequently, the liquid metal resists the
exerted compression and tends to rebuild the pressure inside
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Fig. 3. Flowchart of steps taken to obtain the coupled finite element
model of the strain sensor.

the channel. In the following step, the substrate deformation
at different strains was solved continuously in COMSOL
structural mechanics module and the deformed geometry was
exported into the AC/DC module to calculate the resistance
change due to this deformation across the channel.

1) Constitutive Model of Substrate: The substrate of the
sensor was fabricated using TPU; a rubber-like material.
Rubber-like materials are characterized by large deforma-
tions, very large bulk modulus (almost incompressible), and
nonlinear stress-strain (constitutive material model) relation-
ships [28]. Moreover, its hyper-elastic behavior shows time and
temperature dependency [29] with hysteresis and cyclic soft-
ening [30]. Boyce ef al. used constitutive models to account
for this behavior which was observed during uniaxial com-
pression testing of the TPU [30]. They decomposed their con-
stitutive model into a rate-independent and a rate-dependent
terms. While the rate-independent term demonstrated a rubber-
like hyper-elastic behavior, the rate-dependent term followed
viscoelastic-plastic model characteristics. For small strain lev-
els, the TPU substrate shows a fairly little hysteric behavior
dictated by the small area enclosed inside the stress-strain
curve [16]. Moreover, recent studies have shown that if
the rate-dependent term is negligible, incompressible hyper-
elastic material models such as Odgen and Mooney-Rivilin are
capable of satisfactorily predicting the behavior of the TPU
[29]. For instance, Reppel and Weinberg [31] used various
hyper-elastic models such as neo-Hookean, Mooney-Rivilin
(two parameters), and Odgen models to describe the behavior
of these rubber-like materials. Their Mooney-Rivilin model
showed an excellent prediction of the material behavior up

to 200% strain. Therefore, in this study and for simplicity,
the viscoelastic behavior of the TPU substrate was neglected
for the stationary analysis and Mooney-Rivlin model was
adopted. A uniaxial tensile test was performed, and measured
stress-strain data was used to obtain the Mooney-Rivlin model
coefficients using optimization module in COMSOL.

2) Hyper-Elastic Model: For the rubber-like substrate,
the strain energy function Wy, is defined in terms of
principal strain invariants of either left or right Cauchy-Green
deformation tensors, B = FFT [32] and given by:

I =te(B) =224 2} + 22 1)
=172 (le(B) — w(B) = 33+ B33+ 4% @)
I; = det(B) = 221312 3)

where B is the deformation, I; are the principal strain
invariants, and 4;, the stretch ratios, are square root of the
eigenvalues of B. For an isotropic material stretched in one
direction (42 = A3) and considering the incompressibility
(I3 = 1) dictated by large bulk modulus x, the deformation
gradient B can be expressed as:

20 0
B=|0 7' o0 4)
0 0 A

The nominal engineering stress (first Piola-Kirchoff stress), P
is calculated from strain energy function, Wsg, [27]:

1 oW, oW 1
PA=2{1-=)|— -

* ( 12)(51’1 T on 1)

For general Mooney-Rivilin formulation, the strain energy

function, W; is given by:

_ N\ (T )i _ )i
Wem 3 o Colli =3+ (=)

(&)

6)

where Cop = O, and the other coefficients depend on
the material properties. For the two-parameter Mooney-Rivilin
model used in this study, the truncated form of (6) is given
by:

Ws = Cio(I1 — 3) + Coi (2 — 3) )
Substituting W; in first Piola-Kirchoff stress, P yields:
P() =2(Cro+ Cor/A) (2 —1/22). ®

Here, Mooney-Rivilin coefficients Cjo and Co; are calculated
through fitting the experimental data of P; (engineering stress
measured during the uniaxial tensile test) versus 4 (the stretch
obtained from A = 1 + ¢) where ¢ is the engineering normal
strain. Consequently, shear modulus, G for small strain can be
valuated from the sum of these coefficients and given by [29]:

G =2(Ci0+ Co) 9)

3) Structural Model: After determining material model for
the TPU, the sensor’s substrate geometry was meshed without
meshing the liquid metal channel. In this work. the bulk
modulus of liquid metal, i.e. eGaln was considered to be
x = 2 GPa. To account for the impact of liquid metal on the
structural behavior and, consequently, the electric resistance of
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the sensor, an additional equation was solved, simultaneously,
for calculating the internal pressure of the liquid metal:

Vieformed = Vinitial X (1 — P/k) (10)

where Viyeformed, Vinitial. P, and x are the deformed and unde-
formed volume of the liquid channel, internal pressure, and
bulk modulus of the liquid metal, respectively. Equation (10)
calculates the pressure in the liquid by assuming the volume of
the liquid channel remains almost unchanged under different
loadings or strains applied to the substrate. This is a reasonable
assumption due to the nearly incompressible behavior of the
liquid metal (x = 2 GPa). Vyeformed Was calculated from the
deformed surface of the liquid metal-channel walls, Sqeformed.
mutual with the interior boundary of the TPU substrate using
divergence theorem principal given by:

X
Vdefurmed = /f/ (l)dV :/f/ V.10 dVv
Vv Vv 0
= /f xnsdS
Sdeformed

where V is the volume, n, is the x-component of the surface
normal vector, and S is the boundary surface of V. In (10), P
accounts only for the liquid pressure change due to the volume
change of the liquid metal, and the hydrostatic pressure distrib-
ution exerted by gravity is neglected. This is because despite of
the comparatively high density of the liquid metal, i.e. eGaln
(6.44 Kg/m®), the volume of the channel is small (4.4 E-8 m?)
and the gravity force, and consequently hydrostatic pressure
in the liquid metal, can be neglected. The calculated pressure
P was directly applied as a load boundary condition on
Sdeformed-

After computing the substrate deformation at different strain
levels, the deformed geometry was re-meshed and exported to
another COMSOL component as a meshed geometry. Then,
the internal volume of the liquid metal channel was isolated
and defined as a new domain in the AC/DC module to find
the electric resistance of the deformed channel. The electrical
conductivity of the liquid metal, eGaln, was assigned as
3.46E6 (S/m) [33]. In the AC/DC module, and in order to
determine the resistance along the two sides of the liquid metal
channel, one side was considered as the ground while the other
side was connected to a terminal with constant current source
of 1 A. In the meshing process, tetrahedral elements were used
in both the substrate solid domain and the deformed liquid
metal domain. Mesh independency was examined in structural
mechanics module for the TPU domain, as well as the AC/DC
module for the eGaln domain. Consequently, the satisfactory
levels of refinement without compromising the computation
speed were 84000 and 3038 domain elements for the TPU
and eGaln domains, respectively.

an

I1l. RESuLTS AND DISCUSSION
A. Model Validation Using Experiment
Material properties of a 3D printed TPU substrate greatly
depend on printing conditions [31]. Therefore, it is essential
to examine the 3D printed TPU samples presented in this
work experimentally in order to estimate the Mooney-Rivilin

Stress (Nz’mz)
T

= = Fjtted Mooney-Rivilin model
© Experimental

0.5 Reppel-Weinberg [26]
0 - " N
1 1.1 1.2 1.3 1.4 1.5 1.6
Stretch, A

Fig. 4. Measured stress-strain curve of the 3D printed TPU
substrates presented in this work, Mooney-Rivilin model, and mea-
sured stress-strain curve of 3D printed TPU substrates reported by
Reppel-Weinberg [31].

coefficients, i.e. Cyjg and Cp;, of these samples. To this end,
first, a strip of TPU was 3D printed using printing conditions
shown in Table I. The experiment setup shown in Fig. 2 was
then used to obtain stress-strain curves of the 3D printed
TPU strips. The Cyp and Cp; coefficients corresponding to the
minimum least squares error were evaluated —0.32832 (MPa)
and 2.9437 (MPa), respectively. Fig. 4 examines the measured
stress-strain curve and compares it with the stress-strain curve
reported by Reppel and Weinberg [31]. Results reveal that the
3D printed TPU substrates presented in this work demonstrate
similar trends and characteristics compared to those reported
by Reppel and Weinberg [31]. The deviation between the
stress-strain curves measured in this work and reported by
Reppel and Weinberg is likely due to variation in printing
conditions.

Next, the numerical simulation results were validated
against the experimentally measured data. Here, model sim-
ulations of both electric resistance and displacement versus
loading are compared against measured data. For this purpose,
first, using the experimental setup shown in Fig. 2, a uniaxial
force was applied across the sensor. The applied force was
gradually increased to 50 N. Simultaneously, the elongation
due to the exerted force was measured using the displacement
sensor. Results from the experiment and model simulation are
shown in Fig. 5a. Next, changes in electric resistance, AR,
were measured, and the nominal engineering strain, £, was cal-
culated using the measured elongation from the sensor along
the loading direction. Fig. 5b shows the normalized measured
changes in electric resistance, AR/R versus nominal strain, &.
The gauge factor parameter, GF = AR/(¢ - R), of the sensor
at different strain levels is discussed in a previous work of the
authors [16]. Fig. 5b also compares the numerical simulations
obtained using the Mooney-Rivlin hyper-elastic model against
the measured data. Results from Fig. 5(a-b) demonstrate an
excellent agreement between model simulations and measured
data. Results also show that nonlinear effects become evident
at higher strain levels. Thus, the nonlinear model developed in
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Fig. 6. Internal pressure in the filled channel of the sensor and volume

of an empty channel as functions of uniaxial loading force.

this work is essential to capture the nonlinear behavior of the
strain sensor. Unlike commonly used linear simplified models,
the nonlinear model developed in this work can accurately
predict the response of the sensor over a wider range of strain
levels because of the nonlinear hyper-elastic model that is
coupled with the electrical-mechanical solver. The error bar
of the experimental data was calculated from three sets of
experiments. The resemblance between the sensor deformation
predicted by the model simulations and experimental data at
0%, 20%, and 30% strain levels is shown in Fig. 5c.

The internal pressure of the liquid metal filling the U-shaped
embedded channel of the sensor is shown in Fig. 6.

Interestingly, instead of a monotonously increasing,
the pressure increases to its peak at 20 N force and then

decreases gradually to reach negative values at applied forces
above the 35 N. This behavior can be explained better in light
of volume change of the channel.

That is, to further investigate the relation between the
pressure and the volume, a sensor with an empty channel was
analyzed under the same loading boundary conditions. Results
of volume changes of the empty channel versus applied force
are shown in Fig. 6.

As it can be seen, the negative values of pressure occur close
to the points where the volume of the empty channel surpasses
its unstrained value. For better demonstration, the first data
points, below the blue dashed line for filled channel and above
the orange dashed line for empty channel, are marked with a
different color (purple). Also, the extremums of the two curves
occur at a comparatively close applied force (maximum occurs
around 20 N for the filled channel compared to the minimum
occurs around 15 N for the empty channel curve).

B. Design Study and Optimization

In this section, we investigate the effect of critical design
parameters in order to establish design guidelines for improv-
ing the performance of the strain sensor. Specifically, we use
the numerical platform developed and validated in previous
sections to study the effect of substrate thickness, substrate
material, channel aspect ratio, channel geometry, and channel
location and pattern on the performance of the strain sensor.
In these simulations, nominal parameters shown in Table II
were fixed, and only the design parameter under investigation
was altered. The volume of the liquid sensor was kept constant,
while other parameters were altered.

Authorized licensed use limited to: UNIV OF ALABAMA-TUSCALOOSA. Downloaded on December 31,2021 at 03:03:05 UTC from IEEE Xplore. Restrictions apply.



MOFIDIAN et al.: 3D-PRINTED STRAIN SENSORS

TABLE Il
NOMINAL DIMENSIONS OF THE 3D PRINTED STRAIN SENSOR
PRESENTED IN THIS WORK

Thickness of the sensor 0.6
Length of the sensor 80
Width of the sensor 31
Thickness of the channel 0.1
Length of the channel 111
Width of the channel 2
70 T T T *
/
60 H /*,’ﬁ .
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f
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= ol
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Fig. 7. Effect of thickness of the substrate on the sensitivity of the strain
Sensor.

1) Substrate Thickness: Fig. 7 investigates the effect of the
thickness of the substrate on the sensitivity of the strain sensor.
Here, the sensitivity of the sensor is expressed in terms of
the relative change in electric resistance in response to given
strain, i.e., AR/R.

As shown in Fig. 7, the sensitivity of the strain sensor
slightly improves as its thickness decreases. For instance,
the change in the electric resistance, AR/R at 38% strain is
increased by 7% when the thickness of the sensor, #, decreased
from f = 1.4 mm to f = 0.6 mm.

This increase in sensitivity is expected because the loading
force which is transmitted to the boundaries of the channel
depends on the thickness of the substrate. Thus, a thinner
substrate is more susceptible to deformation. Additionally,
the loading force required to stretch the sensor to the same
strain level depends on the thickness of the substrate. This
is further investigated in Fig. 8, where von Mises stress
distributions in the sensor at different external force lev-
els are obtained using model simulations. Here, the bound-
ary condition applied for both substrates is fixed at 35%
strain level. For this strain level, the force, and consequently
the stress, in the thinner substrate is smaller, as shown
in Fig. 8.

2) Microchannel Width: The effect of the aspect ratio
(AR = width of the channel/height of the channel) of therec-
tangular embedded channels on the performance of the strain
sensor is shown in Fig. 9. Due to the limited thickness of the
substrate, only the AR > 1 is considered in this study.

von Mises
Stress (MPa)
75

(A) (B)

70

F 465

1 6.0

jl 5.5

E N

5.0

4.5

Fig. 8. won Mises stress distributions in the strain sensor: a) 1.4 mm
thick substrate and b) 0.6 mm thick substrate.
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Fig. 9. Effect of aspect ratio (AR) of the embedded micro-channel on
the sensitivity of the strain sensor.

Results demonstrate that there is an inverse relationship
between the AR and the performance of the sensor. That
is, the sensitivity of the strain sensor degrades as the AR
ratio increases. For instance, the change in electric resistance,
AR/R, at 28% strain level is increased by 10% when the
aspect ratio decreased from AR = 12 to AR = 1. This
implies that square cross-sectional shape, AR = 1, exhibits
the maximum sensitivity compared to the other aspect ratios.
Generally, when the sensor is under strain, its cross-section
shrinks. However, for a channel with smaller AR, the distance
between the channel edge and the substrate wall is smaller and

consequently causes more shrinkage in the cross-section.
3) Microchannel Cross-Sectional Geometry: Next, the effect

of the cross-sectional shape of the embedded channel on
the sensitivity of the sensor is investigated. Fig. 10 presents
model simulations performed on strain sensors with triangu-
lar, square, hexagonal, and octagonal cross-sectional shapes.
As shown in Fig. 10, there is an inverse relationship between
the number of sides in a given cross-sectional shape and the
sensitivity of the strain sensor. For example, a sensor with
triangular embedded channels exhibits the highest performance
compared to square, hexagonal, and octagonal cross-sectional
shapes. This behavior can be explained in light of model
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cross-sectional shape experiences the highest distortion in the 3? 40
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behavior can be explained through the inner angles of the
sides. In the triangle cross-section channels, the inner angles
are acute compared to the other cross-sectional shapes (square,
hexagonal, and octagonal). Thus, there is a higher chance that
any deflection will lead to blocking the angles and, therefore,
reducing the effective cross-sectional area to conduct the
electric charges. Consequently, this turns into higher desirable
electric resistance change (A R) in the strain sensor. The higher
change in resistance leads to higher sensitivity. On the other
hand, this behavior is based on the assumption that the areas
of all cross-section patterns are the same, therefore, the one
with lower edge number experiences more deformation due to
proximity to the edge of the substrate.

4) Microchannel Pattern: Fig. 11 compares three common
sensor patterns widely reported in the literature. These are spi-
ral (S) [19], [26], vertical serpentine (V) [19], [25], [34], and
horizontal serpentine (H) [19] patterns. Results suggest that
the sensitivity of the sensor may exhibit positive or negative
slopes for different patterns.

In the vertical and spiral patterns, the slope of the strain-
sensitivity curve is positive, while the horizontal pattern
exhibits a negative slope. This behavior is in agreement with
the experimental measurement reported by Park ef al. [19],
as shown in Fig. 11-b. This behavior can be explained in light
of the simplified formulation used for describing the change
in resistance, AR, in relation to the short and long channel
sides of the horizontal and vertical patterns. This formulation
is based on the linear material assumption, and treats the short
and long channels independently, given by:

ARiotal = ARy + AR, (12)

L, 3(8—8) Ly —& 13
W, H, ((2—3)2)+kaH;, (1+s) a3

A Rtotal =p

o Vertical

0 5 10 15 20 25 30
Strain (%)

Fig. 11.  Comparison of the effect of commonly used patterns of
embedded micro-channels (horizontal, vertical and spiral patterns) on
the sensitivity of the strain sensor. a) simulation results (this work)
b) experimental study from Park et al [19].

where A Ryora1, ARy, Ly, Wy, and H,, represent the total resis-
tance change, the resistance change of vertical sections of the
channel, length of vertical sections of the channel, width of
vertical sections of the channel, and height of vertical sections
of the channel, respectively. The same notation is used for
horizontal sections of the channel. In the vertical pattern,
the first and second terms in Eq. (13) are positive and negative,
respectively. This is because L, > L, thus, the contribution
of long channels (in determining the sign of the resistance
change) is dominant. Consequently, in the vertical pattern,
stretching the sensor leads to an increase in the total resistance,
A Riotal. On the other hand, the second term in Eq. (13) has
a larger impact on resistance change in the horizontal pattern,
i.e. L, > L,. Therefore, it causes the sensitivity of the sensor
to decline when the strain level increases.

Consequently, as shown in Fig. 11, the slopes are positive
and negative for vertical and horizontal configurations, respec-
tively. The same analogy can be made for the spiral pattern.
However, the spiral pattern is more complicated due to the lack
of simple vertical and horizontal channel patterns. Nonethe-
less, through mapping the polar design of the spiral pattern
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Fig. 12. Effect of vertical location, d, of the embedded micro-channel on
sensitivity of the strain sensor. Total length of the substrate is 80 mm.

into horizontal and vertical directions, it can be concluded that
Liong = Lshort- Therefore, it is intuitive to conclude that spiral
pattern performance falls between the vertical and horizontal
patterns (as shown in Fig. 11). The difference between the
results reported by Park et al. [19] and this work can be
ascribed to the difference in sensor’s number of loops which
also affects the volume of the filled liquid metal in the channel.
However, both graphs show the similar behavior for each set
of the channel arrangements.

5) Microchannel Position: The location of the embedded
channel with respect to the top side of the substrate is studied
next. Model simulations were performed only on the spiral
pattern because it was the only pattern with enough space for
vertical displacement, marked as “d” in Fig. 12. Results in
Fig. 12 show that the sensitivity of the sensor is marginally
affected by the location of the micro-channel. For example,
results presented in Fig. 12 suggest that the sensitivity of the
sensor is at its peak when the location of the micro-channel
shifts to the center of the substrate. The sensitivity of the
sensor declines slightly as the micro-channel location shifts
to the top or bottom edges of the sensor.

6) Substrate Material: In the literature, variety of materials
have been reported for manufacturing these stretchable strain
sensors. Here, three common materials for the substrate are
investigated, and results are shown in Fig. 13. These materials
are PDMS [19], [26], EcoFlex [25], and NinjaFlex [16].
The material model used for the PDMS is based on the
three-parameter Mooney-Rivlin model proposed by Kim et al.
[34] for the base polymer curing agent ratio of 15:1. Also,
the EcoFlex material was simulated using the Neo-Hookean
model proposed by Overvelde et al. [25]. The strain-stress
curves of these three materials are presented in Fig. 13.

By examining Fig. 13, one can notice that NinjaFlex
material requires a higher external force to be stretched to the
same stretch level as the other two materials. Fig. 14 compares
the sensitivity results of the aforementioned materials. Refer-
ring to Fig. 14, NinjaFlex shows slightly higher sensitivity,
compared to PDMS and EcoFlex, especially at higher strain
levels. For example, at a 35% strain level, a sensor with
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Fig. 13. Comparison between stress-strain curves for the three selected
substrate materials obtained using model simulations.
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Fig. 14. Effect of traditionally used substrate materials for fabricating
strain sensors (PDMS, EcoFlex, and NinjaFlex) on the sensitivity of the
strain sensor.

NinjaFlex substrate exhibits, approximately, 6% improvement
compared to a sensor with EcoFlex substrate. The order of
sensitivity coincides with their stress-stretch order presented
in Fig. 13. These results are in good agreement with the data
reported by Case [22]. Thus, the use of NinjaFelx as a substrate
for a strain sensor is preferred not only because it exhibits
a higher sensitivity but, also, because of its adaptability
with current FDM 3D printing technologies and the ability
to produce intricate designs and three-dimensional complex
structures for stretchable sensors.

V. CONCLUSION

The rise of rubber-like 3D printing filaments and innovative
additive manufacturing techniques has opened the gate for fab-
ricating flexible strain sensors with complex designs and struc-
tures. Chief among these strain sensors is the resistive-type
strain sensor, which uses a flexible substrate coupled with
an electric liquid metal conductor to allow for a change
in electric resistance as a result of mechanical deformation
in the flexible substrate. The full characterization of these
electromechanical systems requires not only understanding
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the mechanical response of the sensor but also the electrical
response and the coupled electromechanical behavior. To date,
simplified analytical formulas have been used to establish
a relationship between the electric domain, i.e., change in
electric resistance, and mechanical domain, i.e., stress and
strain. Moreover, due to the rise of rubber-like substrates,
typically used in these sensors, nonlinear models are needed
to capture the response of the sensor over a wide range of
strain levels.

In this article, a prototype of a resistive-type strain sen-
sor has been fabricated. A finite element COMSOL non-
linear model has been developed and used to characterize
the strain sensor as well as established useful design strate-
gies to improve the sensor’s response. The strain sensor
has been prototyped using the 3D-Printing FDM technique
and used for model validation. The fabricated sensor has
been characterized experimentally, and results show excellent
agreement between model simulations and measured data.
Unlike traditionally used linear models, the nonlinear model
developed in this work can accurately predict the response
of the sensor over a wide range of strain levels because of
the nonlinear hyper-elastic model that is coupled with the
electrical-mechanical solver. Results from the current study
concluded the following:

« The response of the sensor improves as the thickness of
the substrate decreases. At a 38% strain level, the sensi-
tivity is increased by 7% when the thickness of the sensor
decreased from t = 1.4 mm to t = 0.6 mm.

« The sensitivity of the strain sensor decreases as the
aspect ratio of the cross-section of the embedded chan-
nel increases. The change in electric resistance at 28%
strain level is increased by 10% when the aspect ratio
decreased from 12 to 1. This change implies that square
cross-sectional shape, i.e., unity aspect ratio, exhibits
the maximum sensitivity compared to other rectangular
channels with different aspect ratios.

« There is an inverse relationship between the number of
sides in a given cross-sectional shape and the sensitivity
of the strain sensor. A sensor with triangular embedded
channels exhibits the highest performance compared to
square, hexagonal, and octagonal cross-sectional shapes
(For example,for a fixed strain level of 22%, the change
in electric resistances, AR/R, of triangular and octagonal
cross-sections are 51% and 37%, respectively). The chan-
nel with a triangular cross-sectional shape experiences
the highest distortion under uniaxial loading force. This
results in a larger change in electric resistance and,
therefore, higher sensitivity.

o Three commonly used materials for fabricating strain
sensors are investigated, including PDMS, EcoFlex, and
NinjaFlex. NinjaFlex shows slightly higher sensitivity at
higher strain levels. Compared to the PDMS substrate,
the use of NinjaFlex filaments is advantageous due to
its adaptability with additive manufacturing. Additive
manufacturing provides a cost-effective, efficient, and
highly versatile approach to fabricating flexible strain
sensors. Compared to traditional approaches, such as
micro-manufacturing, additive manufacturing allows for

the construction of complex designs with limited labor

work and no need for special environments.
The nonlinear numerical platform we presented in this article

provides full insight into the effects of various design parame-
ters and can serve as a platform for successful design strategies
for building flexible strain sensors.
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