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Abstract: This paper conducts a numerical study to prove the concept of a low-cost microfluidic-
based strain sensor and investigates the key design parameters that affect the sensor sensitivity by
using both theoretical and finite element models. The strain sensor is composed of an electrolyte-
enabled microchannel integrated with a pair of interconnects and silicone-based packaging. The
results show that the strain sensor has the highest sensitivity at the following chosen design param-
eters: the width and length of the primary microchannel are set at 0.2 mm and 20 mm, the width
ratio equals 2, and the number of the grid line is 10, respectively.

Keywords: flexible electronics; stretchable sensor; microfluidic device; wearable device; strain sen-
sor; electrolyte-enabled transducer

1. Introduction

Strain sensor, also named strain gauge, is a device that can measure the strain of an
object and convert the measured strain to the electrical response. Recently, with the rising
interest from many areas, such as human motion detection [1], wearable health monitor-
ing [2], robotics [3], and structural health monitoring [4], strain sensors with the features
of high flexibility, stretchability, sensitivity, stability, and low cost attract considerable
attention.

Conventional strain sensors made of metal foils, piezo material, and semiconductor
wafers hold promising sensitivity and stability. However, they lack flexibility and can
only measure small strain (<5%). Also, the cost of these strain sensors is imposing limita-
tions on their practical applications. Regarding new types of flexible strain sensors, resis-
tive strain sensors are the main research focus due to their simple structure and fabrication
process. There are two mainstream strategies in sensor preparation to achieve the desired
flexibility and stretchability. One is to develop electrically conductive elastomer compo-
sites by blending an insulating polymer matrix (thermoplastic or thermosetting plastic)
with conductive fillers like carbon black, carbon fibers or nanotubes, metallic particles, or
conductive polymers [5-8]. This type of strain sensor holds excellent stretchability, good
conductivity, and is relatively low cost. However, the sensor may be less stable and sen-
sitive when it is under the tensile strain as the deformation of the conductive nanocom-
posites could result in loss of contact between adjacent conductive. Also, the piezoresistive
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behavior of some of the nanocomposites will affect the sensor response, such as the ther-
moplastic polyurethane with carbon-based nanofillers [9] or conductive metal nanoparti-
cles[10]. Instead of developing the new materials, designing new structural constructs
from existing materials would work for some of the rigid materials, such as semiconduc-
tors and metal films. For instance, the research group of Jaemin Kim buckles the ultrathin
single crystalline silicon nanoribbon to offer the desired flexibility and stretchability [11].
The mechanical structure will tolerate the major strain change and minimize the potential
damage. This type of strain sensor can inherit the advantage of the conventional strain
sensor, such as high sensitivity, and overcome the shortage of limited stretchability. How-
ever, the fabrication process of this strain sensor type is still complicated and requires
relatively high costs. Therefore, there is a need to develop a strain sensor with high sensi-
tivity, flexibility, stretchability, and low cost.

To tackle the issues mentioned above, a highly stretchable microfluidic-based strain
sensor is presented here. The sensor is composed of an electrolyte-enabled long winding
microchannel integrated with a pair of interconnects and silicone-based packaging. While
the sensor is stretched along the sensor length, the transducer pair’s overall resistance
increases due to the elongation of the microchannel length and reduction of the micro-
channel cross-section. The detailed sensor design is demonstrated in Section 2.1. Sections
2.2 and 2.3 discuss the two numerical models of the strain sensor, respectively. The results
and discussion of the sensor performance are presented in Section 3.

2. Materials and Methods
2.1. Sensor Configuration

Figure 1a demonstrates the configuration and working rationale of the stretchable
sensor. Similar to the working rationale of the tactile sensor in the previous work [12,13],
the sensor presented in this paper is composed of three key components: the electrolyte-
enabled microchannel, one pair of interconnects, and a silicone-based stretchable packag-
ing. One body of electrolytes in the microchannel and the interconnect pairs functions as
a resistive transducer pair. The strain sensor deformation causes the change of the micro-
channel geometry, which further leads to the flow of electrolytes in the microchannel and
alters the overall resistance of the sensor. The resistance change can be correlated with the
strain change of the sensor during the sensor calibration first and then be used to capture
the strain of the real-life application.
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Figure 1. (a) Configuration of the strain sensor; (b) Key geometrical dimensions of the strain sensor.
L1, wy, wy,and y represent the PM segment length, the PM segment width, the SM segment width,
and the width ratio of SM segment width to PM segment width, respectively. Lo is the initial SM
segment length which is 1 mm. N is the number of PM segments, namely, the number of grid lines.
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As shown in Figure 1a, the microchannel is a long winding channel that comprises
two parts: primary microchannel (PM) and secondary microchannel(SM). The PM repre-
sents the portion of the microchannel along the y-axis. Similarly, the SM means the portion
of the microchannel along the x-axis. Figure 1b elaborates on the key geometrical dimen-
sions. Notably, the symbols indicate the four key design parameters that are evaluated in
the simulation study: (1) the length of each PM segment, Li; (2) the width of each PM
segment, wy; (3) the ratio, y, of SM width, w,, to PM width, w;; (4) the number of PM
segments, namely, the number of grid lines, N. L2 is the SM segment length which is fixed
at the initial length L20 =1 mm to avoid any crosstalk between the neighboring PM seg-
ments. Two reservoirs at the microchannel ends are utilized to fill the microchannel with
an electrolyte, provide a conduit for the electrolyte to flow in/out during the sensor oper-
ation, and offer contacts between the electrolyte and the interconnects. 1-Ethyl-3-me-
thylimidazolium dicyanamide electrolyte (EMIDCA) is chosen as the electrolyte for the
sensor performance evaluation due to its low evaporation rate, good biocompatibility, ex-
cellent fluidity, and relatively low resistivity. The packaging material is Dragon Skin 10,
which is easy to manipulate and has high stretchability and good biocompatibility.

2.2. Theoretical Model

Based on the working mechanism of the resistive sensor, the sensor resistance can be
represented by the equation R = pL/A, where L and A represent the length and cross-
section area of the microchannel, respectively, the resistivity of the electrolyte, p, is as-
sumed to be constant at room temperature. As such, the resistance change only depends
on the change of the smallest cross-sectional area, A, and overall microchannel length, L,
which is the sum of the PM and SM segment lengths. As mentioned in Section 2.1, the
microchannel includes two parts: PM and SM. The number of grid lines is N which is
always even. Then the overall length of the PM is NL; while the overall length of the SM
is (N — 1)L,. As shown in Figure 1b, the cross-section of the microchannel is rectangular.
Therefore, the area of the PM and SM can be obtained by using the rectangular area for-
mula: A; = hw;, A, = hw,, where h is the microchannel height which assumes to be the
consistent along the entire microchannel. w; and w, are the width of each PM and SM

segment, respectively.
Ro - P< L0 + ( ) 2’0) (1)
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When the sensor is stretched along the y-axis (longitudinal), the sensor is under an
2 _ 2% Therefore, the length of each stretched PM segment and the

Lio w2

width of each stretched SM can be expressed as:

axial strain ¢, =

Ly =Lig+AL = Lig(1+ey), wy =wyo+Aw, = wyo(1+¢,) 2)

The strain along the x-axis and z-axis are negligible due to the significant strain
change on the y-axis. In other words, up to certain critical stress, the effective channel
cross-sectional area of the sensor remain constant. The electrolyte within the microchannel
can be considered an incompressible liquid, which will further prevent the changes along
the x-axis and z-axis. So the variationin Ah, Aw; and AL, can be neglected.

- (N(Lw +ALy) N (N = 1)(Lyp) )
(ho)(W1,o) (ho)(Wz,o + AWz) ‘

where L;,, Wi, Lo, Wag, hy, respectively, represents the initial values of PM segment
length, PM segment width, SM segment length, SM segment width, and microchannel
height when the axial strains ¢, and ¢, are zero and there is no external loading applied

to the sensor along the x-axis and z-axis. The width ratio, vy, is defined as y = % There-
1,0

fore, the relationship between the resistance and the applied axial strain, &y, is obtained.
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When there is no axial strain applied, the initial resistance, Ro, of the sensor is ob-
tained. The electrical resistance change AR =R — Robecomes
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Gauge factor, GF, a standard factor for evaluating the sensor sensitivity, is defined as
the ratio of the relative electrical resistance change to the axial strain GF = AR/(&,R,).
Higher GF represents better sensor sensitivity and vice versa.

CF = YNL (1 +¢&,) — (N —1DL,,

= , 6
(1+4¢&))[yNLyo + (N —1D)L,,] ©

As shown in Equations (5) and (6), the resistivity p is only related to the resistance
change but has no impact on the GF. In other words, the electrolyte material type in the
microchannel only has an impact on the overall resistance of the strain sensor but has no
effect on the gauge factor. As such, no matter what kind of electrolyte is used, the gauge
factor should keep the same. When the number of grid lines becomes infinitely large, the
GF has less relevance to the number of grid lines. The GF is proportional to the axial strain,
€y, when the ¢, is very small. If SM segment length (L, ) is chosen to be 1 mm to avoid
any crosstalk between the neighboring PM segments, Equation (6) also shows with the
increase of L, o, the impact of L, to the GF is reduced.

2.3. Finite Element Model

In this paper, the finite element software COMSOL Multiphysics is used to investi-
gate the impact of the key geometrical dimensions on the performance of the flexible sen-
sor. The structural mechanics and electromagnetics modules are used in the simulation.
When the sensor is under axial loading, the structural mechanics module is used to study
the mechanical response of the flexible sensor, whereas the electromagnetics module cap-
tures the changes in electrical properties.

According to Equations (4)—(6) in the theoretical model, under axial loading along
the sensor length(y-axis) direction, the key geometrical dimensions that impact the sen-
sor’s resistance change are the number of grid lines (N), width ratio (), initial PM segment
length (L, o), initial PM segment width (w; ), and initial SM segment length (L, ). The
gauge factor is affected by similar key geometrical dimensions except for the initial PM
segment width (w; o). SM segment length (L, ¢) is chosen to be 1 mm to avoid any crosstalk
between the neighboring PM segments. This paper conducted four studies to investigate
the impact of the four key geometrical dimensions on the resistance change and gauge
factor.

In each study, one key geometrical dimension varies within a certain range while the
other three dimensions remain unchanged. The detailed values of the four key geomet-
rical dimensions used for each FEM study are shown in Table 1. Other geometrical dimen-
sions are shown in Figure 1b.

This FEM chooses EMIDCA as the electrolyte and silicone rubber (Dragon Skin 10,
Smooth-On, Inc., PA) as the packaging material, respectively. The EMIDCA’s conductiv-
ity is 1.77 S/m [14]. And the resistivity equals to one over the conductivity. EMIDCA and
silicone rubber have the same Poisson’s ratio, 0.49. The silicone rubber exhibits a Young’s
Modulus around 200 kPa~560 kPa [15]. The Young’s Modulus of silicone rubber is chosen
as 350 kPa in this FEM study. During the simulation, one end of the sensor is fixed while
the other end of the sensor is subject to a uniform axial displacement along the y-axis so
that the axial strain ¢, is fixed to be 30% for all models in FEM. The electrolyte is assumed
to be perfectly packed in the silicone rubber.
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Table 1. Key geometrical dimensions used in four FEM studies.

Study Relation Between Number of Grid Lines N Width Ratio y PM Length L; ,(mm) PM Width w;, (mm)

10~60
N —GFor AR . 1 40 0.5
(10 increment)
1~
¥y —GF or AR 10 . > 40 0.5
(1 increment)
20~80
Lig —GF or AR 10 1 0.5

(10 increment)
0.2~0.8

—GF or AR 1 1 4
wyo —GF or 0 0 (0.1 increment)

3. Results and Discussion

Figure 2 shows the variation of the resistance change and GF as a function of (a) width
ratio; (b) number of grid lines; (c) PM width; (d) PM length for the liquid-filled sensor
under 30% axis strain in finite element model and theoretical model. In the following con-
tent, the resistance change and GF obtained by FEM are denoted as FEMRC and FEMGF,
respectively. Similarly, the theoretical model’s resistance change and GF obtained are de-

noted as TMRC and TMGF.
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Figure 2. Variation of the resistance change and gauge factor as a function of (a) width ratio; (b)
number of grid lines; (c¢) PM width; (d) PM length for the electrolyte-filled strain sensor under 30%
axis strain in FEM and theoretical model.

The variation of the resistance change and GF as a function of width ratio is displayed
in Figure 2a. With a lower width ratio, the TMRC is slightly smaller than FEMRC. When
the width ratio increases to 3, the values of the TMRC and FEMRC are very close. TMGF
value is always higher than FEMGF with the same width ratio. In the theoretical model,
both TMGF and TMRC increase slightly with the growth of the width ratio, while the
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increasing trend slows down when the width ratio increases from 2 to 5. Meanwhile, in
the FEM, FEMGF and FEMRC rise slightly when the width ratio increases from 1 to 2 and
then drop slightly when the width ratio increases from 2 to 5. So the optimal width ratio
is 2.

Figure 2b shows the relation variation of the resistance change and GF as a function
of the number of grid lines. FEMRC and TMRC both increase linearly with an increase in
the number of grid lines. Although the TMGEF stays the same, the FEMGF decreases with
the increase in the number of grid lines. And the FEMGF drops dramatically when the
number of grid lines changes from 10 to 20 and slows on the decreasing trend from 20 to
60. As in the theoretical model, the strain change ¢, is assumed to be the same along the
y-axis, the TMGF shows an unchanged trend which is different from the FEMGEF. As can
be concluded from Figure 3b, the higher the number of grid lines is, the more sensitive the
strain sensor is. So the ideal choice of the number of grid lines is 10.

The variation of the resistance change and GF as a function of the number of PM
widths shows in Figure 2c. In Figure 2c, the TMGF maintains unchanged. And FEMRC,
TMRC, and FEMGEF all decrease with the increase of the PM width. Similarly, in the the-
oretical model of Equation (6), the strain change of the strain sensor is assumed to be the
same along the y-axis. However, in FEM, the strain change of the sensor varies along the
y-axis. Therefore, the FEMGF may better reflect the relation between the PM width and
GF. Based on the results in Figure 2c, the thinner the PM width is, the more sensitive the
strain sensor is. So the optimal choice of the PM width in this design is 0.2 mm.

Figure 2d demonstrates the effect of PM length on the resistance change and GF. Both
the theoretical model and the FEM predict a similar increasing trend of resistance change
with the increasing values of PM length. And the FEMGF and TMGF have similar values.
But with the increase in the PM length, unlike the decreasing trend of FEMGF, the TMGF
slightly increases. Similarly, the FEMGEF reflects the non-uniformity of the strain change
of the sensor along the y-axis. TMGF only has a slight variation because ¢, is assumed to
be the same along the y-axis. Therefore, the GF in FEM should be more close to the actual
experiment data. According to the results shown in Figure 2d, the sensor is more sensitive
when it comes to a lower PM length, which is 20 mm in this study.

4. Conclusions

This paper uses one theoretical model and one FEM to find the optimal design factor
for a microfluidic-based Strain Sensor. Because the higher the GF is, the more sensitive the
strain sensor is. The theoretical model shows the type of the electrolyte only affects the
resistance change but has no impact on the GF. In other words, the sensor sensitivity does
not rely on the type of electrolyte. The FEM validates that the strain sensor is highly
stretchable. According to the results of the two models, the strain sensor will reach its
highest sensitivity when the width ratio, number of grid lines, PM width, and PM length
are equal to 2,10, 0.2 mm, and 20 mm, respectively.
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