Kim et al. Micro and Nano Syst Lett (2021) 9:2
https://doi.org/10.1186/540486-020-00126-9

® Micro and Nano Systems Letters

LETTER Open Access

All-soft multiaxial force sensor based

o

Check for
updates

on liquid metal for electronic skin

Kyuyoung Kim', Junseong Ahn'?, Yongrok Jeong?, Jungrak Choi', Osman Gul' and Inkyu Park"™

Abstract

ligent skin applications.

Electronic skin (E-skin) capable of detecting various physical stimuli is required for monitoring external environments
accurately. Here, we report an all-soft multiaxial force sensor based on liquid metal microchannel array for electronic
skin applications. The proposed sensor is composed of stretchable elastomer and Galinstan, a eutectic gallium-indium
alloy, providing a high mechanical flexibility and electro-mechanical durability. Liquid metal microchannel arrays

are fabricated in multilayer and positioned along a dome structure to detect multi-directional forces, supported by
numerical simulation results. By adjusting the height of the dome, we could control the response of the multiaxial
sensor with respect to the deflection. As a demonstration of multiaxial force sensing, we were able to monitor the
direction of multidirectional forces using a finger by the response of liquid metal microchannel arrays. This research
could be applied to various fields including soft robotics, wearable devices, and smart prosthetics for artificial intel-
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Introduction

Human skin can detect and understand various mechani-
cal stimuli using multilayered and array structures of
mechanoreceptors [1, 2]. Many researchers have recently
reported various types of electronics skins (E-skin) mim-
icking versatile functions of skins such as pressure sens-
ing [3-6], tactile sensing [7, 8], and temperature sensing
[9]. To understand the external environments or stimuli
in an accurate manner, E-skin should perceive various
mechanical information emulating human perception
and natural touch. Previously many flexible tactile sen-
sors that solely measure normal [10, 11] or shear forces
[12, 13] have been reported. At the interface of the skin,
however, not only normal force but also tangential force
is experienced, resulting multiaxial forces to the skin.
For the dexterous manipulation of objects and thorough
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understanding of the dynamics at the interfaces, the
monitoring of multidirectional forces is essential.

Currently, various multiaxial force sensors have been
reported for E-skin applications using MEMS-based
metal strain gauges [14, 15]. However, these sensors are
limited by their rigid silicon substrate and their adapt-
ability on the soft human skin. Thus, there have been
multiaxial force sensors using conductive yarns [16, 17],
carbon nanotubes [18, 19] and metal nanowires [20, 21]
with flexible substrates like polydimethylsiloxane (PDMS)
and Ecoflex. However, solid-state electronics employing
metal film, carbon nanotubes, etc. have a limited stretch-
ability and signal drifting in their long-term use. Also,
the signals are easily affected by external environmental
conditions like temperature and humidity, limiting their
applications in real-life.

In this research, we introduce a liquid metal (LM)-
based soft multiaxial force sensor for E-skin applications.
Detection of multiaxial force was achieved by the imple-
mentation of multiple liquid microchannels with 3D
dome structure (Fig. la). Four LM microchannels were
fabricated on the top elastomer layer and the other four
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Fig. 1 Liquid metal-based multiaxial force sensor with dome structure. a Schematic design of the proposed sensor. b Images of the proposed
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channels were made on the bottom layer in perpendicu-
lar direction, along the 3D dome structure for the detec-
tion of multidirectional forces (Fig. 1b). The responses
to the normal force with respect to the sensor substrate
were investigated for the adjustment of sensitivity. As
a demonstration, various multidirectional forces were
applied with the finger and its corresponding responses
were monitored.

Design and working principle

The LM-based multiaxial force sensor is composed
of two parts: LM microchannel array with multilayer
structure and the dome structure. Multi arrays of liq-
uid metal microchannels are designed for the dis-
crimination of loading location. It is not possible to
understand the loaded point or region with only one
LM microchannel. Thus, four straight microchannels
on the top elastomer layer and another four micro-
channels on the bottom layer were designed. The
number of microchannel in a unit area means the spa-
tial resolution of the sensor. It is possible to measure
more accurate signals from various loading angles with
more microchannels. In the E-skin application in our
research, the area of interest is within 5 mm x 5 mm
for the measurement of finger force. Since the mini-
mum feature size of the microchannel using FDM 3D
printing process is limited as 500 pm, the maximum
number of microchannel was determined as four. Since
the top channels and the bottom channels are per-
pendicular to each other, they comprise four by four

matrix for spatial detection of applied forces. Each
microchannel has a width of 500 pum and a thickness of
200 pm. Furthermore, the multilayer LM microchan-
nels are shaped into the 3D dome structure. When
the morphology of the sensor is a plane or in 2D, it is
difficult to detect the tangential loadings and cause a
severe shear stress inside. On the other hand, the 3D
dome structure can translate the tangential loading
to change of cross-sectional area of LM microchan-
nel along the dome. Unlike previous multiaxial force
sensors with dome structure [22], the dome structure
does not have to be rigid our proposed sensor. Pre-
vious multiaxial sensors used a rigid half-spherical
structure to deliver external forces to the strain gauges
or sensing structures beneath it by torque induced
by the tangential force. When LM microchannels are
located along the surface of the dome, however, they
are directly compressed by the external forces. This
enables the sensor to become all-soft structure that
can conformally adapted to arbitrary substrates.
All-soft liquid metal-based multiaxial force sen-
sor detects the forces by the change of resistances of
multi LM microchannel array. Galinstan, which is
an eutectic alloy of gallium, indium, and tin attracts
increasing attentions for its excellent mechanical and
electrical properties as a component of stretchable elec-
tronic applications [23, 24]. Due to its intrinsic prop-
erties as a liquid metal, the microchannel filled with
Galinstan can easily deformed into 3D dome shape with-
out any mechanical or electrical failure. When there is
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an external force applied to the LM microchannel, the
cross-sectional area of the microchannel decreases,
resulting the increase of the resistance. The responses of
each LM microchannel differ with respect to the loading
condition.

Liquid metal microchannels of the sensor on the
bottom layer were labeled as x 1, x2, x3, and x4
and those on the top layer were as y1, y2, y3, and
y4 (Fig. 2a). In cross-sectional view (x-z plane),
multidirectional load could be applied to the sensor
with the angle 6. When the normal force is loaded
(6 =0°), more force would be delivered to the those
LM microchannels at the center: x2, x3, y2, and y3
than those on the side. As 0 increases, the response
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of the sensor would shift from the center to the
side, which can be visualized as in Fig. 2b: 1(6 =0°
) — 2(0=15°) — 3(6 =30°). The deformations of the
dome structure with respect to the loading angle 0
were simulated using finite element method (FEM)
(Fig. 2b).

Fabrication process

The LM-based multiaxial force sensor is fabricated by
the following procedures (Fig. 3). First, a master mold
is designed for the liquid metal microchannel using
3D CAD (Fusion 360, Autodesk). Four microchannels
are sharing a single reservoir structure at the end. The
reservoir provides a room for the liquid metal injection

yly2y3 y4

@

Fig. 2 Working principle of the proposed sensor. a Multi-layer liquid metal microchannels in x (x1, x2, x3, and x4) and y (y1, y2, y3, and y4) direction
and different loading directions in x(y)-z plane. Different responses of the sensor array with respect to the loading direction (D, @, and @). b Finite
element analysis (FEA) simulation results showing the corresponding deformations of the liquid metal microchannels
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Fig. 3 Fabrication process of the proposed sensor. a 3D Printing of microchannel mold. b Placement of the 3D-printed PVA mold on the elastomer
film. ¢ Embedment of the mold by spin coating and curing. d Placement of the 2nd mold on the top. e Embedment of the mold. f Removal of the
mold. g Filling of liquid metal inside microchannel using syringe injection or vacuum filling. h Fabrication of dome structure using the vacuum
chamber. i Curing of additional elastomer for the fixation of dome structure. j Fabrication of the proposed sensor

and stores remaining liquid metals after filling the
microchannel. The mold is 3D-printed with poly(vinyl
alcohol) (PVA) filament which is a water-soluble mate-
rial (Fig. 3a). The dimension of the microchannel mold
is 500 um width and 200 pm thickness which is a mini-
mum feature size of fused deposition modeling (FDM)
3D printing. The 3D printed mold is positioned on the
elastomer sheet (Fig. 3b). Due to their intrinsic stic-
tion between the mold and the elastomer, the mold is
not move during the spin coating process. The mold
is then embedded into the elastomer (DragonskinlO,
Smooth-on) by spin coating (300 rpm, 60 s), followed
by the additional mold embedment (Fig. 3c). The mold
on the top layer is aligned perpendicular to that on the
bottom so that the microchannels on the top and the
bottom can cross each other in a perpendicular direc-
tion (Fig. 3d—e). Then, the PVA molds are dissolved by
injection of water with at the temperature of 40-50 °C
for the fast removal (Fig. 3f) after the PVA removal,
the elastomer with empty microchannels is dried at
50 °C for 2 h. Then, Galinstan is injected into the empty

microchannels using a syringe injection or vacuum fill-
ing method (Fig. 3g). 3D dome structure is fabricated
with a vacuum chamber. Vacuum was applied to the
crossing area of the liquid metal-filled plane sensor at
the hole with a diameter of 5 mm (Fig. 3h). The height
of the dome was controlled by the amplitude of applied
pressure. When the thickness of the elastomer was
0.8 mm, the height of the dome (H) was 0.9 mm with
Ap=—10 kPa and H=2.2 mm with Ap=—-30 kPa. To
fix the shape of the dome, an additional elastomer was
filled and cured on the opposite side of the dome, fill-
ing the concave hills (Fig. 3i). After the curing, the pres-
sure is released (Fig. 3j). Electric wires are then directly
inserted into each reservoir of the channels for the inte-
gration with the circuit system.

Performance characterization

To investigate the response of the multiaxial force sen-
sor, three-axial load cell (SM-50 N, CAS Korea) was
implemented for the monitoring of force applied to the
sensor in X, y, and z direction and the linear stage with a
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Fig. 4 Performance characterization. a Experimental setup. b Schematic view of the sensor. (x1-x4: labels for each LM microchannel, H: height of
the dome, and D: diameter of the dome) ¢ Response of the sensor with the dome height (H) of 0.9 mm to normal directional force. d Real-time
response to various loadings e Response of the sensor when H is 2.2 mm. f Sensitivity to the displacement according to the height of the dome
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loading tip for displacement-controlled loading (Fig. 4a)
Each LM microchannel was connected to 8-channel
ADC reader (ADS1114, Texas Instruments) installed
on Arduino DUE (Arduino). LM microchannels were
labeled as x1, x2, x3, and x4 as shown in the Fig. 4b.
At the initial state (F=0), the voltage is approximately
20 mV and its corresponding resistance is about 0.4 Q
owing to the high electrical conductivity of liquid metal.
Thanks to the voltage dividing circuit and high resolu-
tion ADC reader, the small change in voltage could be
monitored.

In the dome sensor, the positions of the inner LM
microchannel pair and the outer pair are geometrically
symmetric, respectively. (x2 and x3: the inner pair, x1
and x4: the outer pair). Therefore, the sensor responses of
each pair under the applied normal force showed a simi-
lar tendency. When a normal force of 1.2 N was applied,
the relative voltage changes (AV/V,) of the inner pair
increased to 12.1 and 15.8, respectively. On the other
hand, the responses of x1 and x4 of the outer pair were
only 0.4 and 0.8, respectively (Fig. 4c). It means that the
developed multiaxial force sensors can distinguish the
direction of an applied force by utilizing the difference
position of LM microchannel by the change of dome
geometry. In addition, the responses of the sensors were
recovered to their initial values after various loading
cycles owing to the excellent stability of the liquid metal
and the structure of the sensor (Fig. 4d). Meanwhile,
when the height of the dome (H) increased to 2.2 mm,
the outer sensor pair shows slightly different responses:
the response of x1 began to increase after 0.5 N, while
that of x4 increased after 1 N (Fig. 4e). This is due to the
different gap between the LM microchannels along the
dome.

Force—displacement curves depending on the vari-
ous height of the dome were measured to verify the
sensitivity of the sensor. When H increases, less force
is applied with the same displacement, and the sensi-
tivity of the sensor decreases (Fig. 4f). For example, to
apply 1 N of normal force, 200 um of loading displace-
ment is required for the dome height of H=0.9 mm,
while 900 pm of displacement is needed for H=2.2 mm.
When the force applied to the sensor without a dome
structure (H=0 mm), the response dramatically
increases with the loading displacement. As H increases,
larger displacement is required for the loading of force.
Also, the dome with larger H provides larger radial dis-
placement among the adjacent channels, which leads
to different response behavior of the sensor array.
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These characteristics result in the difference in sensi-
tivity the sensitivity of the multiaxial sensor regarding
with respect to the dome height and diameter. In addi-
tion, the diameter of the dome would also affect the gap
among the liquid metal channels, although not covered
in our study.

The characteristics of the developed sensor were
investigated on the flat surfaces, where accurate control
of the direction and magnitude of the force is possible.
On the other hand, when the sensor is located on the
curved or wavy surfaces, the trend or behaviour of the
sensor would be different because the microchannels
are deformed, requiring an additional calibration of the
initial state. The characterization of the sensor on differ-
ent surface geometry is beyond the scope of this study
and it is left as the future work for the practical E-skin
applications.

Applications: finger loading

To demonstrate the feasibility of the proposed sensor, we
applied various directional forces using a finger (Fig. 5a).
Various directional forces (F,—F,) were consequently
applied to the sensor; F;: (—x, 0, —z), F,: (+x, 0, —z), Fy:
(0, +y, —z), and F,: (0, —y, —z) (Fig. 5b). To visualize the
direction and amplitude of loaded force, we multiplied
the relative voltage changes of the top and the bottom
array and implemented 4 x 4 matrix array with 3D color-
map (MATLAB, Mathworks). The LM microchannels
can be divided into two groups: the top and the bottom
layer. There are four LM microchannels on the top layer;
x1, x2, x3, and x4, and four on the bottom; y1, y2, y3, and
y4. Each component has its own response, or relative
voltage change (X;=AV,/V,, and Y;=AV/V,,,) and
can be summarized as below.

X = (Xlr XZ) X?n X4)
Y = (Y1, Yo, Y3, Yy)

S=vTx X

To detect the direction of loading, the responses of LM
microchannels of the top and the bottom are multiplied
to build a 4 x 4 matrix (S). We were able to detect the
loading position and their relative magnitude of the force
as shown in the Fig. 5¢c—f.
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Fig. 5 Application: finger force detection. a Image of a finger applying the force. b Various loading condition. ¢—f Responses to the various loading
forces

Conclusion sensor using liquid metal microchannel array with a
In this research, we introduce a multidirectional force  dome structure. LM microchannels were fabricated using
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3D-printed molding. Since the microchannel arrays were
located along the dome structure, which is in three-
dimensional shape, various directional forces could be
distinguished with high force sensitivity. The sensor
showed high signal recovery properties owing to intrin-
sic electromechanical properties of liquid metal with
high flexibility. The various directional forces using force
were distinguished by the implication of sensor array and
corresponding 3D color map. We expect this technology
could be used in various soft material-based applications
including electronic skin, soft robotics, and wearable
devices.
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