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Abstract—In this study, an ultra-stretchable and highly sensitive strain sensor is successfully fabricated by 3D printing technology
with a mixture of aqueous sodium chloride and silicone rubber. This strain sensor has dimensions of 50x10x10 mm, with a fluidic
channel (6 mm) inside. The physical and mechanical properties of sensor were characterized by gauge factor measurement.
Experimental results show that the resistance of the sensor changes when an external force deforms the ionic liquid shell;
exhibiting impressive stretchability with wide range strain (100%), good bending properties and high sensitivity with a stable gauge
factor of 2.1. Besides, the sensor also is investigated with a vertical pressing force. Initially, the resistance of the sensor increase
slowly and it then jump rapidly to the saturation value at the force of 40 N. For application of sensor, the proposed sensor is
applied to recognize the sign language through attaching five strain sensors on the fingers. The obtained result shows the sensor
can detect the movement of the fingers and convert 10 letters of sign language into the voice with high accuracy, about 98%. On the
other hand, the result also demonstrates the proposed sensor has high potential in healthcare, human motion monitoring and

electronic skin.
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I. INTRODUCTION

Strain sensor, the resistive or capacitive properties of
which change as the strain or curvature applied to them are
varied. The change in these electrical properties basically
occurs due to the change in the device geometry in response
to the applied mechanical stimulus. These sensors are used
widely to measure mechanical deformation of structures [1],
[2]. A strain sensor is characterized by a gauge factor or the
sensitivity to strain. As the most commonly used strain
sensor, metallic foil gauges have a gauge factor of
approximately 2. Meanwhile, strain sensors based on
semiconductor give much higher sensitivity. For example,
single crystalline silicon demonstrates intrinsic gauge
factors as high as 200 [3]-[5]. However, as an intrinsically
stiff and brittle material, silicon is just suitable for small
deformation measurement, i.e., strain less than 0.1%.

Recent studies have focused on the development of strain
sensors for large deformation measurement for replacing the
traditional strain sensors in various applications such as

medical applications and soft robotics [6]. These sensors are
developed with different fabrication strategies including but
not limited to lithography [7], [8], 3D printing [9], [10],
laser engraving [11]-[13], and mould based techniques
[14]-[17]. Besides, various conductive agents are used such
as eutectic Gallium-Indium (eGaln) [10], [11], [14]-[21],
carbon [7], [8], [13], [22]-[27], ionic fluids [12], [28]-[34]
and optical fibers [35]. Also, several base substrates with
varying viscosity and softness properties have been
employed in the design of these sensors;
polydimethylsiloxane (PDMS), soft silicone rubbers and
hydrogels are among the most commonly used materials in
these studies. However, emerging among them, the sensors
that the ionic fluids combine with with elastomer (PDMS,
Silicone), to make the sensor more elastic and suitable for
soft applications are a trend now. Because they are low cost,
easy to use and environmentally friendly.

In this paper, we introduce a low-cost, high-sensibility
and ultra-stretchable strain sensor based on the ionic liquid of
glycerin and sodium chloride (NaCl). Besides, a compact
conditioning circuit is also designed for evaluating the strain
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sensing performance of the sensor. Based on the proposed
sensor, a wearable application of the sensor has been
demonstrated by using the sensor for detecting the motion of
fingers.

Il. PRINCIPLE OF FLUIDIC STRAIN SENSOR

In this study, we use a silicone rubber shell fill with a
mixture of glycerin and sodium chloride. Glycerin is used in
this mixture because it can protect electrodes from being
frustrated by ionic liquid and increase the viscosity of the
liquid. Silicone glue is applied at the interface between the
electrodes minimize leakage of the mixture to the outside.
The proposed sensor is a type of resistive form. At rest state,
the sensor has the length (1) and diameter (d). The resistance
of the sensor can be measured by the following equation:
I
RSP @
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When the tube is stretched, the length of the sensor
increases to (I + Al) while the section area is decreased
(d — Ad), as shown in the Fig.1a. The resistance of the
sensor is changed to:

R— I+ Al
P r(d—ad) @)
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As can be seen from the formula (2), the resistance of the
sensor rise when the silicon tube is stretched. As we know,
when sodium chloride is dissolved in water, they will be
turned into cations (Na*) and anions (CI"), which are all
electrical carriers. In normal condition, these ions move
randomly in the electrolyte solution, but when we apply a
DC (direct current) voltage to the liquid, it will change the
rule of carrier’s motion and make the measurement unstable.
Positive electrode will attract anions while negative one will
attract cations. This motion creates a current inside ionic
liquid. That is the reason why we can use them as
conductive material. Therefore, an alternating current source
is used to improve the accuracy of measurement.
From the analyzed principle, we design the structure of the
sensor. There is a conductive channel wrapped by two layer
of silicone (eco-flex) in order to obtain the sandwiched
channel structure. The electrodes are put at two ends of the
channel to cover the holes and to connect to an external
measurement circuit, as shown in the Fig. 1b.
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Fig. 1. Proposal of fluidic strain sensor. (a) Principle of the fluidic strain

sensor, showing the geometry of the sensor at rest and when being
stretched. (b) The structure of the sensor.

I1l. EXPERIMENTS

A. Sensor Fabrication

The proposed strain sensor is fabricated using a substrate
as base material. The substrate is Smooth-On’s EcoFlex
0010, which is an extremely soft, low-viscosity two
component, addition cured room temperature vulcanizing
silicone rubber. For the first part of the sensor, EcoFlex is
mixed 1A:1B by weight, and poured into a 3D printed
(Objet 500, 3D Printing Systems) mould (A) with the
channel pattern and a total height of 50 mm. The mould is
put in a vacuum chamber and degassed for 5 minutes in
order to remove any air bubbles trapped inside the mixture.
Before the sensor part can be demoulded, it is left to cure at
high temperature (80 degree) for 2 hours, in LVO 2030
vacuum drying oven. For the second part of the sensor, a
thin layer (2 mm) of EcoFlex is also fabricated similarly.
However, it is only left to cure at room temperature for 15
minutes instead of putting the oven. Then the first layer is
carefully placed onto the thin layer with the patterned
surface facing down, preventing the channel from being
filled by the semi-cured silicone, and the sensor is left to
cure in the oven at 80 degree. After 2 hours, the sensor is
taken out of the oven and demoulded, as shown in the figure
2.
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Fig. 2. The process of the strain sensor fabrication

The last step of sensor fabrication is filling the channel with
a conductive liquid, namely a mixture of sodium chloride,
water and glycerin. The channel is filled using a syringe
fitted with a 25G needle. Gold-coated electrodes are inserted
at two ends of the tube to make good contact with the liquid.
Silicone glue is applied to the interface be-tween the
electrode and the contact point for leaking prevention
purpose as shown in the figure 3.
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Fig. 3. A fabricated prototype of ionic liquid resistance strain sensor.

B. Experimental measurement of strain sensor

Resistance change can be measured by applying a current
source to the resistor and measure the voltage drop. As
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mentioned above, with this ionic liquid resistive sensor,
using the DC causes electrolysis at the two electrodes that
can destroy the sensor. Furthermore, the parasitic
capacitance between the electrode and the conducting liquid
makes the measurement unstable [5]. Therefore, an AC
source is utilized instead of the DC current source in this
study to improve the accuracy of the measurement. The
resistance of the sensor is measured by 4-point resistance
measurement method using Howland current source as
presented in Fig. 4. We can calculate the resistance of the

. . \Y .
sensor by using equation R, = —, where the output signal
i

S

amplitude (V) is determined by a conditioning circuit

including an instrumentation amplifier and a peak detection
circuit. The current value i, through the sensor is

determined by the reference resistor Ry in the Howland

. A
current source as depicted i =——

S

. The current i

ref

depends only on R, and does not depend on the change of
the resistance of the sensor when the sensor is stretched.
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Fig. 4. Block diagram for strain gauge measurement

The current source is set to 2.0 u A and Wien circuit
generated a sinusoidal oscillator with a frequency of 1 kHz.
Input and output signals are observed through an
oscilloscope, a liquid crystal display in the board monitor
the resistance and voltage of the sensor. Arduino
development KIT is used to display results in LCD and
transfer measured values to a data acquisition computer.
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Fig. 5. Tensile strain generating platform

A tensile strain generating platform is designed and
fabricated using 3D printing technology (Objet 500 printer
from Stratasys) to apply strain to the sensor. It stretches the
sensor easily and conveniently (Fig. 5). By fixing one end
and pull another end by controlling the screw rod parallel to
the sensor. A ruler is used to indicate the exact length of the
sensor when being stretched. Signals from two electrodes

are taken to the measurement circuit board to determine the
resistance of the sensor. The sensors were fabricated in three
different mixtures, namely 1%, 2% and 3% of NaCl. In
addition, the sensor is also experimented with a force being
applied to the sensor vertically. Experiment setup is
established as shown in the figure 7a, with a mixture of 2%
NaCl. The force is applied in the middle of the sensor with
the contact area being 8*10 mm, a scale that put under the
sensor as an applied force measuring device. Their
properties are experimentally characterized and presented in
the next session.

IV. RESULTS AND DISCUSSIONS

In this study, we use Gauge factor as a fundamental
parameter of the strain sensor. The Gauge factor is the
relationship between can be defined as:

GF = .ﬂR;f Ry )]
where & is the applied strain, is the representative parameter
to access sensitivity. The strain gauge of this kind of sensor
was evaluated at different conductivities of the liquid.
Experiment results are presented in Fig. 6 showing the
change of sensor resistance due to the longitudinal strain of
three different mixing ratios (1%, 2%, and 3% of NaCl). All
the measurements are conducted at room temperature of
around 25°C . As can be seen, the proposed sensor can be
stretched up to 100% and the resistance of the sensors
increased linearly with the applied strain. The Gauge factor
of the sensor is quite stable in the range from 2.01 to 2.4.
This obtained result is same as previous studies [12], [33].
Furthermore, the results also show the resistance of the
sensor increase gradually with the applied force being less
than 40N, while it rises quickly when the force is bigger.
The resistance of the sensor reach its limit point as the
applied force is around 42N and this value still remain
unchanged whether the force increase significantly, as
shown in the Fig. 7b. This result can be explained that the
length of the sensor rise and the diameter of a part of the
sensor area where it is applied by the force decrease
dramatically lead to the resistance of the sensor increase.
When the applied force is over the limit value, the channel
will be block and the ions can not move between two
electrodes. Therefore, the resistance of the sensor is infinity.
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Fig. 6. Experimental results show the change of resistance due to strain of

each sodium chloride ratio in ionic liquid mixture 1% NaCl (a), 2% NaCl
(b), 3% NaCl (c).

Besides, the hysteresis of the sensor is also investigated with
the force applying vertically. The time is recorded when the
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finger start moving from the sensor. The sensor back to the
original state which there is no force applying to. The results
show that the hysteresis is inversely proportional with the
magnitude of the applied force. It is around 14.2 ms and
25.2 ms with the strong and light applied forces,
respectively.
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Fig. 7. The property of the strain sensor when being pressed. (a)
Experiment setup and (b) The obtained signal of sensor with the vertical
applied force.

Furthermore, the proposed sensor design was applied in a
finger motion detection experiment. Five sensors were
attached on a human hand for finger movement detection
(Fig. 8). For collecting information from five sensors, an
analogue-switching IC was integrated in the measurement
circuit for applying AC source to the sensors as well as
sharing the signal conditioning circuit. The amplitude of the
signal reflects the bending of the fingers marked in the
figure. By combining the signal obtained from the sensors,
the movement of the fingers can be realized. There is an on-
board micro-controller (Atmega 328) for data collection and
processing. After the data is analyzed and decoded into the
language, it will be transferred to a speaker and display on a
LCD screen. Besides, these data also are transmitted to the
computer and smartphone through the HCO05 Bluetooth
module.
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Fig. 8. Proposed strain sensors are applied to recognize sign lanuguge. (a)
The block digaram of sytem. (b) An application on the smartphone

On the computer and smartphone, we developed an
application which can connect to the system through the
Bluetooth communication (Fig. 8b). As can be seen, the
application plays the voice through the speaker being
available on the device. On the other hand, the letter also is
displayed in a textbox and a hand shape respresenting sign
language. These help people can hear and see the letter
which a mute person want to communicate. With each letter,
the resistance change of sensors is investigated repeatedly
about 10 times to obtain the average value and limited

range. The sensors are attached in order from thumb to little
finger. From the obtained data, an algorithm is built to
convert the digital signal into the voice. Firstly, the system
is initialized to enable the communication and other function
blocks. Then the system get the data from five sensors and
save them to a temporary memory before being pass through
the average filter. After that, the obtained data is decoded
into the letters. The waiting time (1 second) make sure that
the system is not confused with a quick movement of the
hand. Finally, the data that is processed will be transferred
to the executable block, including the speaker, smartphone
and computer as show in the Fig. 8b. To evaluate the
accuracy of the system, we conducted to experiment
repeatedly about 15 times with each the letter. The result
shows the average accuracy rate is 98%, as shown in the
table I.

TABLE I. EXPERIMENT RESULTS WITH 10 DISTINGUISHED LETTERS
No. | Letter | Correct | Error Accuracy (%)

1 A 13 2 86.67
2 B 15 0 100.00
3 C 14 1 93.33
4 D 15 0 100.00
5 E 15 0 100.00
6 F 15 0 100.00
7 \% 15 0 100.00
8 w 15 0 100.00
9 Y 15 0 100.00
10 I 15 0 100.00

Total 147/150 3 98.00

V. CONCLUSIONS

A highly stretchable, low-cost, and hysteresis-free strain
sensor was achieved by combining the ionic liquid of
Water/NaCl/Glycerin with silicone shell, which is shaped by
3D printing technology. Furthermore, a measured system
was also designed and fabricated to investigate the sensor.
Several tests were performed in order to characterize the
sensor. The results showed that the proposed sensor has a
stable gauge factor of 2.1. The resistance of the sensor did
not increase linearly with vertical applied force. The
magnitude of vertical applied force effect to the hysteresis
of the sensor.

Moreover, an application in sign language translation was
developed based on the proposed sensor by attaching some
sensor on the fingers. The result showed the sensors could
detect 10 letter with high accuracy (98%). With obtained
results, the proposed sensors showed outstanding durability,
low latency, and ultra-stretchability. These excellent
performance capabilities make the proposed sensor
applicable for precise and quantitative strain sensing in
various wearable electronic applications, such as human
motion detection, personal health monitoring.
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