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Soft Inductive Tactile Sensor Using Flow-Channel
Enclosing Liquid Metal

Shota Hamaguchi , Takumi Kawasetsu , Takato Horii , Hisashi Ishihara, Ryuma Niiyama ,
Koh Hosoda, and Minoru Asada

Abstract—There are structural challenges in increasing the soft-
ness of conventional soft tactile sensors because rigid electrical
elements have to be installed around the sensing areas, which should
be compressive, stretchable, and durable. To solve these issues, we
propose an inductive tactile sensor whose silicone-rubber body has
only two liquid-metal reservoirs connected by an elongated flow
channel. When one reservoir is placed around the sensing area,
another one can be placed at a non-sensing area. Furthermore,
in this structure, touch can be detected by monitoring the inflow
and outflow of the liquid-metal in the latter reservoir by using
a separately placed coil circuit based on the eddy-current effect.
The proposed method requires no direct electrical connections with
liquid metal in the reservoirs or flow channels. This means that the
sensor body has no inhibitor that reduces its compressibility and
stretchability, and that deteriorates its durability. The experimen-
tal results demonstrated that larger reservoir diameters provided
larger sensitivity and higher signal-to-noise ratio of approximately
65 dB. Additionally, we observed that the bending of the body does
not affect the sensor response as much as gravity. Therefore, we con-
clude that our sensor has structural advantages for tactile-sensor
installation, especially in soft actuators, because our completely
soft sensor does not experience reduction or deterioration in its
functionality owing to its softness.
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I. INTRODUCTION

THE soft structure in a soft robot [1]–[4] makes rich contact
with physical environment, allowing completely effective

and safe interactions to be achieved. The use of open-loop con-
trol has been sufficient for demonstrating basic tasks; however,
finer movements and environmental changes require sensors for
feedback control. Sensors required for soft robots include tactile
sensors, which obtain information from physical interactions
with the environment, i.e., a deformation of soft materials and
the contact information.

Many studies proposed several types of soft tactile sensors
[5], [6] and tried to install them to soft pneumatic actuators, e.g.,
[7]-[9]. However, ignorable technical issues have arisen when
embedding or adhering tactile sensor elements in a soft-material
sensor body. As discussed in [10], the following issues need to
be solved: 1) embedding fragile sensor elements, e.g., electric
elements and wires, into soft materials deteriorates the sensor
durability; 2) embedding rigid materials into soft materials
reduces the softness of the sensor body; and 3) adhering rigid
sensor elements with soft materials introduces an unavoidable
stress concentration and a weak interface.

One of the promising approaches used to solve these issues
is the application of a soft inductive tactile sensor. Kawasetsu
et al. [11] proposed an inductive tactile sensor by employing a
liquid-metal reservoir in a silicone-rubber body as a positional
marker and a coil directly below the contact area as a position
detector of the liquid metal. The proposed sensor enables the
removal of both fragile electrical elements and hard materials
from silicone rubber, as well as electrical connections with the
liquid metal. By contrast, the previously developed inductive
tactile sensors require placing a coil circuit directly below the
contact area, thereby reducing the softness of the sensor. This
limitation becomes an issue to be addressed when installing an
inductive tactile sensor into entirely soft robots, e.g., soft pneu-
matic actuators [7]-[9]. Structural improvements are required to
remove the coil circuit from the contact area and to realize a
totally soft tactile sensor with a liquid-metal reservoir, which is
suitable for implementation in such soft actuators.

Therefore, we propose a soft inductive tactile sensor made of
a coil circuit and a silicone rubber, with a long liquid-metal-flow
channel connected to two reservoirs [see Fig. 1]. Employing an
inductive sensing technology and the liquid-metal-flow channel
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Fig. 1. Appearance of the proposed inductive tactile sensor. The sensor con-
sists of a coil circuit and silicone rubber with a long liquid-metal-flow channel
connected to two reservoirs. The sensor can estimate the applied normal force
by measuring the displacement of the liquid metal in the flow channel as the
change in inductance of the coil.

enables to place the coil circuit near one of the reservoirs that is
far from the contact area, as well as remove the direct electrical
connections with the silicone rubber or the liquid metal. We
examined that the sensor could measure the applied normal
force with sufficient accuracy by measuring the inductance of
the coil. The results demonstrated that the sensitivity of the
sensor increased upon increasing the diameter of the disk-shaped
reservoir where force was applied. We also examined the sensor
sensitivity against bending and, subsequently, confirmed that
the sensor response did not exhibit a clear correlation with the
bending. On the basis of these results, we discuss the method for
determining the structural-design parameters of the sensor, and
we summarize the practical issues to be addressed in the future.

II. RELATED WORKS

This section summarizes the previously developed soft tactile
sensors [5], [6]. We also discuss the remaining issues of these
conventional sensors.

One of the simple methods to fabricate a soft tactile sensor
is to implement electrical elements, such as a strain gauge, into
flexible materials [12]. Upon applying a contact force to the soft
material containing a strain gauge, the gauge is deformed, and,
accordingly, the resistance of the gauge also changes. Conse-
quently, we can estimate the applied contact force by measuring
the change in resistance of the gauge. While the fabrication
process and working principle of this kind of sensor is simple,
the following issues still exist: 1) a reduction in the softness and
stretchability of the soft material owing to the embedding of
the hard electrical elements; 2) low durability of the embedded
fragile electrical elements; and 3) ease of detachment of different
embedded electrical elements from soft materials owing to dif-
ferent softness and stretchability. These issues mainly arise from
the differences in softness and stretchability between the soft ma-
terials and embedded electrical elements. With the recent growth
in material engineering, stretchable electrical elements and wires
have been proposed; however, their softness, stretchability, and
durability against repeated loads are still not sufficient compared
with soft sensor body materials such as silicone rubber.

Several studies proposed soft tactile sensors that measure the
electrical resistance of a micro-fluid channel embedded in a

soft-material soft sensor body. Mainly, the micro-fluid channel is
filled with liquid metal [8], [13] or ionic gel [9], [14]-[16]. Upon
applying a contact force to the sensor body, the cross-sectional
area of the channel decreases, and, consequently, the electrical
resistance of the filled liquid metal or of the ionic gel increases.
Thus, we can estimate the applied force by measuring the
resistance change of the channel by using electrodes. This type
of sensor is highly soft and stretchable because the sensor body
contains only micro-fluid channels. The remaining issue is that
the sensor requires to insert electrodes or wires into the channel
to measure the resistance. As discussed previously, the adhesion
between metal wires and soft materials with different values of
softness and stretchability causes deterioration in the durability
of the sensor.

Soft tactile sensors based on an electromagnetic phenomenon
can be used to remove electrical elements from a soft material.
Magnetic tactile sensors, which consist of a magnet embedded in
a soft material and a magnetic sensor placed outside the soft ma-
terial, measure the applied force based on the change in magnetic
field [17]-[19]. As another type of tactile sensor employing an
electromagnetic phenomenon, inductive tactile sensors, which
measure the change in electromagnetic field around sensor bod-
ies with coils, have been proposed [10], [11], [20]-[24]. In this
structure, some metallic ingredients, such as iron particles [10],
[20], [21], [24] and liquid metal [11], are locally placed in a soft
material, and a coil circuit is mounted around these ingredients
outside the soft material. Upon applying a contact force to the
soft material, the iron particles or liquid metal displaces in the
material, following which the positional relationship between
the coil and them changes. The inductance of the coil changes
because of the spatial-permeability changes or the eddy-current
effect, and, as a result, we can estimate the contact force on the
basis of the change in inductance. Inductive sensing enables to
fabricate a highly soft and stretchable tactile sensor with high
durability because its soft materials do not contain any fragile
electrical elements. However, the sensor requires to install a coil
circuit at a close distance from the iron particles or liquid metal.

As a similar method, vision-based tactile sensors, which
monitor the deformation of soft materials by using optical sen-
sors, were proposed. Soft tactile sensors employing an optical
waveguide and a combination of an LED and a photodiode were
also proposed [25], [26]. One of the remaining issues regarding
these sensors is to distinguish the sensor response caused by
bending or applied contact force. Soter et al. [27] proposed
a method for measuring the displacement of a colored liquid
filled in transparent tubes, using an external camera. This kind
of sensor is also one of the promising methods to measure the
contact forces applied to soft materials without embedding any
electrical elements, when the sensor has sufficient space for
camera imaging.

To address these issues, the proposed sensor employs an
inductive sensing technique with a flow channel enclosing liquid
metal. This structure realizes a high softness, stretchability,
and durability owing to 1) a lack of hard materials within the
soft materials and near the contact area, 2) no direct electrical
connections to the liquid metal or the flow channel.
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Fig. 2. Structure and working principle of the proposed tactile sensor that can
estimate the applied normal force by measuring the inductance change of a coil.
Upon applying a normal force onto the contact reservoir, the liquid metal moves
toward the detection reservoir via the flow channel. As a result, the detection
reservoir expands toward left (lower figure), causing inductance change.

III. INDUCTIVE TACTILE SENSOR WITH

LIQUID-METAL-FLOW CHANNEL

A. Working Principle

Fig. 2 depicts the structure and working principle of the pro-
posed tactile sensor. The sensor comprises a rectangular sensor
body made of silicone rubber, liquid metal, and a coil printed on
a circuit board. Furthermore, the sensor body has a flow channel
for enclosing the liquid metal. This flow channel consists of a
disk-shaped reservoir (hereafter referred to as contact reservoir),
a half-disk-shaped reservoir (hereafter referred to as detection
reservoir), and a linear channel that connects them. The detection
reservoir has a thin silicone-rubber wall that separates the liquid
metal from the outside of the rubber. A spiral coil has the same
radius as that of the detection reservoir, and it is placed under
the detection reservoir.

The proposed sensor can estimate the applied normal force by
measuring the displacement of the liquid metal in the detection
reservoir on the basis of the following mechanism: Upon apply-
ing a normal force onto the contact reservoir, the liquid metal
in the reservoir is pushed out toward the detection reservoir via
the linear channel. Consequently, the pushed-out liquid metal
expands the detection reservoir by pushing out the thin wall.
Because the thickness of the wall can be deformed more easily
than other parts of the sensor body, the expansion direction is
limited to the left direction, as depicted in the bottom of Fig. 2.
Therefore, the amount of liquid metal over the coil is increased
according to the applied force. Here, the coils can be utilized
as a metal detector by using an eddy-current effect, meaning
that inductance of the coils changes according to the position of
conductors near the coils. Increasing the amount of the liquid
metal over the coil in the proposed sensor increases the eddy
current in the liquid metal, consequently decreasing the coil
inductance. Thus, we can estimate the applied normal force by
monitoring the change in the coil inductance.

B. Fabrication Process

Fig. 3(a)–(c) illustrates the fabrication process of the silicone-
rubber sensor body holding a flow channel filled with liquid

Fig. 3. Fabrication process and design parameters of the proposed sensor:
(a) pouring uncured silicone rubber into the female mold to fabricate the flow
channel; (b) pouring liquid metal into the flow channel; (c) enclosing the liquid
metal by pouring the uncured silicone rubber; (d) design parameters of a silicone
rubber holding a flow channel; (e) design parameters of a dual-layer spiral coil
for detecting the displacement of liquid metal.

metal. First, a silicone sheet with a groove of a flow channel
was fabricated by pouring uncured silicone rubber into a three-
dimensional (3D) printed female mold [see Fig. 3(a)]. In this
study, we employed a platinum-cured silicone rubber (Ecoflex
00-30, Smooth-On Inc., USA). After curing the rubber sheet,
it was set in another 3D-printed female mold. Then, liquid
metal was poured into the flow channel in the rubber sheet [see
Fig. 3(b)]. We here employed eutectic galliumindium (eGaIn
[28]; 75 wt.%. Ga and 25 wt.% In) with the melting point of
15.5 ◦C as the liquid metal. Finally, uncured silicone rubber was
poured on the rubber sheet to form the cover enclosing the liquid
metal (Fig. 3(c)). Here, a plastic rectangular small block was
placed beside the detection reservoir to provide the space where
the detection reservoir could easily expand in the left direction
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[see Fig. 2 bottom] with the sensor body. After the rubber cured,
the block was removed from the rubber sheet.

Fig. 3(d) summarizes the design parameters of the fabricated
silicone-rubber sheet holding a flow channel. In this study,
we fabricated nine types of sensor bodies to investigate the
relationship between the design parameters and sensor-response
properties. These sensor bodies were different in the combina-
tion of the contact-reservoir diameter and the channel thickness.
The contact-reservoir diameter was selected from 5, 10, and
15 mm, and the channel thickness from 1, 2, and 3 mm. For the
nine types of sensor bodies, other structural parameters were
common: The detection-reservoir diameter was 10 mm, which
is the same as that of the coil diameter. The detection-reservoir-
wall thickness was 1 mm. The linear-channel width was 2 mm
and the linear-channel length 92.5 mm between the centers of
both the reservoirs. The long-side and short-side lengths of the
sensor body were 140 and 30 mm, respectively. The sensor-body
thicknesses above and below the channel were 1 mm. Therefore,
the total thickness of the sensor was the summation of these
thicknesses (2 mm) and that of the channel; e.g., the total
thickness of the sensor with 3-mm channel was 5 mm.

We fabricated a dual-layer planar spiral coil installed on a
printed circuit board to detect the liquid-metal displacement
by employing a PCB manufacturing service (P-ban.com Corp.,
Japan). As depicted in Fig. 3(e), the coil diameter was 10 mm,
and the number of turns was 16 in one layer. The width of the
trace and the interval between the traces were both 0.1 mm. A
330-pF ceramic capacitor was connected in parallel to the coil
to employ an inductance-to-digital converter [29].

IV. EXPERIMENTS

A. Method

We investigated the relationship between the inductance
changes and the applied normal force or bending by using
the setup depicted in Fig. 4. The sensor was mounted on a
tri-axis robot stage (TTA-C3-WA-30-25-10, IAI Corp., Japan)
holding a plastic cylindrical indenter with a diameter of 20 mm.
A forcetorque sensor (F/T sensor; Mini 2/10-A, BL Autotech
Ltd., Japan) was inserted between the tri-axis stage and the
indenter to measure the normal forces applied to the sensor.
Both the inductance and the output of the F/T sensor were
obtained using the inductance-to-digital converter (LDC1614,
Texas Instruments Inc., USA) and an analog-to-digital converter
(AI-1664LAX-USB, CONTEC Corp, Japan), respectively. The
sampling period was set to 20 ms. As stated in Section III, we
prepared nine types of sensor bodies, all of which had three
different contact-reservoir diameters (5, 10, and 15 mm) and
three different flow-channel thicknesses (1, 2, and 3 mm). The
sensor was pushed using the indenter at a contact speed of
0.1 mm/s until the applied normal force reached 25 N. This
measurement was repeated 10 times for each sensor body.

As depicted in Fig. 4(b), a 3D-printed curved block was placed
under the rubber of the sensor to measure the inductance change
against the bending. We prepared six blocks with six different
curvatures as follows: R300, 250, 200, 150, 100, and 75.

Fig. 4. Experimental setup: (a) measurement of the relationship between
inductance change and applied normal force; (b) measurement of the relation-
ship between inductance change and bending applied in the vertically upward
direction (left) or horizontal direction (right).

B. Results

1) Inductance Change Versus Applied Normal Force: Fig. 5
depicts the inductance change versus the applied normal force
for the nine types of prepared sensor bodies, all of which have
different contact-reservoir diameters and different flow-channel
thicknesses. In each plot, the horizontal axis denotes the applied
normal force measured using the F/T sensor, while the vertical
axis denotes the change in the inductance from its initial value,
i.e., the inductance value at which no load was applied. The solid
line indicates the mean inductance change of the 10 trials, and
the shaded gray region indicates twice the standard deviation 2σ.
The results demonstrate that the inductance decreases according
to the normal force applied, and that the small shaded region
compared with the response range shows a high repeatability of
the changes in inductance. We also confirmed that the change
in inductance tends to saturate upon applying a certain amount
of normal force. In addition, a larger diameter of the contact
reservoir causes a larger change in inductance irrespective of
the thickness of the flow channel.

Subsequently, the sensitivities to the applied normal force
were calculated and compared for the nine types of sensor
bodies. We defined the initial sensitivity as the inductance
change upon applying up to 5 N normal force from the initial
inductance, and then the initial sensitivities of the nine types
of sensor bodies were calculated. Fig. 5(d) depict a part of
the plot of Fig. 5(b) in the range of the applied normal force
up to 5 N. We employed linear approximation to these plots,
following which the initial sensitivity was calculated using the
slope of the linear-approximation graph. Fig. 5(e) indicates the
calculated initial sensitivities for the nine types of sensor bodies.
The horizontal axis denotes the contact-reservoir diameter, while
the vertical axis denotes the initial sensitivity (µH/N). The
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Fig. 5. Inductance change versus applied normal force for nine types of sensor
bodies: (a), (b), and (c) depict the inductance change with the flow-channel
thicknesses of 1, 2, and 3 mm, respectively; (d) depict a part of the plot of (b)
in the range of the applied normal force up to 5 N; (e) the initial sensitivities
obtained from linear-approximation result for each sensor body.

TABLE I
CALCULATED SNRS

square, triangular, and circular dots indicate the results for the
flow-channel thicknesses of 1, 2, and 3 mm, respectively. The
initial sensitivity increased quadratically upon increasing the
contact-reservoir diameter.

We also evaluated the signal-to-noise ratio (SNR) for
each sensor body. The SNR was calculated as follows:
20log10(AS/AN ), where AS denotes the maximum inductance
change depicted in Fig. 5 and AN the peak-to-peak inductance
under the no-load condition. Table I presents the calculated
SNRs. The results demonstrate that the SNR improved upon
increasing the contact-reservoir diameter, and that large SNRs
were obtained when the flow-channel thickness was 2 mm for
the sensor bodies used in this study.

2) Inductance Change Versus Bending: We examined the
sensor response to bending using three kinds of sensor bod-
ies each having flow-channel thickness of 2 mm and contact-
reservoir diameter of 5, 10, and 15 mm. Fig. 6 depicts the
inductance change versus six different curvatures. The hori-
zontal axis denotes the curvature (radius of the curved silicone

Fig. 6. Inductance change versus applied bending: (a) bending applied in the
vertically upward direction, and (b) bending applied in the horizontal direction.

Fig. 7. Change in inductance versus bending and force applied to the proposed
sensor attached to a pneumatic bending actuator.

rubber), while the vertical axis denotes the magnitude of the
inductance change from the initial inductance value without
bending. The square, circular, and triangular dots represent the
contact-reservoir diameters of 5, 10, and 15 mm, respectively.
Each dot denotes the mean inductance change across 10 trials,
and the error bar is twice the standard deviation 2σ. First, the
silicone rubbers were bent in the vertically upward direction
[see Fig. 6(a)]. Subsequently, we confirmed that the inductance
decreased quadratically upon decreasing the curvature, and that
these inductance changes had a high repeatability. Next, the
sensor body were bent in the horizontal direction [see Fig. 6(b)]
to eliminate the effects of gravity from the sensor. The results
demonstrate that the inductance changes were relatively small
compared with the results where bending was applied in the
vertically upward direction, and that the inductance changes did
not exhibit a clear correlation with the bending.

As a demonstration of the possible applications of the pro-
posed sensor, we attached the sensor to a pneumatic bending
actuator [30]. Fig. 7 shows the changes in inductance of the
proposed sensor under the corresponding state of the pneumatic
actuator. We first applied bending to the actuator by increasing a
pressure in the actuator, then touched the sensor to apply a force.
The results indicate that the sensor responds to both the applied
bending and force.

V. DISCUSSION

Our results indicate that the proposed sensor can estimate the
normal force precisely even though it has the flow channel. First,
Fig. 5 depicts that the widths of measurement variance (2σ) are
quite small; in other words, the sensor can output approximately
the same value against several touches. Additionally, the SNRs
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are more than 40 dB for all the nine types of the sensor bodies
prepared for this study, with highest SNR of approximately
65 dB. This means that our sensor can maintain high precision
by investigating the relationship between the true input force
and the sensor output, even if the structural parameters change.

Furthermore, the results presented in Section IV-A indicate
that sensitivity and SNR are higher when the sensor has a larger
reservoir, for any cross-sectional area of the flow channel. This
tendency can be explained by the following mechanism: First,
the coil inductance increases more when larger amount of liquid
metal exists over the coil. Second, the amount of liquid metal
over the coil increases more theoretically when the reservoir is
larger, even when the indentation depth is the same. Thus, the
sensor sensitivity can be increased by enlarging the size of the
reservoir. However, the spatial resolution of the sensor decreases
upon increasing the reservoir size.

Fig. 5(d) demonstrates that the proposed sensor does not
respond at low force levels of approximately 0.2 N. This could
be caused by an expansion of the flow channel itself before the
liquid metal pushed out from the contact reservoir reaches the
detection reservoir. Therefore, the minimal detectable force and
the bending angle may depend on the shape and softness of the
flow channel and the diameter of the reservoirs. The relationship
between the minimal detectable force and the sensor structure
should be investigated in a future work.

Although the sensitivity of the sensor was considered not to be
affected by the cross-sectional area of the flow channel, yet it was
considered to be affected only by the size of reservoir because the
liquid metal was incompressible. The result demonstrates that
the sensitivity was affected by the cross-sectional area of the flow
channel: Fig. 5 indicates that the sensitivity was the highest in
2-mm thickness condition than those in 1- and 3-mm thickness
ones. This can be explained by the following mechanisms: First,
the pressure loss in the flow channel is larger in a thinner channel.
Second, the expansion volume of the flow channel is larger in
a thicker channel. Because of these two mechanisms, we have
to determine the optimal flow-channel thickness that maximizes
the sensor sensitivity. Both the aforementioned mechanisms will
be investigated in detail in future studies.

Fig. 5 indicates that a sensor with a large contact reservoir
has a large deviation, and that the responses have noise with
the same frequency but with a different level. This could be
from the slight vibrations generated by the moving indenter. A
softer sensor body can generate larger vibrations of the body,
resulting in larger vibrations of the liquid metal in the body. The
sensor body softens upon increasing the diameter of the contact
reservoir; thus, a large-diameter sensor shows a larger deviation
than the others.

Regarding the effect of the sensor bending on the sensor
response, the results in Fig. 6 suggest that the effect of bending
is relatively small whereas that of gravity cannot be ignored. The
effect of gravity on the changes in inductance can be explained as
follows: when the location of the contact reservoir is higher than
that of the detection reservoir, the liquid metal flows toward the
detection reservoir in the flow channel, thereby decreasing the
inductance. In addition, the change in inductance shows slightly

larger deviations when the sensor was bent horizontally. This
could be because the liquid metal moved within the flow channel
owing to slight differences in height of the contact reservoir
across the trials. Further investigations on the effect of gravity
on the sensor response and a compensation method should be
addressed in the future works.

When applying bending and normal forces simultaneously
(Fig. 7), the isolation between these two responses may be diffi-
cult because the proposed sensor measures them as a movement
of liquid metal in a flow channel. A sensor array holding a flow
channel and coil pairs could be a possible approach to estimating
the applied force and bending independently.

A distinctive characteristic of the sensor is that its body,
along with the touch part and flow channel, is totally soft. This
characteristic is advantageous for installing tactile sensors in
soft actuators because the proposed sensor does not reduce the
softness of the soft actuators. To realize totally soft actuators
by using the proposed sensor, the possible fluctuations of the
sensor output must be compensated according to the motion of
the actuator. Therefore, such fluctuations should be investigated
in the future works.

Because the sensor employs magnetic phenomena, the induc-
tance may vary with electromagnetic interference, e.g., caused
by an electric motor placed near a coil and another sensing coil
applied as a sensor array. This is a common issue of magnetic
or inductive tactile sensors; thus, this investigation and the use
of a compensation method will be addressed in a future study.

VI. CONCLUSION

This study proposed a soft inductive tactile sensor that can
estimate the applied normal force on the basis of the inductance
change caused by the displacement of liquid metal enclosed in
a flow channel. Employing an inductive sensing technology and
a liquid-metal-flow channel enables the fabrication of a highly
compressible, stretchable, and durable tactile sensor, without
embedding any electrical elements in soft materials, and without
any electrical connections with the soft materials. The proposed
sensor has high accuracy and repeatability of its response, and
its sensitivity increases upon increasing the diameter of the
reservoir of the liquid metal where the contact force is applied. In
addition, the results suggest that the effect of bending on sensor
responses is relatively small compared to the response range.

The advantage of our highly compressible, stretchable, and
durable sensor is its ease of installation on entirely soft robots,
e.g., including soft pneumatic actuators. One of the future works
is to realize the integration of our sensor and soft robots, e.g.,
a soft robotic hand composed of soft pneumatic actuators, to
obtain rich information during physical interactions. We also
try to miniaturize the sensor by fabricating fine flow channels to
increase its spatial resolution.
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