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Abstract— Flexible sensors have the advantage to enable
intelligent systems to interact with the environment with high
safety and versatility. Liquid metal is a useful element for
flexible sensors due to its stretchable, reconfigurable, and healing
characteristics. However, it is difficult to decode the stimuli
position using uniform liquid metal because of its homogeneity
and fluidity. Current sensing systems for the perception of force
magnitude and contact location mostly rely on sensing arrays
and massive crossover electrodes. In this article, we proposed a
novel method for simultaneously sensing the force magnitude and
contact location without crossover electrodes. In the new design,
we encapsulate the liquid metal electrodes with varying cross
sections in two silicon layers that function as protective skin and
govern the geometry of liquid metals. When a force is applied
to the flexible sensor, the change of resistance is dependent on
both location and stimuli magnitude. Three liquid metal channels
with different gradient resistance are embedded in the proto-
types with parallel distributions. Combining the signals collected
from the three channels, we can simultaneously measure the
force magnitude, stimuli location, and contacting orientation.
The overall force resolution is sub-Newton in the range from
0.5 to 20 N. The position can also be determined with a 100%
success rate for the segmented sensor and a position resolution of
2 mm for the continuous sensor. The error for contact orientation
measurement is 4.58◦ when the orientation ranges from 45◦ to
135◦. The proposed multifunctional sensing device with high
accuracy and wide sensing range has significant potential for
developing interactive interfaces for human–machine interactions
and industrial applications.

Index Terms— Flexible sensors, force decouple, intelligent sys-
tems, multifunctional perception, soft robotics.

Manuscript received 5 December 2022; revised 13 March 2023; accepted
18 March 2023. Date of publication 10 April 2023; date of current version
26 April 2023. This work was supported in part by the Research Grant Council
(RGC) of Hong Kong under Grant 11212321, Grant 11217922, and Grant
ECS-21212720; in part by the Basic and Applied Basic Research Foundation
of Guangdong Province Fund Project under Grant 2019A1515110175; in
part by the Science, Technology and Innovation Committee of Shenzhen
under Grant SGDX20210823104001011; and in part by the Zhejiang Lab-
oratory International Talent Fund for Young Professionals. The Associate
Editor coordinating the review process was Dr. Anoop Chandrika Sreekantan.
(Corresponding author: Jun Liu.)

Min Wang, Jingjing Zhang, Tianyi Wu, Wei Dai, Rui Liu, and Jun Liu
are with the Department of Mechanical Engineering, City University of
Hong Kong, Hong Kong, SAR, China(e-mail: jun.liu@cityu.edu.hk).

Ruomao Liu and Jiachen Zhang are with the Department of Biomedical
Engineering, City University of Hong Kong, Hong Kong, SAR, China.

Digital Object Identifier 10.1109/TIM.2023.3265759

I. INTRODUCTION

FLEXIBLE sensing techniques have shown significant
value in a wide range of applications, including wearable

devices, artificial skin, soft robotics, and health monitoring
systems [1], [2], [3], [4]. Compared with traditional rigid
transducers, flexible sensors have the intrinsic advantages of
high compliance with irregular surfaces, high durability, and
stability [5]. For example, rigid sensors are more likely to
be damaged by unexpected mechanical stimuli, resulting in
decreased sensitivity or breakdown of the devices. In com-
parison, flexible sensors made of soft materials can recover
to the initial state when the external stimuli are released.
In addition, a large array of rigid sensing units is required for
large planar sensing, whereas several compliant sensors can
implement localization and measurement of external stimuli
with well-designed structures made of soft materials, for exam-
ple, sinusoidally magnetized polymer films [6] and distinct
magnetization directions in adjacent regions [7]. The unique
features of soft sensors enable interaction with surroundings
with more information and a higher level of compliance than
conventional rigid sensors [8].

Various sensing principles have been applied to the devel-
opment of flexible tactile sensors, including resistive [9], [10],
capacitive [11], piezoelectric [12], triboelectric [13], and mag-
netic force sensing [14], [15]. Among these sensing principles,
piezoresistive materials have been widely used because of their
low costs and high reliability. Moreover, other characteristics
of the piezoresistive sensor, including wide measuring range,
high accuracy, and simple structure, also contribute to the wide
applications in the measurement of pressure [5], [16], torque
[17], and acceleration [18].

Flexible sensors based on resistive sensing are mainly
composed of conductive electrodes embedded in flexible
structures. Various materials, such as carbon particles [19],
silver nanowires [20], conductive polymers [21], and liq-
uid metals [22], [23], [24], have been used as conductive
electrodes. Among them, liquid metal has emerged as a
superior choice because of its unique properties of being con-
formable, reconfigurable, highly conductive, and self-healing.
To fabricate liquid metal sensors, Ren et al. [25] proposed
a spraying-and-wiping process to fabricate high-resolution
circuits (i.e., 50 um) to characterize bending and stretching.
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Fig. 1. Overview diagram of perception force magnitude, contact position,
and orientation.

For multifunctional perception, Wang et al. [26] developed
a wearable sensor for the simultaneous measurement of tem-
perature and contact force. Liquid metal-based flexible sensors
were also developed for other applications including microflu-
idic pressure monitoring [27], continuous intraocular pressure
monitoring [28], and magnetic field detection [29].

Accurate perception of force and contact location is critical
for many robotic applications (e.g., grasping irregular objects).
Recent publications have reported a force decoding system
with three electrical paths and eight segments to measure the
force and position simultaneously [30]. The segments along
each electrical path have distinct sensitivity to determine the
force magnitude and recognize the applied location. Similarly,
Wei et al. [31] proposed a carbon-based sensor with a gradient
resistance to achieve multipoint tactile sensing. Nevertheless,
the two methods can only differentiate the forces into seg-
mented regions rather than continuous areas. Yang et al. [32]
developed an addressable force sensing method by using
two layers of capacitive sensors with slant dielectric layers.
However, this method requires multiple layers of the capacitor
to achieve 2-D position and force perception in a higher
resolution.

To address the limitations mentioned above, we propose a
new liquid metal-based flexible sensor with continuous gradi-
ent resistance for the simultaneous measurement of force and
touch positions. As shown in Fig. 1, three trapezoidal liquid
metal channels are embedded in parallel in the silicon sub-
strate. Because of the anisotropic cross section, the proposed
sensor has a changing sensitivity in the longitude direction.
When a force is applied to the flexible sensor, the changed
resistances in the three channels are different. The measured
resistance values from various channels are fed to a neural
network model to determine both the intensity and applied
location of the external stimulus. Moreover, the position mea-
surement from different channels can be used to determine the
touching orientations. As a result, the external stimuli applied
at different positions and orientations are decoded by analyzing
the resistance change from various channels.

The novelty of the presented sensor includes: 1) an absolute
force decoder that can decouple the external stimuli to force
amplitude, position, and orientation; 2) a liquid metal-based
sensor with a continuous gradient of resistance that can
achieve continuous sensing with high precision; and 3) a
simple structure of parallel channels that can eliminate the

Fig. 2. Sensing principle of the proposed sensor. (a) Schematic shows the
side view of the liquid metal-based sensor. The applied force deforms the
channel and increases the overall resistance. (b) 3-D perspective view shows
the trapezoidal cylinder geometry produces a continuous gradient of resistance
when filled with liquid metal. (c) Neural network is used to calculate the
applied force, contact position, and orientation by measuring the resistance
values from multiple liquid metal channels.

massive crossover electrodes, signal crosstalk, and demanding
configurations.

II. MECHANISM

Nature organisms can convert external physical stimuli (e.g.,
mechanical force, pressure, and heat) into biological signals
that the brain can recognize. In addition to sensing the stimulus
intensity, the organism can also determine the position where
the stimulus is applied. Inspired by the multifunctional sensing
mechanism in natural organisms, we propose a new design
of a flexible sensor embedded with liquid metal for tactile
sensing. The liquid metal used in this article is the eutectic
gallium–indium–tin alloy with the composite of 68.5 wt%
gallium, 21.5 wt% indium, and 10 wt% tin. The melting point
of the liquid metal is 11 ◦C ensuring a liquid state under
room temperature. Due to the high electrical conductivity
and deformability, liquid metal is a promising material for
converting mechanical signals into a change of resistance.
We designed the liquid metal channels with a varied cross
section to enable the sensor the capability of position recog-
nition. As shown in Fig. 2(a), the liquid metal channel is
sandwiched between two silicon layers that act as a pro-
tective skin to maintain the initial geometry of liquid metal
channels.

According to the law of resistance: R = ρL/A, when
the sensor is subjected to external mechanical stimuli (e.g.,
pressure, thermal expansion, or stretching), the resistor made
of liquid metal deforms with a changing cross section, and the
resistance changes accordingly. We can choose the conductive
filament with varied resistivity (ρ) or edit the geometry of the
resistor to enable the sensor with a gradient resistance. Here,
we designed a liquid metal channel with a gradually increased
cross sectional area, as shown in Fig. 2(b). When no external
force is applied, the liquid metal fills the entire trapezoidal
channel, and the total resistance is

R =

∫ L

0
ρ

1[
W1 +

( W2−W1
L

)
l
]
H

dl (1)

Authorized licensed use limited to: The University of Hong Kong Libraries. Downloaded on October 05,2024 at 12:00:07 UTC from IEEE Xplore.  Restrictions apply. 



WANG et al.: LIQUID METAL-BASED FLEXIBLE SENSOR 9505711

where L is the total length of the liquid metal channel, ρ is
the resistivity of liquid metal, W1 is the width of the narrowest
cross section, W2 is the width of the broadest cross section,
and H is the height of the channel.

When an external force is applied to the sensor, the con-
tact area deforms and reduces the area of the cross section
[Fig. 2(b)]. Accordingly, the overall resistance is increased
with the external force. In this study, we use a 3-D-printed bar
with a width of d to press the soft sensor. We regard the sensor
as a uniform elastomer by neglecting the influence of liquid
metal channels on the elastic modulus of the elastomer and
the internal damping of the elastomer. According to Hooke’s
Law, ε = F/E , the deformation of the liquid metal channel is
proportional to the mechanical force F and related to Yang’s
module E of the soft matrix. Since the touching width d is
much smaller than the total length of liquid metal channel
L , the contact area on the top surface can be approximated
to a rectangle instead of a trapezoid for simplicity. The
corresponding increment of resistance at the touching position
is

1Rin =
ρd ′(

H −
F
E

)(
W1 +

W2−W1
L l

) −
ρd

H
(
W1 +

W2−W1
L l

) (2)

where d ′ is the contact portion of the liquid metal channel,
which is slightly wider than the stick width d . For simplicity of
discussion, d ′ is expressed as d in the following part since the
stretch value (d ′

− d)/d is small. From the equation, we can
find that 1Rin will increase with the applied force F , and the
trend of increasing is nonlinear as the geometry changes are
reflected in the denominator of the first term. The liquid metal
within the compressed area is pushed by the applied forces and
flows to the surrounding area. Theoretically, the liquid metal
will be uniformly distributed in the uncompressed channel.
The redistribution of the liquid metal results in the increased
height of the liquid metal can be regarded as follows:

h = 2
Fd[LW1 + (W2 − W1)l]

E(W1 + W2)L2 . (3)

The diminution of corresponding resistance can be
expressed as follows:

1Rdi =

∫ L

0
ρ

1[
W1 +

( W2−W1
L

)
l
]
(h + H)

dl

−

∫ L

0
ρ

1[
W1 +

( W2−W1
L

)
l
]
H

dl. (4)

Combining (2) and (4), we can obtain the changed resistance
of a channel when the external force is applied to the soft
sensor

1R = 1Rin + 1Rdi. (5)

The change of resistance is related not only to the magnitude
of the applied force [reflected as the displacement (ε)], but
also to the position where the force is applied (l). Although
approximation errors exist in the analytical model of the
resistance change due to the simplification of mechanics,
trained neural networks are powerful tools to understand and
solve the complexity of the physics between the resistance and
applied forces as well as pressing positions.

For simplicity, we can express the change of resistance 1R
as a function of force and contacting position

1R = f (F, P) (6)

where F is the magnitude of applied force and P represents
the contacting position.

According to (6), the change of resistance is related to
both the applied force F and the contact position P . We can
obtain the solution of applied force and contact position when
there are more than two channels. No matter which channel
has a larger 1R, it will not influence the solution of F and
P , as long as we can ensure a unique changing trend of
resistance in different channels. Implementation of multiple
channels with different geometries can further increase the
measurement performance to obtain numerical solutions or
optimization results.

As shown in Fig. 2(c), the signals collected from multiple
channels were fed to a neural network to calculate the final
force amplitude and touched position. Moreover, contact orien-
tation can also be measured by connecting the contact points
on different channels. The back-propagation neural network
was adopted in this article because of its wide employment
and exemplary performance in soft sensor systems [32], [33],
[34], [35].

III. DESIGN AND FABRICATION

In this study, we designed two prototypes, one with contin-
uously varying cross sections and the other with segmented
varying cross sections. Both prototypes are integrated with
three channels to allow for the simultaneous measurement of
force magnitude, contacting position, and contacting orienta-
tion. The fabrication methods are the same for both prototypes
except for the variations in mold manufacturing. In this
section, we use the liquid metal sensor with a continuously
varied cross section to introduce the fabrication process (see
Fig. 3).

In the first step, we fabricated two molds by 3-D printing
polylactic acid (PLA) with a commercial 3-D printer. The first
mold has a depth of 4 mm and three raised ridges with a
height of 2 mm. The three ridges are used to form the liquid
metal channels. The second mold is 6 mm in depth without
any raised ridges. After that, we prepared silicone polymers
ecoflex00-30 by mixing and stirring parts A and B agents
with a ratio of 1:1. The mixed part is then poured into the
mold after 10 min of degassing. After curing for four hours
at room temperature, the silicone base is peeled off and put
in a deeper mold in a reverse direction. In the next two steps
(i.e., steps 4 and 5), we poured the melted wax to fill the
channels and then scraped off the excess wax overflowing on
the surface with a scraper. We then covered the wax-filled base
with another layer of ecoflex00-30 at a thickness of 2 mm in
step 6. After the silicon rubber was cured, we perforated the
end of each wax channel to remove the wax and inject the
liquid metal. The silicon rubber embedded with wax is then
placed on a hot plate for melting and draining the wax. In the
last step, we injected the liquid metal into the three channels
and inserted copper wires at both ends, followed by a sealing
process using uncured ecoflex00-30.
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Fig. 3. Illustration of the fabrication process of the flexible sensor comprising
multiple channels with continuous gradient geometry.

Fig. 4. Structure and fabrication results of two proposed force-decoding
sensors; green: soft matrix, gray: liquid metal. (a) Segmented gradient
resistance sensor. (b) Continuous gradient resistance sensor.

The design structure and final fabrication results of two
flexible sensors are shown in Fig. 4. The overall size of the
flexible sensor is 90 × 40 mm with a thickness of 6 mm. The
liquid metal channels with a thickness of 2 mm are embedded
in the middle of the silicone matrix. For the segmented flexible
sensor, the widths of the liquid metal in the same channel vary
across the three segments at different values of 1.8, 2.5, and
3.0 mm, respectively. In the same segment, we kept the width
of the three channels different from each other by switching
the orders. In the continuous design, the width of the first
channel [i.e., the top channel in Fig. 4(b)] increases gradually
from 1.8 to 3.0 mm, while the third channel [i.e., the bottom
channel in Fig 4(b)] decreases from 3.0 to 1.8 mm. The middle
channel remains at a constant width of 2.5 mm. The gap
between two adjacent liquid metal channels is 10 mm. More
detailed parameters are listed in Table I.

IV. EXPERIMENTS AND RESULTS

In this study, we designed new flexible sensors that can
measure the magnitude and position of external stimuli

TABLE I
PARAMETERS AND RELATED VALUES OF THE PROPOSED FLEXIBLE SEN-

SORS

Fig. 5. Experimental design and testing of the flexible sensors. (a) Schematic
shows that the resistance of several channels is measured by a multichannel
resistance meter and then uploaded to a host computer. (b) Physical images
show the flexible sensor is being tested by applying a given force at different
positions and orientations from a robotic arm and load cell.

simultaneously. When the flexible sensor is pressed, the geom-
etry of the liquid metal-filled channel changes, resulting in a
change of resistance. Because of the anisotropic cross section,
the resistance change is different when the same force is
applied to different positions. The schematic of the experimen-
tal setup is shown in Fig. 5(a). The robotic arm (xmate7pro,
ROKAE Company Ltd.) is used for changing the position and
orientation of applied force. A load cell (HZC-T 0-50N with
an accuracy of 0.05%.) mounted on the end-effector ensures
well-controlled forces with known magnitudes. A customized
contacting stick is used to touch and deform the flexible
sensor.

The real-time resistance values in the three channels are
measured by an eight-channel resistance meter (AT5108,
Anbai Company Ltd.). The measuring range is from 1 µ�

to 30 k� with an accuracy of 0.05%. The scan time for each
channel is about 30 ms, which is acceptable for most stimuli
situations of real-time monitoring. The measured resistance
is then uploaded to the host computer via a serial portal.
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Fig. 6. Characterization of the proposed sensor. (a) Verification of the
repeatability. (b) Test of the sensitivity. (c) Effect of temperature on sensor
performance.

Finally, our AI-based algorithm processes the resistance values
and decouples the force magnitude, contacting position, and
orientation. Fig. 5(b) shows the physical images when the
robotic arm touches the flexible sensor at different positions
and orientations.

We evaluated the repeatability of the proposed sensor by
repeating the pressing process 20 times on a liquid metal
channel with a width of 1.8 mm. The applied force was
increased from 5.5 to 15 N and then released to 5.5 N with a
step of 0.5 N. The experimental results in Fig. 6(a) show that
the proposed sensor has high repeatability to external press
force. The recorded resistance values were then averaged and
plotted in Fig. 6(b) (blue line). The calculated sensitivity of the
proposed sensor [Fig. 6(b) (red line)], ranging from 7.8 × 10−2

to 3.64 × 10−1 m�/N, is increased with the applied force.
We tested the effect of temperature on sensor performance.

The results [Fig. 6(c)] show that a higher temperature can
result in a more sensitive response. The results indicate that a
recalibration process is required when the sensor is deployed
to a high-temperature environment. To test the robustness of
the sensor under conditions, we recorded the sensor’s response
in the dry and wet tanks, and on a PZT vibration plate with
different voltage inputs (1–12 V). The output of the sensor
remains stable with a deviation of lower than 4.8% and 5.4%,
respectively.

A. Segmented Position and Force Perception

To evaluate the performance of the segmented flexible sen-
sor, we applied forces ranging from 0 to 20 N with an interval
of 0.5 N on different segments. The change of resistance,
reflected as the difference between the real-time resistance

Fig. 7. Change of resistance versus applied force from 0 to 20 N for
different channels. The first figure shows △R2 > △ R1 > △ R3 or
force from 0 to 20 N, corresponding to the channel width variations from
large to small. While △R1 > △ R3 > △ R2 or the second figure,
△R3 > △ R2 > △ R1 or the third figure.

value and the rest state value, under different stimuli is shown
in Fig. 7. Three subfigures show the performance of changed
resistance on segmentation 1, 2, and 3, respectively. The
resistance value varies for all three channels when the stimuli
force is raised. However, the changing rates are different for
the three channels. More specifically, the resistance increases
dramatically when the cross section area is narrow, indicating
a nonlinearly increase between the resistance value and the
applied force. Because the flexible sensor has varied cross
sections for the three channels [shown in Fig. 4(a)], we can
quickly recognize the stimuli’ segments by comparing the
changed resistance of the three channels. For example, for seg-
mentation 1, we can always find that 1R1 > 1R2 > 1R3
for different stimuli magnitude.

To evaluate the force recognition accuracy of the proposed
flexible sensor and our algorithms, we repeated the experiment
15 times with the force from 0.5 to 20 N at three segments and
recorded the resistance value of the three channels. We also
recorded the applied force and the contact position simulta-
neously. The total recorded 1800 sets of data are randomly
divided into three groups, where 70% were used for training a
BP network, and the remaining 30% was divided equally for
validation and testing. To evaluate the quality of the training
model, we define the prediction error as follows:

Error =
1
n

n∑
i=1

|Fp − Fa| (7)
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Fig. 8. Comparing the training results and real applied forces. The figure
shows a good overlap in the three segments.

where Fp is the predicted force by the trained model, Fa is the
applied force recorded by the load cell, and n is the number
of contact times.

Fig. 8 compares the predicted force by the neural network
and the ground truth of the applied force. We can find that the
predicted values at the three segments all overlap well with
the true values. The predicted errors of the three segments are
0.051, 0.133, and 0.162 N, respectively.

B. Simultaneous Force and Contact Position Perception

To simultaneously measure the magnitude and location of
external forces, we exerted stimuli on different positions of
the flexible sensor with force ranges from 5 to 15 N. In this
experiment, we change the contact locations from left to the
right (i.e., from 0 to 55 mm along the longitudinal axis). The
prototype evaluated in this experiment is the continuous design
[i.e., the model shown in Fig. 4(b)].

The change in resistance is illustrated in Fig. 9. For each
channel, a stronger force stimulation results in a more signif-
icant change in the resistance. As for channel 1, the changed
resistance, △R, decreases from left to right when the same
amplitude of force is applied to the sensor. However, the
resistance changes of channel 3 exhibit the opposite behavior,
that is, the value of the resistance increases from left to

Fig. 9. Change of resistance versus the contact positions under different
applied forces. (a) Change of resistance in channel 1 decreases dramatically
when the contact position changes from left to right, corresponding to a
continuously increased channel width. (b) Resistance changes in channel
2 are relatively stable due to the constant channel width. (c) In contact with
channel 1, the change of resistance in channel 3 increases when the channel
width decreases from left to right.

right. This phenomenon is due to the fact that the cross
section of channel 1 increases from left to right, while channel
3 has a reverse design to decrease the channel width along
the longitudinal axis. We can also find that the change of
resistance increases more obviously when the contact position
approaches the narrow area. The nonlinear increasing trend is
due to the higher sensitivity of the smaller cross section of the
liquid metal channels.

We designed channel 2 with a uniform pattern, resulting
in constant resistance changes among all contact locations
[shown in Fig. 9(b)]. The fluctuations of resistance changes
in channel 2, especially when a large force is applied, are
largely attributed to manufacturing errors. We also find that the
change of resistance, 1R, increases faster when the applied
force is greater for all three channels. For example, the
gap between the cyan line (Force 15 N) and the blue line
(Force 12 N) is much wider than the gap between the green
line (Force 8 N) and the red line (Force 5 N). The nonlinear
changes are attributed to the fact that when a larger force
is pressed, the liquid metal deforms significantly, resulting in
a smaller cross section. Accordingly, the sensitivity is much
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Fig. 10. Training process using the BP neural network.

higher when the cross section is smaller for the liquid metal
sensor.

To evaluate the accuracy of simultaneous perception of
applied force and stimuli position, we tested the flexible sensor
from left to right with forces ranging from 0.5 to 20 N
15 times. The resistances of the three channels are recorded
and randomly divided into three groups (training, valida-
tion, and testing), following the same rules as Section IV-A.
Fig. 10 shows the training process, the mean squared error
for the validation experiments stabilizes at 0.11232, and the
corresponding correlation coefficient R2 reaches 0.99805 for
the dataset, showing good stability and regression accu-
racy for the neural network. The data was also trained by
RBN and SOM neural networks. The corresponding corre-
lation coefficient R shows good fitting behaviors, that is,
R2

= 0.99752 andR2
= 0.99213, respectively. The results

indicate that the proposed system is robust to different neural
networks.

We can obtain the sensing errors by comparing the
AI-processed results with the applied forces (recorded by the
load cell) and positions (reflected by the robot arm system).
As shown in Fig. 11, the sensing accuracy is constantly high
for all measured positions. In more detail, the force error is
below 0.8 N for all situations and the position error for most
states is lower than 4 mm. Interestingly, the sensing errors
slightly increase when the applied force within low (e.g., 2 N)
or high (e.g., 20 N) levels. The reason is that when a slight
force is applied, the minor change of resistance △R is difficult
to measure with high accuracy. In addition, the small value
of △R also increases the difficulty for the neural network
to obtain a high-accuracy result. On the other hand, when a
heavy force is applied, the changes in geometry are unstable.
Moreover, a heavy force results in a narrow cross section and
a higher sensitivity, making the system more susceptible to
environmental disturbances (e.g., mechanical vibration, local
heat, and so on).

Table II summarizes the accuracy of force and contact posi-
tion perception at different force ranges. The evaluation results

Fig. 11. Average error of simultaneous sensing applied for forces and contact
positions. (a) Force error for stimulation with the force of 0–20 N in the range
of 50 mm. (b) Position error for stimulation with the force of 0–20 N in the
range of 50 mm.

TABLE II
AVERAGE ERROR AND STANDARD DEVIATION FOR FORCE SENSING AND

POSITION RECOGNITION AT DIFFERENT STIMULI FORCE RANGE

are separated into four groups according to the amplitude of
the applied forces (i.e., 0.5–5, 5.5–10, 10.5–15, and 15.5–20 N
in Table II). It can be observed that both average error and
standard deviation in the small force range (i.e., the first
column in Table II) are higher than the values in the other
three ranges. In addition, there is no significant difference
between the ranges in the last three columns, indicating a
reliable measurement performance between 5 and 20 N.

C. Simultaneous Force and Contact Orientation Perception

Previous sections evaluated the sensor performance in mea-
suring the applied force amplitude and locations simultane-
ously. The contacting orientation could be further calculated
by connecting the positions on different channels. In this
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Fig. 12. Diagram of simultaneously applied force and contact orientation
sensing using the continuous gradient resistance sensor.

section, we extend the application of the proposed prototype to
sense the applied force and pressed orientation simultaneously.
As shown in Fig. 12, when a contacting stick touches the
flexible sensor in different directions (denoted as θ ), the
measurement system can accurately measure the different con-
tacting locations on the three channels. We can determine the
contacting orientation by connecting the positions of different
channels or finding an optimal pressed line with the smallest
sum of distances from these points.

In this section, we pressed the flexible sensor in differ-
ent orientations at five positions with forces ranging from
0.5 to 20 N. The contacting orientations change from 45◦

to 135◦ with an integral of 15◦, and the distance between
contacting positions is 5 mm. The five points from left to
right are denoted as P1–P5. A similar BP neural network
is built to process the measured resistance and predict the
force amplitude and contacting orientations. From left to right,
a total of five positions are verified.

The ground truth of contact orientation and stimuli force
are obtained from the testing robot arm and the load cell.
Comparing the predicted value and the ground truth, Fig. 13
shows the sensing accuracy for force and orientation in five
positions. We can find that sensing accuracy at the two ends
(i.e., P1 and P5) is higher than that in the middle area (i.e.,
P2–P4). These variations in accuracy can be attributed to the
significant difference in the channel geometry at the two ends.
The geometry of the three channels is similar in the middle
area, making it difficult for the BP network to differentiate.
However, all force errors are lower than 0.6 N, suggesting
the prototype and algorithm can produce a high accuracy
for force measurement at different contacting positions and
orientations.

To compare the sensing accuracy at different contacting
positions and evaluate the stability of the flexible sensor.
We also plot the average sensing error and standard deviation
for the five contact points in Fig. 14. In this figure, both the
force errors and the orientation errors of the three positions
in the middle are slightly larger than the positions at the two
ends.

V. DISCUSSION

With two different configurations (i.e., segmented and con-
tinuous gradient channels), we conducted three verification
experiments, including section recognition and force sensing,
simultaneous position and force sensing, as well as simultane-
ous force and contract orientation sensing. The overall sensing

Fig. 13. Average error of simultaneous sensing applied forces and contact
orientations. (a) Force error for stimulation with five positions from 5 to
25 mm and orientation from 45◦ to 135◦. (b) Orientation error for stimulation
with five positions from 5 to 25 mm and orientation from 45◦ to 135◦.

TABLE III
SENSING ERROR FOR THREE SENSING MODES. TYPE I: SEGMENTED

POSITION RECOGNITION AND FORCE DETECTION. TYPE II:
SIMULTANEOUS SENSING OF APPLIED FORCE AND CONTACT

POSITION. TYPE III: SIMULTANEOUS SENSING OF
APPLIED FORCE AND CONTACT ORIENTATION

accuracy for all three experiments is summarized in Table III.
The results show that the flexible sensor system can achieve
a high resolution in a wide force range.
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Fig. 14. Average error and standard deviation at different positions for applied
force sensing and contact orientation recognition.

To show the advantages of the proposed sensor, we com-
pared the new sensor with the state-of-the-art soft contact force
sensor in terms of cost, accuracy, and versatility. Table IV
shows that our system is cost-friendly due to the inexpensive
material used in this work compared with other costly sensing
materials such as silver nanowires [36] and gold [37]. On the
other hand, the casting-based fabrication method used in this
article is cheaper than those high-resolution printing-based
methods [26], [38], and those systems that require embedded
electronics [34], [39]. In addition, the sensing accuracy of
the new sensor is higher than most other systems. More
importantly, the proposed sensor is capable of measuring
the force amplitude, contact position, and orientation, which
has not been reported in previous studies. The multichannel
resistance meter used in this study can quickly respond to
the resistance change of liquid metal channels with a high
resolution. However, the bench-top meter may have limitations
on in situ measuring for industrial scenarios. In practi-
cal applications, the resistance measurement circuits can be
integrated to monitor the resistance changes. The voltage
variations caused by the resistance changes can be measured
by multiple analog-to-digital converter (ADC) channels and
further processed by embedded controllers. If the number of
sensor channels exceeds the number of ADC inputs, a mul-
tiplexer (e.g., SparkFun CD74HC4067) could be additionally
used for sequential or selective reading of the output of liquid
metal channels [40].

The performance of the sensing system can be further
improved if it is necessary for some special application sce-
narios. For example, the position sensing in this article is
limited to 1-D. We can extend the positioning range to 2-D by
duplicating the existing prototype and laying it out in parallel.
Moreover, we can achieve a higher sensing accuracy by
measuring the resistance changes in more than three channels.
The results in previous sections also indicate that a better
perception result can be achieved with a greater difference in
geometry between channels. Therefore, we can improve the
sensor performance by increasing the dissimilarity between
channels. However, due to the fluid characteristics of the
liquid metal, it requires a recovery time for the resistance

TABLE IV
COMPARISON WITH THE STATE-OF-THE-ART SOFT SENSORS FOR CON-

TACT FORCE MEASURING

to stabilize. Accordingly, the reported sensor has a limitation
in measuring a quick force with a sudden impact of fewer
than 0.5 s.

The proposed flexible sensor has significant potential
for wearable electronics and human–machine interfaces. For
example, the proposed sensor is expected to recognize human
fingers’ bending joints and bending angles according to
the detected force position and force amplitude, respec-
tively. In addition, the proposed sensor can be used as a
human–machine interface to control a vehicle, heater, LED,
and so on. For example, the touching position can be measured
and used to control the turning direction, and the touch-
ing force amplitude can be used to control the speed of a
vehicle.

VI. CONCLUSION

In this article, we proposed a liquid metal-embedded flexible
sensor for the perception of force amplitude, contact position,
and orientation. The liquid metal channels are designed with
varied cross sections, which results in a gradient resistance
along the longitude direction. Thus, the change of resistance
is related to both the contact position and contact intensity.
We fabricated two prototypes: one with a segmented varied
cross section and the other with a continuous gradient cross
section. The resistance changes in different channels are
collected and analyzed by a neural network. With the AI-based
algorithm and novel design, the proposed sensor achieves
a high sensing accuracy with sub-Newton force resolution
for a wide sensing range (0–20 N). The position error and
orientation error are mostly under 2 mm and 5◦. Therefore, the
proposed flexible sensor has significant potential for a broad
range of applications such as human–machine interfaces and
wearable electronics.
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