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Abstract—Biomimetic crack-based sensors are known for their
ultrahigh sensitivity in strain sensing with gauge factors of ~2,000,
but sensing range is very limited (~2%). We report a method of
enhancing sensing range and stability of ultrasensitive crack-based
sensor using atomized liquid metal droplets. A crack-based sensor
was fabricated by depositing chromium/gold (0.9 nm/20 nm) bilayer
on plasma-treated PDMS with an additional step of stretching the
sensor to create myriads of cracks on metal film. After the formation of
a conventional crack-based strain sensor, gallium-based liquid
metal was sprayed over the sensor surface to randomly deposit
atomized liquid metal droplets. Optical images of the crack-based
sensor under applied strain showed the atomized liquid metal
droplets act as stretchable conductive bridges between cracks in the
strain sensor. By using randomly dispersed atomized liquid metal
droplets, the crack-based sensor showed higher sensitivity (R/Ro of ~238) and gauge factor of ~2,238 compared to the
crack-based sensor without liquid metal. The sensing range of the crack-based sensor was enhanced from 2.283% to
10.675% with the aid of atomized liquid metal droplets. Flexibility of the liquid metal-aided crack-based sensor was also
verified through repetitive testing of stretching, bending, and twisting.

Index Terms—gallium, liquid metal, crack, strain, sensor

|. INTRODUCTION

‘N} EARABLE health devices such as electronic skin [1],

biofluidic system [2], and drug delivery [3] have been
studied for diagnosis of various diseases. Continuous and
real-time monitoring of various health data including
electrocardiogram (ECG) [4], sweat [5], and body temperature
[6] have been demonstrated. Flexible wearable strain sensors
also play a key role in wearable health monitoring devices and
were widely used for monitoring human-motion detection [7, 8],
bone loss [9, 10], blood pressure monitoring [11, 12], among
others. With the flexible characteristic of material for sensors
used in wearable devices, sensitivity of wearable sensor is one
of the most important factors to achieve the fast recognition of
bio-signals from a human body with high accuracy [13].
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Numerous efforts have been devoted to the enhancement of
sensitivity with fast response time and superior precision in
wearable sensors by employing various novel materials such as
carbon nanotubes (CNTSs) [14-16], nanoparticles [17, 18], and
carbon composites [19] or the optimization of the sensor design
by using biomimetic receptors [20].

One of the most pioneering works in strain sensing in the
recent years is a crack-based strain sensor inspired by the
sensory system of a spider [21]. The approach in strain sensing in
the crack-based strain sensor is markedly different from
conventional strain sensors as the bio-inspired crack-based
sensor utilizes an array of nanoscale cracks in platinum (Pt)
deposited on polyurethane acrylate (PUA) showing ultrahigh
gauge factor (GF) of ~2,000 at a strain of ~2%, a quantum leap of
sensitivity enhancement in strain sensing. Numerous
follow-up researches have been done and the sensitivity of the
crack-based sensor has been improved even further with a
gauge factor of ~16,000 through a precise modification of crack
geometry especially in the depth of the cracks [22]. While the
sensitivity is exceptionally high, the crack-based strain sensor is
not without a disadvantage. One of the critical issues of the
crack-based strain sensor in practical applications is its limited
sensing range. Most crack-based sensors show sensing range
only up to 2% of external strain as the sensor completely
disconnects and does not function beyond the strain greater
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than ~2% [23].

Gallium-based alloys such as Galinstan (a ternary alloy of
gallium, indium, and tin) and EGaln (an eutectic binary alloy of
gallium and indium) are in liquid phase and metallic at around
room temperature, having characteristics of liquid and metal
together as they show infinite deformability and high
electrical/thermal conductivity with biocompatibility [24-26].
When gallium-based liquid metal alloys are exposed to ambient
air environment, they are instantly oxidized and a thin layer
(0.5 ~ 3 nm) of gallium oxide (Ga20 or Gax03) skin is formed.
Such surface oxide layer makes the gallium-based liquid metal
alloys adhere to almost any surfaces [27, 28]. Recently,
gallium-based liquid metal has been used for a nacre-inspired
wearable strain sensor which consists of a biphasic pattern of
liquid metal with Cr/Cu underlayer as bricks and
strain-sensitive silver film as mortar [29]. This unique wearable
strain sensor demonstrated an overall gauge factor of 543 with a
substantially extended sensing range up to 86.3%.

In this paper, we propose a simple yet powerful method of
enhancement of the sensing range and stability of the
crack-based sensor using randomly dispersed atomized
gallium-based liquid metal droplets over the crack-based strain
sensor. The instant surface oxidation of the gallium-based
liquid metal makes the liquid metal droplets stick on the surface
of the crack-based strain sensor and act as deformable
conductive bridges between the cracks of the strain sensor,
resulting in an increase of sensing range while maintaining the
high sensitivity.

[I. PRINCIPLE AND FABRICATION

A. Principle

Figure 1 shows schematic diagrams why a crack-based
sensor possesses ultrahigh gauge factor (e.g., ~2,000) which
cannot be achieved by conventional strain sensors. Figure 1-a
shows the initial state of the crack-based strain sensor before
external mechanical strain is applied. Although there are cracks,
resistance of the strain sensor (Reqi) without an applied external
axial loading is by one resistor with a large cross-sectional area
since all cracks are connected. When a mechanical loading is
applied to the crack-based sensor in the axial direction, the gap
between cracked metal films starts to widen and it will be
disconnected after a certain axial loading. However, the sensor
is not immediately disconnected because transverse strain
pushes the sensor on the side direction and have the numerous
cracks in contact with substantially reduced contact area
(Figure 1-b). Now, instead of one resistor, an array of countless
parallelly-connected resistors with smaller cross section areas
are formed. The contact area of the parallelly-connected
resistors becomes smaller with increased axial loading,
resulting in drastic increase in overall resistance. This in turn
result in ultrahigh gauge factor which is not achievable with
one resistor. While this sensing principle gives ultrahigh
sensitivity (gauge factor of ~2,000), the sensor has a limited
sensing range as the transverse strain effect can only go until an
axial loading reaches ~2%. Axial loading beyond this limit
makes the cracks permanently disconnected and the sensor no
longer works.
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Fig. 1. Schematic diagrams of a principle of a ultrahigh sensitivity
crack-based strain sensor: (a) initial state without any strain; (b) after
applying external mechanical strain — showing the effect of the
transverse strain.

In order to increase sening range of a crack-bassed strain
sensor, we envisioned using atomized liquid metal droplet as
stretchable conductive bridges between cracks. Figure 2 shows
conceptual schematic diagrams of the crack-based sensor
without liquid metal (Figure 2-a) compared to the randomly
dispersed liquid metal droplets decorated crack-based sensor
(Figure 2-b). The strain senor is designed to have a bilayer
metal films (chromium/gold) on polydimethylsiloxane (PDMS)
in which cracks are formed on the metal films. The bilayer
metal films crack-based sensor is then spray-coated with
atomized liquid metal droplets.

Without axial tensile strain (¢ = 0 %), cracks are all
connected showing one resistance (Req) with a large cross
section area (Figure 2-al and 2-bl) making no difference
between the sensor without liquid metal and the sensor with
liquid metal regardless of the presence of the atomized liquid
metal droplets on the surface of the crack-based sensor. When a
tensile strain is applied to the crack-based sensors with/without
atomized liquid metal droplets, the cracks start to get widen, but
because of the combination with the tensile and transverse
strain, countless parallely-connected resistors with very small
cross section areas form. As the tensile strain in the axial
direction reaches ~2%, the crack-based sensor without liquid
metal shows the highest sensitivity (Figure 2-a2), a gauge
factor of ~2,000. When the applied tensile strain exceeds ~2%,
the crack-based sensor without liquid metal cannot function as a
sensor anymore because the metal film is completely
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disconnected (Figure 2-a3) [21].

In the case of the crack-based sensor decorated with
atomized liquid metal droplets, up to ~2% of axial strain,
sensitivity is slightly lower than that of the crack-based sensor
without liquid metal since the resistance is affected by the
conductance of additional liquid metal droplets linked between
cracked metal films (Figure 2-b2). When the applied tensile
strain exceeds ~2 %, some of the randomly dispersed atomized
liquid metal droplets sitting on the cracks start to act as
extendable metallic bridges between edges of the cracks which
prevents complete electrical disconnection of the crack-based
sensor. Since not all of the parallely connected crack resistors
are disconnected, sensing range is greatly increased while
maintaining high sensitivity (Figure 2-b3). When the axial
strain is continually increased, eventually all of the liquid metal
droplet connected cracks will also be disconnected and the
sensor cannot function any further.
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Fig. 2. Conceptual schematic diagrams of principle of the
crack-based sensors. Countless parallelly connected resistors due
to transverse strain results in greatly enhanced gauge factor: (a)
crack-based sensor without liquid metal showing narrow sensing
range up to ~2 % strain; (b) crack-based sensor with liquid metal
showing extended sensing range due to deformable liquid metal
bridges.

B. Fabrication
Figure 3 shows schematic diagrams of the fabrication

sequence of an ultrasensitive crack-based sensor decorated with
randomly dispersed atomized liquid metal droplets. Fabrication
was started with a formation of a rectangular-shape PDMS as a
body of the crack-based sensor with width of 10 mm, length of
60 mm, and thickness of 1 mm. Sylgard 184 (Dow Chemical
Company, Midland, MI) base and agent in 10:1 weight ratio
were manually stirred for 10 minutes and placed in a desiccator
for 1 hour (Thermo Fisher Scientific, Waltham, MA) to remove
air bubbles trapped in the mixture of PDMS. The degassed
PDMS mixture was then poured into a mold 3D-printed by
SLA printer (Photon S, ANYCUBIC, Hongkong) (Figure 3-a).
The PDMS in a mold was placed on a 80 °C hotplate
(SUPER-NUOVA, Thermo Fisher Scientific, Waltham, MA)
for 1 hour for curing. Surface of the fully-cured PDMS was
then treated with oxygen (O2) plasma (75 W, 300 mTorr, 30
sccm O2) for 10 seconds by a reactive ion etcher (RIE)
(Sirius-T2, Trion Technology, Tempe, AZ) to enhance bonding
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Fig. 3. Conceptual schematic diagrams of the fabrication process of
the crack-based sensor decorated with atomized liquid metal
droplets: (a) fabrication of a rectangular-shape PDMS as a body of
crack-based sensor; (b) O2 plasma treatment for enhanced bonding
between the PDMS and the bilayer metal film; (c) deposition of
Cr/Au metal bilayers using e-beam evaporation and naturally
formed process-induced cracks; (d) formation of strain-induced
cracks; (e) spray coating of atomized liquid metal droplets on the
crack-based sensor using an airbrush.
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between the surface of PDMS and metal layers (Figure 3-b).
When the surface of PDMS is exposed to oxygen plasma for
enhancement of bonding between metal layers and PDMS, the
surface of PDMS is oxidized and it builds tensile residual stress
on the surface of the PDMS (Figure 4-a). Next, chromium (Cr)
and gold (Au) thin metal layers were deposited with the
thickness of 0.9 nm and 20 nm, respectively using e-beam
evaporator (BJD-1800, Ferrotec, Inc., Santa Clara, CA) (Figure
3-c). When metal films are deposited on top of the oxygen
plasma-treated PDMS surface, metal film itself also builds
tensile residual stress in it depending on the deposition rate of
the metals (Figure 4-b). These combined residual tensile
stresses in the bilayer metal films and the PDMS surface exceed
ultimate tensile strengths of metal layers resulting in crack
formation which is called the process-induced cracks (Figure
4-c). Size of the process-induced cracks varies depending on
the dose of the oxygen plasma and thickness of the deposited
metal bilayers [30, 31]. Various thickness combinations of the
metal films were studied, and we found that when the thickness
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Fig. 4. Sequential schematic diagrams of formation of the
process-induced crack: (a) tensile residual strain on the PDMS by
oxygen (Oz) plasma exposure; (b) metal films-induced tensile
residual strain; (c) formation of process-induced crack resulting
from tensile residual strain.

of Cr is larger than 1 nm for 20 nm Au, development of the
process-induced cracks in the bilayer metals were significant
and the metal was permanently disconnected even before
applying any mechanical strain. Cr thickness of 0.9 nm was
found to be optimal for 20 nm thick Au in creating
process-induced cracks for high sensitivity.

Finally, liquid metal Galinstan (Changsha Rich Nonferrous
Metals Co., Ltd., Hunan, China) was spray coated on the
cracked metal films of the crack-based sensor using an airbrush
(TG TALON, Paasche, Kenoshua, WI) (Figure 3-e). Through
the spray coating, atomized liquid metal droplets (typical size
in the range of 10 ~ 20 pm) were randomly dispersed over the
cracked thin metal films. Various pressures, with/without a
metallic mesh, and varying distances between the airbrush and
the sample were studied. A pressure of 20 psi, spray time of 0.5
second, and the airbrush placed 10 cm directly above the
sample showed most reproducible results on the formation of
atomized liquid metal droplets on the crack-based strain sensor.

After the formation of the process-induced cracks, the
bilayer metal film on PDMS was stretched intentionally to
create uniformly distributed strain-induced cracks all over the
metal bilayers (Figure 3-d). With 60 mm in length, 5 mm axial
stretching (strain of 8.33 %) was used to create strain-induced
cracks. Figure 5 shows optical images of the process-induced
cracks and the strain-induced cracks formed on the Cr/Au
bilayer metal film (images taken using microscope INM100,
Leica, Wetzlar, Hesse, Germany).
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Fig. 5. Optical images of the process-induced cracks and the
strain-induced cracks.
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Ill. EXPERIMENTAL RESULTS

A. Experimental setup

Figure 6 shows conceptual schematic diagram of the
experimental setup for measuring the strain-induced resistance
change in ultrasensitive crack-based sensor decorated with
atomized liquid metal droplets. In order to apply tensile strain to
the fabricated crack-based sensor, a load cell (Instron 6800
universal testing system, Norwood, MA) was utilized. A source
measure unit (SMU) Keithley 2400 (Tektronix, Beaverton, OR)
was used to measure change in resistance by measuring
voltages with a current source. The measured data were
acquired by LabVIEW (National Instruments, co., Austin, TX)
program, and change in resistance as a function of applied axial
strain were recorded.

LabVIEW
software

Source Measure Unit
(SMu)

Load cell

Crack-based
sensor

Fig. 6. Schematic diagram of experimental configuration for
measuring a change in resistance of the crack-based sensors
under a load cell.

B. Optical images of the crack-based sensor under the
applied strain

Optical images of randomly dispersed atomized liquid metal
droplets-decorated crack-based sensor under the applied axial
strain are shown in Figure 7. In this sample, the crack-based
sensor was not intentionally stretched before spray coating the
liquid metal droplets to clearly show the development of
strain-induced cracks. Figure 7-al shows surface of the strain
sensor at initial state (applied strain of 0 %). The image shows
randomly dispersed atomized liquid metal droplets all over the
crack-based strain sensor. Figure 7-a2 shows a high
magnification image of a liquid metal droplet sitting directly on a
cracked line. With an axial mechanical strain of 5 %, the
crack-based sensor stretched in the axial direction, and a lot of
strain-induced cracks are developed (Figure 7-bl). From the
captured snapshot, under the applied strain, atomized liquid
metal droplet shows stretching in the axial direction due to the
sticky characteristic of oxide skin of the liquid metal. When an
axial mechanical strain of 10 % was applied, there was huge

increase in strain-induced cracks while the liquid metal droplet
still connects the metal films above the cracks.

Atomized

Liquid metal

E=0%

Fig. 7. Optical images of ultrasensitive crack-based sensor
decorated with randomly-dispersed atomized liquid metal droplets
from top view under the strain of (a) 0% (initial state), (b) 5%, and (c)
10%.

C. Measurement results

Figure 8 shows measurement results of the crack-based
strain sensors with and without liquid metal droplet decoration.
The first sample was one with bilayer Cr/Au metal layers on
PDMS (green) without liquid metal and the second sample was
with randomly dispersed atomized liquid metal droplets
decorated over the bilayer Cr/Au metal films on PDMS
(orange). In the case of the crack-based sensor without
atomized liquid metal droplets, as expected, ultrahigh
sensitivity (R/Ro) of ~39 was obtained near the maximum axial
strain of 2 % which yields a gauge factor of 1,713. However,
the sensor was not functioning beyond the axial strain of
2.283 % as the bilayer metal film was completely disconnected.

The crack-based sensor decorated with atomized liquid metal
droplets showed lower sensitivity compared to the crack-based
sensor without liquid metal in the region of low applied axial
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strain (0~2 %). However, the sensor with the liquid metal was
continually operational well beyond the sensing range limit of
the sensor without liquid metal (2.283%). The sample showed
very high sensitivity in the sensing range of 6~10% with a
gauge factor of > 2,000. The sensor with liquid metal finally
completely disconnected when an axial mechanical strain goes
beyond 10.675 %. This is a substantial improvement in sensing
range (by a factor of 4.7) compared to that of the sensor without
liquid metal. At the applied strain of 10.675%, maximum
sensitivity (R/Ro) of ~238 was achieved yielding gauge factor
of ~2,230.
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Fig. 8. Normalized resistance as a function of the axial strain for the
crack-based sensor without liquid metal and the sensor decorated
with randomly dispersed atomized liquid metal droplets.

Table 1 shows comparison of sensitivity and sensing range
of our crack-based sensors with previously reported
crack-based sensors.

TABLE |

COMPARISON OF SENSITIVITY AND SENSING RANGE IN OUR WORK
WITH OTHER CRACK-BASED SENSORS

flexibility of the sensor by stretching, bending, and twisting.
Figure 9 shows optical images of flexibility demonstration of
the fabricated crack-based sensor with liquid metal decoration.
Regardless of repeated motions, atomized liquid metal droplets
were not detached from the crack-based sensor.

To test the sensor’s stability, we did a cyclic loading of a
total of 200 cycles of stretching/releasing with the strain in the
range of 0~10%. Figure 10 shows sensitivity of the liquid metal
decorated crack-based sensor during 200 cyclic loading. There
was no apparent irregularity in the sensitivity during this cyclic
loading test, nor any apparent visually noticeable damage on
the sensor.

Stretching

Fig. 9. Optical images of flexibility test for crack-based sensor
decorated with randomly dispersed atomized liquid metal droplets
under various motions of (a) stretching, (b) bending, and (c)
twisting.
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PDMS, the sensor is physically flexible. We tested the physical stretching/releasing with the strain of 0~10 %.
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IV. CONCLUSION

Random dispersion of atomized liquid metal droplets on the
crack-based sensor was proposed as a method of enhancing the
sensing range and stability of the sensor. The proposed method
of fabrication of the sensor is extremely simple, but nearly 5x
sensing range enhancement along with a slight increase in
sensitivity with increased stability were achieved due primarily
to sticky and extendable nature of oxidized liquid metal droplets.
The fabricated sensor is physically flexible (bendable, foldable,
stretchable) and extended cyclic loading test showed no apparent
damage on the sensor. This research outcome may be greatly
helpful for developing ultrasensitive wearable strain sensors with
high stability in practical applications.
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