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improving the sensitivity. We define two design parameters that determine the strain sensitivity: the

Keywords: stiffness ratio and the length portion of the different materials used in the structure. Investigations
Soft sensors on the effects of the parameters on the sensor performances, including the sensitivity, the stiffness,
Soft robotics the resolution, the hysteresis, the linearity, the durability, and the maximum strain, are conducted
Liquid metal by deriving a global mathematical model validated through experiments. Based on the results, there
Sensitivity exists the optimal length portion of the component materials that maximizes the sensitivity, depending

Multi-material

1= on the stiffness of each material component. We demonstrate an example, using the optimized
Multi-stiffness

parameters, of a multi-material sensor with the highest resolution three times that of a conventional
single-material sensor. We also demonstrate that the high precision achieved in the proposed multi-
material sensor structure enables successful measurement of the tiny movements of a human finger.
Lastly, potential design improvements are provided so that the structure can further enhance its
structural integrity and compliance.

© 2023 Elsevier Ltd. All rights reserved.

1. Introduction sensor to attain superior stretchability and dynamic durability
to other sensing mechanisms [10-12]. Therefore, a wide range

Highly stretchable strain sensors [1-3] have been widely used  of applications including skin-like electronics [13], wearable de-
for measuring motions of various systems with large deformation,  vices [14-16], human-robot interactions [17,18], sensorized soft
including human bodies and soft robots. They not only provide  robots [19-23], and even commercialized sensing systems [24],

high conformity to irregular surfaces but also hardly induce phys- have been developed based on the geometrical effect.
ical interference to the movements of the host systems. Research A high sensitivity in strain sensing is especially critical to some

in improving the performances of soft strain sensors, such as sen-
sitivity, stretchability, hysteresis, linearity, and durability [4,5],
have been reported through different approaches [6].

Amjadi et al. [4] categorized the stretchable strain sensors
into five types according to their sensing mechanisms: geometri-
cal effect, piezoresistive effect, disconnection, crack propagation,

and tunneling effect. Among these mechanisms, the geometri- i . idering th f health |
cal effect utilizes the change in the cross-sectional area of the ingertip, considering the tremor of healthy young people [28,29].

sensor's conductive path when stretched. If conductive liquid, =~ However, progress in enhancing the sensitivity has been lim-
such as room-temperature liquid metal [7,8] or ionic liquid [9], ~ited by the physical property of the sensing medium in geometry-
is used as a sensing medium filling the microchannels embedded based strain sensors. The resistance change of the conductive

in an elastomer structure, its inherent conformity allows the liquid channel (or trace) can be modeled as a function of the
length of the path, L, the cross-sectional area, A, and the resis-

* Corresponding author tivity, p, from the well known equation R = pL/A. Assuming
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(T. Park), ylpark@snu.ac.kr (Y.-L. Park). deformation, the equation can be rewritten in terms of strain,

of these applications. For example, sensors for detecting human
finger movements [13,25], ranging from small tremors to large
flexion and extension motions, need to provide a high resolution
while covering a large range of deformation. Previous studies [26,
27] argues that hand tracking systems are required to have a
resolution as high as 0.2 mm for detecting the displacement at the
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Fig. 1. Comparison of single-material and multi-material sensors: (a) Deforma-
tion of a single-material sensor due to uniaxial tension, which produces uniform
strain across the sensor; (b) Deformation of a multi-material sensor due to
uniaxial tension. Each segment experiences distinct strains.

e, [4,5,30,31] as
AR A(L/A)
Rg Lo/Ao

Eq. (1) shows that strain, the input of the system, is the only
factor that determines the change of the sensor’s resistance, and
the sensitivity cannot be controlled by changing the geometrical
parameters, such as the area or the length of the conductive
channel.

We previously suggested an approach to enhancing the sensi-
tivity by modulating the strain distribution of the sensor given the
same input, introducing a multi-material sensor structure [32].
Unlike conventional sensors made of a single material (Fig. 1(a)),
each material segment embedded with a conductive path in the
multi-material structure (Fig. 1(b)) experiences a distinct strain.
More specifically, the soft segment experiences a larger strain
than the stiff segment. The total resistance change of the sensor
is then calculated as the sum of the local resistance changes
of all the segments. This work was successful in demonstrating
the advantage of multi-material structures through experiments.
However, it did not provide a theoretical analysis that explains
the principle of the sensitivity enhancement based on relevant
design parameters. In addition, the experimental observations
were conducted in a limited scope—only a single pair of materials
were used to create the multi-material structures of the proto-
types that covered only a few different length portions of the
composing materials.

In this study, we present a thorough analysis on the multi-
material sensors and provide a guidance to their effective im-
plementation to practical applications. We first investigate the
mechanisms through which the multi-material structures en-
hance the sensitivity. By introducing two key design parame-
ters, the stiffness ratio and the length portion of the component
materials, we provide a closed-form solution that explains the
behavior of each component and the resultant resistance of the
sensor. The suggested model is global, covering the entire range
of the parameters, and enables optimization of the design that
enhances the sensitivity. The global parametric effects and the op-
timality from the model are then experimentally validated using
actual sensor prototypes. Considering the nonlinear characteris-
tics of the composing materials, the model is further elaborated
to describe the behavior of the multi-material sensors. Finally,
we highlight the significance of the sensitivity enhancement by
measuring the small tremor of the human hand with an excep-
tional resolution of 10 wm that is impossible to achieve using

=2¢ + €. (1)
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conventional single-material soft sensors. We also suggest possi-
ble design variations to further improve the structural robustness
and softness of the multi-material sensors.

The rest of the paper is organized as follows. In Section 2,
we formulate the closed-form expressions of the sensitivity of
multi-material soft sensors following the introduction of their
design parameters. Section 3 describes the fabrication process
and the testing procedure of the sensor prototypes for validation
of the proposed model. Section 4 compares the experimental
results with the theoretical predictions. The sensors are further
evaluated with regard to other performance criteria, including
the minimum resolution, the hysteresis, the linearity, the dy-
namic durability, and the maximum strain. Based on the results,
the optimal parameters of a multi-material sensor are derived
for measuring human finger motions in Section 5. Experiments
with the corresponding sensor prototype are then conducted
to demonstrate the effectiveness of the enhanced sensitivity.
Section 6 finally discusses several design improvements for the
shortcomings of the multi-material structure.

2. Theory
2.1. Introduction of two design parameters

To maximize the sensitivity and to optimize the design for
required specifications, we define two design parameters of a
multi-material sensor structure. The local resistance change along
the sensing (i.e., conductive) path is determined by the corre-
sponding local strains according to Eq. (1). The modulation of
these local strains (i.e., the distinct strains in different material
segments) in the multi-material structure can be achieved by
altering the stiffness variation and the length portion of the elas-
tomer materials. To investigate how these factors affect the strain
distribution, deformations of multi-material structures with vary-
ing material combinations (Fig. 2(a)) and length portions
(Fig. 2(b)) were simulated using a commercialized finite element
analysis software package (Abaqus, Dassault Systems).

In the simulation results, shown in Fig. 2, the strain contours
of the deformed structure and the strain distributions along the
length of the sensors are shown. In all designs, we observed that
the strain applied to each material segment was almost uniform,
which allowed us to model the multi-material sensor with an
assumption of piece-wise constant strains over the length of the
sensor. By comparing the three sensors shown in Fig. 2(a), we
found that the larger differences in the stiffness of the materials
lead to the greater differences in the strain levels between the
two segments. More specifically, the differences in the strain
levels decreased from approximately 1.58 to 0.64 and ended up
approaching 0 as the difference in the stiffnesses of the two
materials became smaller, as shown in Fig. 2(a) i-iii. Increasing
the portion of the stiffer material increased the strains in both
material segments, as shown in Fig. 2(b), leading to an increase
in the total resistance based on Eq. (1).

2.2. Two-parameter analysis

2.2.1. Governing equations and solution

For multi-material sensors, we assume that the geometry of
the embedded conductive path is uniform in the undeformed
state, regardless of the component materials. With a uniform
cross-sectional area, the initial resistance of each material seg-
ment is determined only by its initial length. We then establish
the total resistance of the multi-material sensor as the sum of the
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Fig. 2. Deformation of multi-material sensors with design variations predicted by finite element analysis. Strains (y-axis) along the length of the sensor (x-axis) are
plotted: (a) Sensors with various material combinations; the difference in the stiffnesses of the composing materials decreases from left to right. (b) Sensors with

different length portions of a stiffer material (33%, 50%, 66%).

local resistances, each of which was calculated using Eq. (1). Thus,

AR Rio(2€1 + €}) + Ro0(2€2 + €3)

Ro Rio0+Rap
R10 2
= ———(2¢1+¢€ +72€ +€ (2)
Rl.0+R2,0( 1 1) +R20( 2 2)
Lo
= ———Q2e1+ € )+7(262+6 )
Lio+ho ! ho+bo ’

where the subscript O in the variables indicates the initial value
before the sensor deformation, and the subscripts 1 and 2 repre-
sent the types of the materials in the different segments. Now,
the total resistance change of a multi-material sensor can be
expressed with second-order polynomials of the local strains as
well as with the initial lengths of the segments. The local strains
can be calculated by solving the geometric constraints and the
force equilibrium of the sensor. The total strain (¢) of the sensor
is geometrically related to the local strains by

lioe1 + Lo = (li0 + b 0)e. (3)

Then, the tensile force equilibrium of the material segments con-
nected in series needs to be satisfied. We first consider a simple
case in which the materials follow the linear force-strain relation
as

Kieq (4)

where K; and K> are the stiffnesses of the two materials. K;, K3,
l1.0, and 1, o, used to express the constraining equations (Eqgs. (3)
and (4)), can be further simplified to two parameters as

= Ki/K; € R,
l:=1lh,/(hio+ho) €R,

by setting K; to be larger than K, without loss of generality. We
denote s as the stiffness ratio between the two materials and [ as
the length portion of the stiffer material. A sensor with [ =

or | = 1 indicates a sensor made of a single material to be
entirely soft or stiff, respectively. If the sensor has a large s, the
two materials forming the multi-material structure have a large
difference in stiffness. Now, Eqgs. (3) and (4) can be solved, and

= K€y,

(5)

the local strains of the two material segments (€1, €2) can be
expressed using the two parameters (s, [) and the total strain (¢)
as

€

=, 6

€ s+1—sl (6a)
se

€ s+1—sl (6b)

By plugging these local strains into Eq. (2), we can finally
derive the total resistance change of a multi-material sensor in
a closed form as

AR 2e €?
— =] +
R s+1l—sl  (s+1—sl)?

2s€ s2¢?
(s+1—sh2)

+ (1 D(s—i—l—sl +
2.2.2. Analysis

To understand the effects of the parameters s and [ in Eq. (7),
the equation was plotted in Fig. 3 for a fixed input strain (¢) of 1
(100% of stretching from the initial length). Each curve represents
a different material combination, showing the resistance change
as the length portion varies. The flat curve (s = 1, black) is
a single-material sensor, which is not affected by the changes
of the length portion. However, for a large stiffness ratio with
distinct materials forming the sensor, we see that the multi-
material structure shows greater changes in resistance than does
the single-material structure. We also note that the resistance
change does not monotonically increase with the increase of the
length portion, but rather, a peak exists in each curve (marked
with an asterisk). This observation signifies the existence of the
optimal length portion for each stiffness ratio. These optimal
points can be computed by differentiating Eq. (7). Given the
stiffness ratio, the optimal resistance change (AR/Ry*) and the
corresponding length portion (I*) are calculated as

AR\ * €(€ + 85+ 2¢es + €5°)
(%) o=
Ro 4s

F(s) = ]LH (8b)

(8a)
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Fig. 3. Resistance changes at 100% strain normalized by the initial resistances
(AR/Ry), i.e., sensitivity, for varied length portions of the stiffer segment and
the stiffness ratios.

Lastly, we observed that the overall curve shifted upwards,
and the peak rightwards, as the stiffness ratio (s) increased.
Therefore, to enhance the sensitivity of a multi-material strain
sensor, it is ideal to select materials with a stiffness difference
as large as possible with the optimal length portion.

3. Experiments

To evaluate the validity of the model, presented in Section 2,
which describes the sensitivity of multi-material sensors, sensor
prototypes with various design parameters were fabricated and
tested to examine their behaviors. Each of these fabricated sen-
sors was also modeled based on the theory, discussed in Section 2,
combined with an elaborate force-strain relation.

3.1. Sensor fabrication and testing

3.1.1. Sensor design

To investigate the effect of the stiffness ratio on the multi-
material sensors, two different stiffness ratios (i.e. two different
combinations of silicone materials) were used: a combination
of Ecoflex 00-30 (100% modulus: 69 kPa, Smooth-on, Inc.) and
Dragon Skin 30 (100% modulus: 593 kPa, Smooth-On, Inc.), and

(a) (c)

Holder for

30 Mm  tensile testing

Multi-material substrate
EGaln micro

Ecoflex 00-30
or Mixture of

3D printed mold Dragon skin 30

i

Extreme Mechanics Letters 60 (2023) 101983

a combination of Ecoflex 00-30 and a 1:1 mixture (mass ratio)
of Ecoflex 00-30 and Dragon Skin 30, which we will denote as
Ecoflex-DragonSkin mixture. For each combination, sensor sam-
ples with seven different length portions were fabricated with the
stiffer material occupying 0%, 33.3%, 50%, 66.7%, 83.3%, and 100%
of the total length.

The dimensions and the fabrication process of the multi-
material sensors are summarized in Fig. 4(a) and (b). Plastic molds
were prepared by 3D-printing and assembled so that two differ-
ent silicone materials could be cured one after the other. After
preparation of all the molds, liquid-state Dragon Skin 30 was
poured into the mold and cured. The remaining space was then
filled with Ecoflex 00-30 and cured. Using a motorized x-y stage
(Shotmaster 3002X, Musashi), a pneumatic dispensing system
(SuperX CMIII V2, Musashi), and a laser distance sensor (LK-G32,
Keyence), liquid-metal (eutectic gallium-indium, eGaln) traces
were printed on the top surface of the cured silicone. Reliable
and efficient fabrication of eGaln traces was achieved [33,34] by
controlling the thickness of the liquid metal using the dispensing
pressure, the stand-off distance, the stage velocity, and the shot
time [35,36]. The printed eGaln traces were then encapsulated
by a thin layer of the Ecoflex-DragonSkin mixture. A block of
Dragon Skin 30 was also cured on each end of the sensor as
a holder combined with a custom-built fixture during testing.
For fabrication of the samples with the other stiffness ratios,
the entire procedure was repeated except for replacing the stiff
material (Dragon Skin 30) with the Ecoflex-DragonSkin mixture.

3.1.2. Experimental setup

The resistance and the tensile force of the multi-material sen-
sor samples were measured during uni-axial tensile tests. Each
sensor was fixed on a motorized test stand (ESM 303, Mark-10)
(Fig. 4(c)). The seven samples were tested for each length portion,
and all the sensors were stretched up to 100% strain prior to the
main experiment accounting for the Mullins effect [37,38].

For tests involving displacements smaller than 0.1 mm, a
universal material testing machine (34C-1, Instron) was used with
the same experiment.

3.2. Elaborated force-strain relation

There are limitations in directly applying Eq. (4) and conse-
quently Eq. (7), in Section 2, to actual soft sensors for validation
of the proposed model. We previously employed a simplified
linear force-strain relationship in order to discuss the parameter
of the stiffness ratio as a single variable s. In this way, we can

Motorized test stand  Fixture for holder (d) o
[ Il .-
------ <&
£
£
0-30 mm =
5 cycles é
)
Liquid metal  ° S?Easin !

dispensing p |
system h

Covering
silicone layer

Dragon skin and Ecoflex

Fig. 4. Overview of sensor prototyping and testing: (a) design, (b) fabrication process of the multi-material sensor, (c) experimental setup for the cyclic tensile test,
and (d) hyperelastic Yeoh model characterization of the materials used in the experiment. The solid and the dotted lines represent the measured and fitted stress

data, respectively.
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Fig. 5. Resistance changes and tensile forces of multi-material sensors with various design parameters. (a) Resistance curves of sensors with the high stiffness ratio
(i.e., combination of Dragon Skin 30 and Ecoflex 00-30). (b) Resistance curves of sensors with the low stiffness ratio (i.e., combination of Ecoflex-DragonSkin mixture
and Ecoflex 00-30). The shades of the color indicate different length portion, with the brighter shades representing larger portions of the stiff segment. (c) Model
predictions (dotted lines) from Section 3.2 and measured resistance (circular markers) at 100% strain (data points at strain = 1 in (a) and (b)) plotted with respect to
length portions. The length portions are expressed in x-axis. Error bars were calculated with seven samples of each sensor design. (d) Tensile force curves of sensors
with the high stiffness ratio. (e) Tensile force curves of sensors with the low stiffness ratio. (f) Model predictions (dotted lines) from Section 3.2 and measured
tensile forces (circular markers) at 100% strain (data points at strain = 1 in (a) and (b)) plotted with respect to length portions. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

obtain the intuition on the effects of the two parameters on the
behavior of the multi-material sensors. However, the simplified
relation does not reflect the true nature of silicone materials in
general. Therefore, we adopted the hyperelastic Yeoh model into
the theories in Section 2 for accurate prediction of the behavior
of the tested samples instead of using the simplified relationship.
The Yeoh model is considered to be suitable in interpreting the
sensors made of silicone materials, since they experience local
strains ranging from 0 to 300% during the tensile test [39,40].

The third-order Yeoh model suggests that the tensile force (F)
can be expressed with the stretch A (= ¢ + 1) and the three
material constants (Cq, Gy, C3) as

1\ < , 2\
F:2A(A——) iC-(k 7—3) .
0 22 ; AUy

Using this relation, the force equilibrium in Eq. (4) can be rewrit-
ten as

1
2(3 = 5 ) (Cur +2C1ally = 3)+ 3C1a0 - 37)
1

(9)

(10)

1
= 2<)»2 - P) (Cz,l +2G(l — 3) + 3G 3(l — 3)2),
2

where Ay e + 1, Iy )\.i + 2/x, and (Cy1, Ck2, Ck3)
representing the three Yeoh coefficients of the kth material.

Then, given the Yeoh coefficients and the length portion [,
the local strain of each segment in a multi-material structure is
calculated by solving Eq. (10) with Eq. (3). The calculated local
strains are then plugged into Egs. (2) and (10) to quantify the
sensitivity and the force associated with each sensor.

The force-strain curves of the three silicone materials used for
fabrication (Ecoflex 00-30, Dragon Skin 30, and a 1:1 mixture of
the two silicone) were fitted with Eq. (9) to obtain the corre-
sponding Yeoh coefficients of the material (Fig. 4(d)). The plots

show that the stiffness of the mixed material is approximately
the average of the two pure materials. The calculations of the
model and the experimental results will be discussed in detail in
Section 4.

4. Results

Sensors with two different stiffness ratios (Dragon Skin 30 +
Ecoflex 00-30 and Ecoflex-DragonSkin Mixture + Ecoflex 00-30)
and seven different length portions (0%, 16.7%, 33.3%, 50%, 66.7%,
83.3%, 100%) were tested to confirm the effects of the two design
parameters on the sensor performances.

4.1. Enhanced sensitivity of multi-material sensors and optimal
length portion

Figs. 5(a) and 5(b) show the resistance changes of the sensors
with seven different length portions. Fig. 5(a) shows the results
from the sensors with higher stiffness ratios (Dragon Skin 30
+ Ecoflex 00-30) than those in Fig. 5(b) (Ecoflex-DragonSkin
Mixture + Ecoflex 00-30). The curves were plotted with respect
to the total strain ranging from 0 to 1.

In both material combinations, i.e., Figs. 5(a) and 5(b), all
the multi-material sensors (colored in red or blue) demonstrated
higher resistance changes than the single-material sensors
(black). However, the response curves varied among the sensors
with different length portions. A more detailed comparison is
depicted in Fig. 5(c) that marks each sensor’s resistance change at
a total strain of 100% (¢ = 1), equivalent to the gauge factor. Each
marker represents the last data point of the curve in Figs. 5(a) and
5(b), plotted with respect to the length portion. The two solid
line curves, connecting these markers, are both bell-shaped, with
the minimum values at 0 and 100% length portion, representing
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Nonlinearity of sensors with various design parameters (Stiffness ratios and length portions). Nonlinearity were evaluated by the
percentage of deviation (error) from the best fit line to the full scale output (FSO) of the sensor.

Stiffness ratio

High (Dragon Skin 30 + Ecoflex 00-30)

Low (Mixed material + Ecoflex 00-30)
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Fig. 6. Resolution and durability of the multi-material sensor. (a) Sensor signals (digital bits) of the multi-material sensor with the highest sensitivity, in Fig. 5,
(composed of Dragon Skin 30 and Ecoflex 00-30 with 66.7% length portion) and a single material sensor stretched with an increment of 0.01 mm. (b) Sensor signals
(digital bits) of the sensors stretched with an increment of 0.03 mm. (c) Sensor signal (resistance change) of a multi-material sensor designed with the material
combination of Ecoflex 00-30 and an Ecoflex-DragonSkin mixture, and the 50% length portion, stretched up to 100% strain over 10000 cycles. (d) Tensile test result

of the multi-material sensor with the highest sensitivity (66.7% length portion).

single-material sensors. The bell-shape proves that the multi-
material sensors are superior in sensitivity to the single-material
sensors, showing enhancement in sensitivity up to 33% and 9%
for the two material combinations. Furthermore, the peaks in the
curves in Fig. 5(c) suggests the existence of the optimal length
portion. This observation extends the conclusions drawn in the
mathematical analysis in Section 2.2.2 to include even general
cases of soft sensors, confirmed through the actual prototypes
composed of hyperelastic materials.

Overall, the observations on the distinct level of improvement
in sensitivity between the two stiffness ratios and on the exis-
tence of the optimal length portion concur with the analysis in
Section 2.2.2 and Fig. 3. However, for more sophisticated and
accurate evaluation of the sensor model, the comparison of the
experimental results with the theoretical predictions was elabo-
rated through the hyperelastic force-strain relation in Section 3.2.
The prediction is shown with the dotted line curve in Fig. 5(c),
whose shape and relative location of the peak are in agreement
with those of the experimental results. This result confirms that
we can accurately predict the improvement in the sensitivity,
given its length portion and the material properties (i.e. Yeoh
coefficients).

4.2. Stiffness increase with stiffer materials or larger length portions:
How to exploit both of sensitivity and softness?

Figs. 5(d), 5(e), and 5(f) illustrate the tensile forces measured
during stretching and releasing of the sensors. It is apparent that
increase in length portion leads to larger tensile forces, since the
stiffer material occupies the major portion of the total structure.
In addition, particularly in this experiment, larger tensile forces
were observed in the sensors with high stiffness ratios in Fig. 5(d)
than those with low stiffness ratios in Fig. 5(e). This is because
the stiffer material (Dragon Skin 30) was used to create the
larger stiffness ratio. However, increase in the stiffness ratio does
not necessarily increase the overall stiffness. For example, using
a material combination of Ecoflex-DragonSkin mixture and a
material softer than Ecoflex 00-30 will have a higher stiffness
ratio while showing a smaller overall stiffness compared to the
sensors in Fig. 5(e). This means a sensitive yet soft sensor can be
designed—an idea that will be discussed in detail in Section 6.

4.3. Higher resolution of multi-material sensor

Enhancement of the sensitivity due to the multi-material
structure led to an increased resolution with a high signal-to-
noise ratio. The multi-material sensor with the highest sensitivity,
observed in Fig. 5(c), and a single-material sensor were stretched
with increments of 0.01 mm and 0.03 mm, as shown in Fig. 6(a)
and (b), respectively. The signals were obtained using a 16-bit
analog-to-digital converter (ADS1115, Texas Instruments) with
the maximum gain of 16. The results in Fig. 6(a) demonstrates
that the multi-material sensor was able to clearly detect each
0.01 mm displacements while the signal changes of the single-
material sensor was not distinguishable from the noise. The
highest resolution of the single-material sensor was 0.03 mm in
Fig. 6(b), significantly larger than that of the multi-material sen-
sor. The practical advantage of such enhancement in sensitivity
is highlighted in the following Section 5.

4.4. Hysteresis, linearity, dynamic durability, and the maximum
strain of multi-material sensors

Multi-material sensors showed low hysteresis in Fig. 5(a).
They also exhibited small and uniform nonlinearity (calculated
with the error from the best fit line [41]), as described in Ta-
ble 1, an attribute of their sensing mechanism (See Eq. (1)),
independent of the stiffness ratio and the length portion. Fur-
thermore, Fig. 6(c) shows the sensor signals of a multi-material
sensor composed of Ecoflex-DragonSkin mixture and Ecoflex 00-
30 with a 50% length portion during 10,000 stretching-releasing
cycles with 100% strain. The consistent output signal proves that
the multi-material design was highly durable under long-term
dynamic loads. The results prove that the multi-material struc-
ture did not undermine the advantageous characteristics of the
geometry-based fluidic sensors in terms of hysteresis, linearity,
and dynamic durability. Fig. 6(d) shows the result of a tensile
test of the multi-material sensor with the highest sensitivity in
Fig. 5(c). The maximum measurable strain was 2.87, at which
the sensor was fractured. A mechanical failure occurred at the
interface between the stiff and soft materials, caused by large
stress concentrations induced by the abrupt change in the cross-
sectional area [42,43]. Potential improvements of the interface
design to enhance the structural integrity and the measurable
strain range of the multi-material sensors will be discussed in
Section 6.2.
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5. Application

Involuntary finger motions, known as tremor, is present in all
people. The average resting tremor of a young healthy individual
(aged 20-30) is 0.1 mm =+ 0.1 mm at frequencies lower than
10 Hz [29]. We demonstrate the ability of multi-material sensors
to measure the wide range of finger motions with an exceptional
precision that can even detect the tremor. The sensor is placed on
the index proximal interphalangeal joint of a male human hand,
and the strain caused by the rotation of the joint is measured. The
distance from the joint to the fingertip and the radius of the joint
were measured to be 49.1 mm and 7.6 mm, respectively. With
these measurements, the displacement by the strain at the joint
caused by the fingertip displacement of 0.1 mm was estimated as
0.015 mm, which was not detectable by the conventional single
material sensor, as found in Fig. 6.

To verify that the sensor can perform reliably at the frequency
of the tremor, a multi-material sensor that exhibited the high-
est sensitivity in Fig. 5(c) (composed of Dragon Skin 30 and
Ecoflex 00-30 with a length portion of 66.7%) was subject to
cyclic stretching and releasing with an amplitude 0.01 mm at
a frequency of 10 Hz. The results, in Fig. 7(a), demonstrate that
the multi-material sensor still maintains its highest resolution of
0.01 mm during high frequency motions, such as tremor.

The selected multi-material sensor and a single-material sen-
sor were mounted on the joint, as depicted in Fig. 7(b). Their
signals were recorded for the flexion and extension motions with
the maximum and a slightly reduced ranges and also the fine
finger motions that mimicked the tremor. The reference finger-
tip positions were also tracked by post-processing the recorded
videos with a motion analysis software (ProAnalyst, Xcite). The
results in Fig. 7(c) clearly demonstrate that the multi-material
sensor signals (colored in red) successfully reflected the fingertip
displacements as large as 58.4 mm and as small as 0.2 mm,
whereas the single-material sensor failed to distinguish the small
displacements.

6. Discussion
6.1. Design improvements for symmetry and conformity

Looking back at Fig. 2, it is noted that the asymmetric and non-
uniform span of the stiffness of the component materials causes
irregular deformation and abrupt changes in the cross-section
when stretched. Asymmetric deformation hinders the conformity
of the sensor to a large deformable surface, such as the joints
in the human body, and sudden reduction in the cross-section
induces stress concentration.

Fig. 8 shows the results of finite element analyses of vari-
ous designs of multi-material sensors with (a) varied numbers
of material interfaces, (b) additional material at the interface,
(c) increased area of the interface, and (d) thickness variations.
Despite the different designs, the overall strain plots show that
the segments of the same material still experience uniform and
equal strain levels. This approves that the assumptions behind
Egs. (3)-(7) can also be applied to the new designs. Using these
findings, all the sensors in Figs. 8(a), 8(b), and 8(c) were designed
to have constant sensitivities for a more objective assessment of
their structural integrity.

The sensors in Fig. 8(a)-ii-iv shows symmetric and uniform
deformations for better conformity to the host structure, while
sharing the same stiffness ratio and the length portion with the
sensor in Fig. 8(a)-i.

However, increasing the segmentation of the component ma-
terial intensifies the stress concentration at the interfaces, marked
in the stress contour plots. Fig. 8(a)-v graphs the stress concen-
tration factor of each sensor, K., defined as

K. = Omax ’

Onom
where the maximum stress (ong) occurs at the material in-
terfaces and the nominal stress (o,,m) is the average uniform
stress [44]. Sensors with more material interfaces (Fig. 8(a)-ii-
iv) generally show higher stress concentration factors at the
interfaces. This may be critical to the sensor integrity, as shown in
Fig. 6(d), where a mechanical failure was observed at the material
interface, limiting the sensor’s maximum strain.

(11)
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6.2. Design improvements for structural integrity

The following two designs can alleviate stress concentration at
the material interfaces. The simulation results of the first design
are shown in Fig. 8(b), in which we introduce an additional
material with an intermediate stiffness at the interface, as was
done by Bartlett et al. [45]. The stiffness of the interfacial material
was selected by linear interpolation of the Yeoh coefficients of
Ecoflex 00-30 and Dragon Skin 30, at the 1/6 (ii), 1/3 (iii), and
midpoint (iv) from Dragon Skin 30. For each case, the length
of the material segments were adjusted to produce the same
sensitivity. This gradation of the stiffness caused a more gradual
distribution of stress along the length of the sensor, and de-
creased the stress concentration factor (Fig. 8(b)-v). The second
design (Fig. 8(c)) was inspired by the work by Mengiic et al. [14],

which increased the area of the material interface using a jigsaw
geometry. We also observed a significant decrease in the stress
concentration factor in sensors with a larger interface area than
that of the original design (Fig. 8(c)-v). These enhancements at
the material interface will allow multi-material sensors to endure
larger strains before failures.

6.3. Design improvements for softness

The multi-material approach to enhancing sensitivity, as dis-
cussed in Section 4.2 with Fig. 5, may induce increase in overall
stiffness when stiff materials are employed. Also, at the interface
between the different materials, there are higher chances of me-
chanical failures due to the high stress concentration, as observed
in Fig. 6(d) and Fig. 8(a)-(c). To Avoid these problems, using a
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single material but varying its thickness can be an alternative
way to create the non-uniform strain distribution. As shown in
Fig. 8(d)-i, ii and v, the segments with different thicknesses of
the same material behave like distinct material segments. The
thin segment works as a soft material while the thick segment
works as a stiff material, demonstrating a higher sensitivity than
the single-material sensor with a uniform thickness. Furthermore,
combining the thickness variation with the multi-material struc-
ture, as shown in Fig. 8(d)-iv, may lead to even a higher sensitivity
and also a drastically lower stiffness than a simple single- or
multi-material sensor with a uniform thickness (Fig. 8(d)-i, iii).

7. Conclusion

The geometry-based sensing mechanism embedded with con-
ductive fluid has its unique advantages: infinite stretchability
of the conductive fluid, robust interface between the polymer
and the conducting materials, and a reliable sensor performance
based on the non-destructive nature. While enhancement in the
sensitivities of geometry-based fluidic sensors has been known
to be limited, this study presents a new approach to tackle the
issue through non-uniform distribution of strain along the length
of the sensor. The concept was realized by combining different
materials with different stiffnesses. Taking the combination of
Dragon Skin 30 and Ecoflex 00-30 as an example, we achieved the
maximum gauge factor of 4, which is an increase in sensitivity by
33% compared to conventional single-material sensors.

The proposed multi-material sensors also demonstrated
superb sensor performances in terms of resolution, hysteresis,
linearity, and dynamic durability. Particularly, an enhanced reso-
lution of 0.01 mm (0.0003 in strain) was achieved by the multi-
material sensor, which enabled measurement of even tremors
of the human hand. We also suggested design variations for
improving symmetry, alleviating the stress concentration, and
for reducing the stiffness, which can be uniquely combined to
create highly sensitive but structurally robust sensors. Ultimately,
through the analysis, the demonstration, and the suggested de-
signs in this paper, it was confirmed that multi-material soft
sensors have a high potential in various challenging systems in
real-world applications.
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