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1. Introduction

Robotic skin that mimics human skin 
can play a vital role in areas of robotics, 
metaverse, and healthcare and offers an 
immense opportunity for the develop-
ment of human–machine interfaces, arti-
ficial intelligence, and many others.[1–5] 
To realize this possibility, electronic skin 
(e-skin) technology has rapidly evolved 
to overcome the gap between artificial 
and natural human skin in terms of its 
mechanical properties and tactile func-
tions. Various researches on e-skin have 
been carried out to not only obtain the 
flexibility,[6–10] stretchability,[11] and self-
healing ability[12,13] of human skin, but 
also to implement tactile sensing abilities 
to detect stimuli such as pressure,[13,14] 
temperature,[13,15–17] and humidity.[13,18,19] 
However, while state-of-the-art e-skin 
technologies have nearly achieved many 
of human skin properties and capabili-
ties,[20,21] pressure sensing ability, which 

is considered as one of the primary capabilities of the skin,[22] 
is still limited in achieving actual skin-like performance, repre-
sented by high sensitivity and wide dynamic range.

Pressure sensors based on various working mechanisms—
capacitive-,[23–25] piezoresistive-,[26–28] piezoelectric-,[14,29,30] and 
triboelectric-types[31–33]—have been investigated to enhance the 
sensing capability of the e-skin. For example, researchers have 
succeeded in enhancing the performance of pressure sensors 
by integrating a micro-/nanofabricated internal geometric struc-
ture (e.g., pyramidal microstructure, dome, pillar, or wrinkle 
pattern,[19,34–36]), embedding easily deformable materials (e.g., 
silicone, polyacrylic ester, hydrogel, and biomaterials,[37–40]), 
or integrating nanomaterials in 3D structures.[10,41] With these 
efforts, pressure sensing e-skins have shown dramatic improve-
ments in their sensitivity and bandwidth.[25–27,30,40] However, 
while both enhanced sensitivity and enlarged bandwidth are 
necessary to catch up with or overtake the sensing performance 
of human skin, current pressure sensors integrated on e-skins 
have reached the limit of achieving only a single aspect (i.e., 
either sensitivity or bandwidth) among those two require-
ments due to the trade-off relationship between them.[23–27,31,42] 
For example, state-of-the-art e-skins integrated with pressure 

Robotic skin with human-skin-like sensing ability holds immense potential 
in various fields such as robotics, prosthetics, healthcare, and industries. 
To catch up with human skin, numerous studies are underway on pressure 
sensors integrated on robotic skin to improve the sensitivity and detec-
tion range. However, due to the trade-off between them, existing pressure 
sensors have achieved only a single aspect, either high sensitivity or wide 
bandwidth. Here, an adaptive robotic skin is proposed that has both high 
sensitivity and broad bandwidth with an augmented pressure sensing 
ability beyond the human skin. A key for the adaptive robotic skin is a tun-
able pressure sensor built with uniform gallium microgranules embedded in 
an elastomer, which provides large tuning of the sensitivity and the band-
width, excellent sensor-to-sensor uniformity, and high reliability. Through 
the mode conversion based on the solid–liquid phase transition of gallium 
microgranules, the sensor provides 97% higher sensitivity (16.97 kPa−1) in 
the soft mode and 262.5% wider bandwidth (≈1.45 MPa) in the rigid mode 
compared to the human skin. Successful demonstration of the adaptive 
robotic skin verifies its capabilities in sensing a wide spectrum of pressures 
ranging from subtle blood pulsation to body weight, suggesting broad use 
for various applications.
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sensors with high sensitivity (35–99.5 kPa−1)[24,26,30,33] have lim-
ited bandwidth (e.g., ≈2  kPa (capacitive-type,[24]), ≈0.009  kPa 
(piezoresistive- and piezoelectric-type,[26,30]), and ≈19.8 kPa (tri-
boelectric-type[33])), which restricts their potential applications 
for sensing a large pressure. On the other hand, a large band-
width of sensors (e.g., ≈145  kPa (capacitive-type,[43]), ≈550  kPa 
(piezoresistive and piezoelectric devices[28,44]), and ≈1 MPa (tri-
boelectric sensor[45])) has been obtained at the expense of sensi-
tivity. Although these pressure sensors may offer an optimized 
sensing capability required for specific purposes, the trade-off 
between sensitivity and bandwidth hinders their realization of 
the human-skin-like sensing ability, which limits applications.

Previous efforts tried to address this issue by integrating 
multiple pressure sensors with distinct sensitivities and band-
widths side-by-side on the e-skin.[46,47] However, this approach 
not only wastes the device space, but it also results in poor 
lateral sensing resolution due to the spatial distribution of 
different sensing units. Novel materials and unique struc-
tural designs can bring new opportunities for device develop-
ment.[48,49] As an alternate solution, tunable pressure sensing 
schemes, which allow tuning of both sensitivity and bandwidth, 
have been investigated by incorporating novel materials in 
device design. For example, a capacitive-type tunable pressure 
sensor (TPS) was developed using a phase-change gel (PC-gel) 
as the dielectric layer.[50] The PC-gel converts between the soft 
state with high sensitivity (21 kPa−1) and low bandwidth (≈2 Pa) 
and the rigid state with low sensitivity (0.42 kPa−1) and broad 
bandwidth (≈350  kPa) by changing the effective modulus of 
PC-gel through the phase transition.[50] However, due to the 
low effective modulus of the gel itself even in the rigid state, 
PC-gel-based TPSs still suffer from limited bandwidth and poor 
mechanical robustness. The gallium-based TPS,[51] recently 
demonstrated by our group, solved the limited bandwidth issue 
of the aforementioned TPS by utilizing the phase changing 
nature of gallium, which offers large elastic modulus tuning 
through conversion between a liquid- (E ≈ 0) and a solid-state 
(E  ≈ 9.8  GPa),[51,52] thereby achieving high repeatability, suffi-
ciently high sensitivity (≈15.77 kPa−1; soft mode), and enlarged 
bandwidth (≈1.0  MPa; rigid mode). Although it offers excel-
lent tunability and sensing capability as a single sensor unit, 
enabling sensor-to-sensor uniformity is challenging owing to 
the fundamental limitation of the current fabrication method, 
which relies on shear mixing of gallium and elastomer.[53] The 
sensor-to-sensor homogeneity is important for robotic skin 
applications where large-scale sensor arrays are necessary to 
cover a large surface area of the robotic body. However, the 
shear mixing method results in highly varying gallium particle 
sizes and shapes in the devices, thereby leading to nonuniform 
sensor-to-sensor performance.

Here, we present TPSs with high device-to-device uniformity 
and highly variable sensitivity and bandwidth to implement a 
large-scale adaptive robotic skin with superior sensing perfor-
mances to the human skin. The sensor is based on a gallium–
elastomer composite with the inclusion of uniform gallium 
microgranules (GMs), which produces high sensor-to-sensor 
uniformity and reliability. Through mode conversion based on 
the solid–liquid phase transition of GMs, our sensor provides 
high sensitivity (16.97 kPa−1) in the soft mode and wide band-
width (≈1.45  MPa) in the rigid mode, allowing measurements 

of various pressures ranging from 3 Pa to 1.45 MPa adaptively. 
Compared to human skin, our TPSs provide sensing of 97% 
lower minimum detectable pressure and 262.5% higher max-
imum detectable pressure (the detection range of human skin 
is from 100 Pa to 400 kPa[54–56]). Consequently, our TPSs estab-
lish an adaptive robotic skin by overcoming the issues associ-
ated with the sensitivity/bandwidth trade-off relationship as 
well as manufacturing of highly uniform sensors. The robotic 
skin integrates multiple TPSs into a 2D array form and its tun-
able sensing characteristics enable us to demonstrate a wide 
variety of sensing applications. The following sections present 
the design, fabrication, and characterization of our TPSs, along 
with a proof-of-principle demonstration of real-time sensing 
of a wide range of pressure. Overall, the unique sensing capa-
bilities of gallium-microgranule-based tunable pressure sensors 
(GM-TPSs) shown here open the door to adaptive robotic skin 
with augmented sensing ability surpassing that of the human 
skin.

2. Results and Discussion

2.1. Overview of the GM-TPS for an Adaptive Robotic Skin

Figure 1a illustrates the concept of our adaptive robotic skin 
in two convertible modes each with different pressure sensing 
abilities. The adaptive robotic skin is integrated with an array of 
TPSs, whose sensitivity and bandwidth can be easily adjusted 
through a temperature-dependent rigid–soft mode conversion. 
The rigid-mode sensor covers a wide range of pressures, while 
the soft-mode sensor provides high sensitivity with a relatively 
narrower detection range. The changeover between the two 
modes leads to different applications of our TPS in each mode. 
For example, our robotic skin can measure heavy loads such 
as the weight of an infant in the rigid mode and subtle physi-
ological changes (e.g., blood pressure) in the soft mode.

The TPS, which is capacitive-type pressure sensor, employs 
gallium as the mode-convertible medium to promptly convert 
between the rigid and soft modes for the control of its sen-
sitivity and the detection bandwidth (Figure  1b). Capacitive 
pressure sensors are widely used due to their simple fabrica-
tion, low power consumption, outstanding repeatability, and 
large-scale manufacturability,[1,4,57] compared to other types of 
sensors such as piezoresistive,[26–28,42] piezoelectric,[14,29,30,44] 
and triboelectric sensors.[31–33] As the capacitive sensor meas-
ures pressure with a capacitance value that is inversely pro-
portional to the distance between two parallel electrodes, the 
properties of the medium between electrodes determine the 
characteristics of a pressure sensor. To make the sensor mode-
convertible and tunable, we chose gallium (melting tempera-
ture: 29.76  °C) as a core material based on its temperature-
dependent phase changing behavior between solid and liquid, 
and created a gallium–elastomer composite for the capacitor 
medium by encapsulating dense GMs with an elastomer 
(Figure 1b, bottom). Note that the GMs can be produced with 
exceptional uniformity (coefficient of variation (CV): 4.78%), 
thereby facilitating batch fabrication of large-scale pressure 
sensors with negligible device-to-device variations in terms of 
their sensing performance.

Adv. Mater. 2022, 2204805
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Figure  1c exhibits the sensing mechanism of our GM-TPS 
in both the rigid and soft modes. The GM-TPS in each mode 
contains GMs in different phases—a solid phase in the rigid 
mode and a liquid phase in the soft mode—which show a 
distinct modulus that creates contrasting responses under 
external loads. The soft-mode sensor readily deforms its shape 
under pressure due to the low modulus (≈0  Pa) of liquified 
gallium, offering high sensitivity, while the rigid-mode sensor 
undergoes substantially smaller deformation due to the high 
modulus (9.8  GPa) of solidified GMs, thereby increasing the 
dynamic range of pressure sensing.

The GM-TPS exhibits sensing capabilities superior to that of 
the human skin. The pressure sensing ranges of the GM-TPS 
and human skin are compared in Figure 1d. Reportedly, human 
skin cannot detect pressure below 100 Pa and above 400 kPa[54–56]  
(e.g., <10  kPa for a gentle touch and 10–100  kPa for object 

manipulation[58]). Our GM-TPS overcomes this limitation, 
allowing measurement of pressures as low as 3 Pa (i.e., 97% lower 
than the lower limit of human skin bandwidth) and as high as 
1.45 MPa (i.e., 262.5% higher than the upper limit of human skin 
bandwidth) through mode conversion between the soft and rigid 
modes. Due to the remarkable sensing ability of the GM-TPS, the 
adaptive robotic skin constructed with it opens numerous oppor-
tunities as demonstrated in our proof-of-concept experiments.

2.2. Device Fabrication and Systematic Study of Design Choices

2.2.1. Fabrication of the GM-TPS

The GM-TPS is manufactured by embedding gallium in a 
microgranular configuration with uniform size in an elastomer. 

Adv. Mater. 2022, 2204805

Figure 1.  Overall concept and operation principle of an adaptive robotic skin integrated with arrays of TPSs, which dynamically adjust the sensitivity 
and dynamic range by converting between the rigid and soft modes based on the thermal response. a) Conceptual illustration of the adaptive robotic 
skin in two convertible modes with different pressure sensing abilities. The image shows potential application for nursing robots with ability to measure 
a wide range of body pressures. In the rigid mode, the robotic skin provides large bandwidth and can measure heavy loads, such as the weight of 
an infant. Switching to the soft mode offers high sensitivity, thereby enabling the detection of highly sophisticated pressures, such as those caused 
by physiological processes (e.g., blood pressure). b) Photograph of an adaptive robotic skin with an array of GM-TPSs, which are built using GMs 
encapsulated with elastomer. c) Schematic illustration revealing the sensing mechanism of the GM-TPSs that are convertible between the rigid (blue) 
and soft modes (red). In the rigid mode, solid GMs make the sensor less deformable under an applied pressure, resulting in a large bandwidth for 
pressure sensing. In the soft mode, liquid GMs make the sensor highly soft and deformable, leading to high sensitivity. d) Visualization of the sensing 
range of the adaptive robotic skin built with the GM-TPS, which surpasses the sensing ability of human skin. Compared to human skin, our GM-TPS 
can measure more subtle pressures in the soft mode and higher loads in the rigid mode.
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Unlike initial bulk state gallium, microgranular gallium sup-
presses its ductile nature and prevents a nonlinear sensing 
response, thus increasing repeatability and reliability of sensing 
capability.[51] To fabricate gallium in a microgranular structure, 
a T-junction microfluidic device is used to encapsulate the 
liquid gallium droplets with poly(dimethylsiloxane) (PDMS) 
solution. The immiscible PDMS solution injected from a con-
tinuous inlet stream encloses liquid gallium droplets injected 
from a discrete inlet stream, thereby monodispersing GMs to 
form GM–PDMS composites (Figure 2a). This novel method 
using a T-junction microfluidic system provides two key advan-
tages for GM fabrication: it offers: i) easy control of the size and 
ii) uniform production of GMs. The diameter of the GMs can 
be controlled by varying several fabrication conditions, such as 
the ratio of the flow rates between the two inlet streams, the 
diameter of each inlet stream (Figure S1a, Supporting Informa-
tion), and the velocity of the inlet stream while fixing the flow 
rate ratio (Figure S1b, Supporting Information). Among these 
conditions, altering the flow rate ratio has been shown to be 
the most simple and effective method to control the size of the 
GMs. The flow rate ratio of the PDMS to the gallium stream is 
adjusted to 27.85, 8.14, and 2.71, generating GMs with different 
diameters of 345 µm (size 1), 452 µm (size 2), and 883 µm (size 
3), respectively, as shown in Figure  2b. Figure  2c shows the 
diameter distributions of the GMs in each GM–PDMS com-
posite sample. It is necessary to make the GM size uniform 
during the fabrication process in order to ensure consistent 
sensor-to-sensor performance. In this regard, the characteri-
zation results in Figure 2c reveal that our microfluidic manu-
facturing approach has a clear advantage over the fabrication 
method based on manual shear mixing using a mortar and 
pestle.[51] The standard deviation of the GMs produced by the 
latter method is 227.1  µm (CV: 66.38%), whereas those of the 
GMs with size 1, 2, and 3 are only 15.4 µm (CV: 4.46%), 21.6 µm 
(CV: 4.78%), and 66.6  µm (CV: 7.54%), respectively, verifying 
highly uniform manufacturability of the microfluidic approach.

2.2.2. Systematic Study of Design Choices for the GM-TPS

In order to find the optimal design choice for the GM-TPS, 
three types of testbed sensors with different GM sizes (i.e., size 
1, size 2, size 3) are fabricated with the same height (1  mm; 
Figure 1b, bottom), and their characteristics, such as sensitivity, 
hysteresis, and freezing temperature, are compared.

The sensitivity and hysteresis of each GM-TPS are obtained 
by measuring the relative capacitance changes under varying 
pressures in both the rigid mode (Figure 2d) and the soft mode 
(Figure 2e). The tangential slope on the plot represents sensi-
tivity (Figure S2a, Supporting Information), and the quotient 
of the area inside the loop and the area below the loop of the 
curve represents hysteresis (Figure S2b, Supporting Informa-
tion). Figure 2f shows the sensitivity of each GM-TPS when a 
pressure ranging from 0 to 1  kPa is applied. The rigid-mode 
sensors exhibit sensitivities of 2.04, 3.84, and 4.86 kPa−1 in sizes 
1, 2, and 3, respectively, while the soft-mode sensors show sub-
stantially increased sensitivities of 8.53, 14.58, and 21.52 kPa−1, 
respectively. The sensitivity of each sensor improves as the 
size of the embedded GMs increases because their larger size 

reduces the effective modulus of the entire sensor (Figure S3, 
Supporting Information). Moreover, our simulation (Figure S4, 
Supporting Information) demonstrates that our sensor under-
goes larger deformation and has higher total strain energy 
under the same pressure as the size of the GMs increases, veri-
fying that the effective modulus decreases as the gallium size 
increases according to the correlation between the total strain 
energy (U) and Young’s modulus (E) (i.e., U V Eσ= / 22 , where 
σ and V represent the stress and the volume of the sensor, 
respectively).

Hysteresis, which represents the difference in signals during 
loading and unloading, is another noteworthy metric used to 
compare the performance of pressure sensors. Low hysteresis 
enables accurate and repeatable sensing, which increases the 
reliability of the pressure sensor. Figure 2g shows the hyster-
esis of the GM-TPSs with GMs of different sizes in the soft 
and rigid modes. The loading and unloading speeds were fixed 
at 0.19 mm s−1 to minimize the effect of loading and unloading 
speed on the hysteresis (Figure S5, Supporting Information). 
Sensors with GMs of sizes 1, 2, and 3, respectively, show 
hysteresis of 1.49%, 2.71%, and 5.03%, in the soft mode and 
6.10%, 9.01%, and 12.36% in the rigid mode. The GM-TPSs 
exhibit relatively low hysteresis compared to previous pressure 
sensors built with different materials (e.g., ≈13.29% for pure 
PDMS,[59]  ≈38% for nanowire-coated tissue paper,[60,61]  ≈45% 
for carbon-based cellular elastomers,[62]  ≈11.5% for micro-
pyramidal rubbers,[63] and ≈35% for hollow-sphered polypyr-
role[64]). The low hysteresis stems from the microgranular 
structure of gallium that, compared to bulk gallium, possesses 
significantly lower ductility. However, even with a microgran-
ular structure, solid gallium may not entirely lose its ductile 
nature, leading to the plastic deformation of the sensor under 
pressure. This problem is exacerbated as the size of the GM 
increases, thus resulting in increased hysteresis. This analysis 
is corroborated by the finite element analysis (FEA) simula-
tion results that show the degree of plastic deformation of the 
GM-TPS (Figure S4c, Supporting Information). Another factor 
that induces hysteresis is the viscoelastic behavior of the elas-
tomer.[65] The GM-TPS reduces the viscoelastic nature owing 
to its inclusion of an elastomer in a microporous form.[66] In 
this regard, sensors with smaller GMs contain the elastomer 
in a less clustered manner and thus exhibit lower hysteresis 
(Figure 2g).

Finally, we compare the freezing temperatures of the GMs of 
different sizes since they are directly related to the solid–liquid 
phase transition and thus the mode conversion of the GM-TPS. 
Here, we define the freezing temperature as the nucleation 
point, which is the temperature that initiates the phase tran-
sition. During the freezing process, gallium suffers from 
supercooling, a phenomenon in which the material maintains 
its liquid state at a temperature below its melting point until 
nucleation begins. Since the nucleation can be easily triggered 
in larger volumes,[67] small-sized gallium particles undergo 
severe supercooling issues and freeze at lower temperatures. 
The sensors with GMs of size 1, 2, and 3 have freezing tem-
peratures of 19.42, 20.93, and 22.83  °C, respectively, when a 
cooling temperature of 0 °C is applied. This experimental result 
indicates that the operation mode of a sensor can be converted 
faster as the size of the GMs becomes larger (Figure 2h).

Adv. Mater. 2022, 2204805
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Figure 2.  Systematic study on the design choices for the GM-TPS. a) Schematic diagram of a T-shaped microfluidic channel used for the fabrication of 
the GMs. The size of the GMs can be controlled by varying the flow rates of each inlet stream (continuous inlet: PDMS, discrete inlet: liquid gallium).  
b) Optical images of GMs of various sizes embedded in an elastomer (size 1: 345 µm, size 2: 452 µm, size 3: 883 µm). Each inset shows a microscopic view 
of each sample. Inset scale bars, 500 µm. c) Diameter distributions of GMs in various GM–PDMS composite samples. The green dotted line represents 
GMs manufactured by shear mixing, and three solid lines (black: size 1, red: size 2, blue: size 3) represent GMs fabricated using the microfluidics-based 
method shown in (a). d,e) Relative capacitance changes of GM-TPSs with GMs of different sizes (size 1, size 2, and size 3 in (b)) under applied pressure 
in the rigid (d) and soft modes (e). The GM-TPS is compressed up to 1.2 MPa and 50 kPa in the rigid and soft modes, respectively. Black, red, and blue 
lines represent plots for size 1, size 2, and size 3 in (b), respectively. f) Comparison of the sensitivity (in the pressure range of 0–1 kPa) and g) the hysteresis 
of the GM-TPSs with GMs of various sizes in the rigid (blue) and the soft (red) modes. h) Comparison of the freezing temperatures of GMs of different 
sizes (size 1, size 2, and size 3 in (b)) with an applied temperature of 0 °C. i) Optical microscopy image of GMs interfaced with iron (Fe) microparticles, 
which serve as nucleating agents that accelerate the mode switching by reducing the degree of supercooling during freezing of liquid gallium. The inset 
shows a magnified view of the area indicated by the red dotted box. j) Freezing temperatures of liquid GMs (size 2 in (b)) with and without the Fe additives.  
k) Plot comparing the temperature changes of GMs (size 2 in (b)) with (red) and without Fe additives (black) on a cooling temperature of 22 °C. Nuclea-
tion of Fe-added liquid gallium is triggered at 23.7 °C for solidification, but gallium without Fe additives remains supercooled, corroborating the catalytic 
effect of Fe additives on the solidification of liquid gallium during the freezing process.
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Given these characteristics, GMs of size 2 (i.e., 452 µm) show 
superior features to other size options, allowing the GM-TPS 
to provide relatively high sensitivity, low hysteresis, and high 
freezing temperature with faster mode conversion, all of which 
are essential for an ideal TPS.

2.2.3. Improving the Mode Convertibility of GM-TPS

A GM-TPS fabricated with GMs of the selected size (size 2) still 
faces the supercooling problem, which limits the mode conver-
sion speed. This problem can be alleviated through the addition 
of a nucleation agent.[68] Based on previous studies, which used 
metal powders as nucleation agents,[69,70] we added titanium car-
bide (TiC) and iron (Fe) to GMs during the fabrication process 
in order to accelerate the bidirectional mode conversion of the 
GM-TPS. Fe-added GMs, shown in Figure 2i, exhibit a remark-
ably reduced degree of supercooling, while TiC-added GMs 
only slightly decrease the degree of supercooling (Figure  S6a, 
Supporting Information). Based on this experimental result, 
we use Fe microparticles as a nucleation agent. However, due 
to the large surface tension of gallium,[71] Fe microparticles are 
often distributed unevenly on the gallium surface and thus 
suppress supercooling inconsistently. To evenly distribute Fe 
microparticles on the surface of GMs, we mix Fe microparticles 
with a silicone elastomer and then transfer the composite to the 
surface of the GMs (Figure S6b,c, Supporting Information).

Figure  2j shows that Fe-added GMs can initiate a liquid-
to-solid phase transition at higher temperatures due to the 
reduced degree of supercooling caused by Fe additives. When 
the cooling temperatures of the samples are 10 and 20  °C, 
the freezing points of Fe-added gallium increase by 1.35 
and 1.25  °C, respectively, compared to those of pure gallium. 
Moreover, at the cooling temperature of 22  °C, only Fe-added 
GMs convert into the solid state (the initiating temperature is 
23.85 °C), while pure GMs remain supercooled, confirming the 
catalytic effect of Fe additives on the solidification of liquid gal-
lium during the cooling process (Figure 2k). Based on this, we 
used GMs of size 2 with Fe additives to develop high-perfor-
mance GM-TPS for adaptive robotic skin.

2.3. Development and Performance Validation of the  
GM-TPS for Adaptive Robotic Skin

To enable the robotic skin to have sensing ability beyond the 
one of the human skin, the sensitivity and bandwidth of the 
pressure sensor need to be maximized. With this goal, we devel-
oped a GM-TPS with four layers of Fe-added microgranular gal-
lium (size 2, 452 µm). Stacking four layers of the GM–PDMS 
composite improved the sensitivity and the dynamic range of 
the sensor (Figure S7, Supporting Information). The detailed 
fabrication process of the GM-TPS is presented in the Experi-
mental Section. Figure 3a shows two distinct mechanical modes 
of the GM-TPS under compression. At each mode, a different 
state of the GMs (i.e., either solid or liquid) creates distinct 
responses of the sensor. The rigid-mode sensor is minimally 
deformed since the solid GMs undergo negligible distortion. 
The mechanical properties of the encapsulating PDMS which 

is softer than the solid GMs mainly determine the amount of 
deformation in rigid-mode sensor. Meanwhile, the soft-mode 
sensor is fully squashed due to the freely deformable nature of 
liquid GMs. Experimental measurement and FEA simulation 
(Figure 3b–d) show that the effective modulus of the sensor in 
the soft and rigid modes is 22.07 kPa and 13.5 MPa, respectively, 
offering a high tuning ratio of 612. Note that Figure 3d presents 
the pressure–strain curves, whose tangential slope represents 
the effective modulus.

The tunable nature of the sensor’s mechanical property ena-
bles flexibility in sensing characteristics, including the sensi-
tivity, dynamic range, and maximum withstandable pressure 
limit (Figure  3e). The sensitivity of our sensor can be tuned 
from 16.97 kPa−1 (soft mode) to 3.63 kPa−1 (rigid mode) in 
the 0–1  kPa range. Meanwhile, the mode conversion expands 
the dynamic range (i.e., the amount of pressure required to 
change the onset sensitivity by 1%) by 17.5 times from 80 kPa 
(soft mode) to 1.45 MPa (rigid mode). Moreover, the maximum 
withstandable pressure limits (i.e., yield strength, the amount 
of pressure that the sensor can endure without permanent 
change) are 460 kPa in the soft mode and 7.43 MPa in the rigid 
mode (Figure S8, Supporting Information). Considering that 
the pressure applied by a moving motorcycle (weighing about 
170  kg) is 3.5  MPa,[72] it is obvious that our tunable sensor is 
mechanically robust. Our GM-TPS achieves significantly higher 
sensitivity and a broader dynamic range through mode con-
version, compared to state-of-the-art capacitive sensors with a 
dynamic range of larger than 3  kPa (Figure  3f).[23,58,64,72–88] In 
the soft mode, the sensor has sensitivity of 16.97 kPa−1 within 
0–1 kPa, 7.57 kPa−1 within 1–5 kPa, 2.47 kPa−1 within 5–10 kPa, 
1.42 kPa−1 within 10–20 kPa, and 0.31 kPa−1 within 20–50 kPa. 
This result reveals that compared to reported contemporary 
sensors, our sensor has significantly higher sensitivity in the 
lower pressure range of 0–10 kPa, especially achieving a 452% 
improvement over the highest sensitivity of the state-of-the-art 
sensors (3.13 kPa−1) in the 0–1 kPa range.[77] On the other hand, 
in the rigid mode, our sensor has a much wider bandwidth 
(1.45 MPa) than most existing sensors while maintaining higher 
sensitivity (0.02 kPa−1) in the megapascal pressure range.

To verify the practicality and the reliability of our advanced 
sensor in the real world, it is necessary to validate its repeat-
ability, response time, recovery time, and uniform manufactur-
ability. Figure 3g,h, respectively, shows the stable operation of 
our GM-TPS in the rigid and soft modes over 4000 cycles of peri-
odic loading–unloading with time-varying compressive stresses. 
For the cyclic test, the GM-TPS is pressed up to 1.2 MPa in the 
rigid mode and 49.1 kPa in the soft mode. The relative capaci-
tance changes under repeated pressure are consistent through 
numerous cycles, showing high repeatability and reliability in 
both modes. Also, the GM-TPS shows consistent performance 
during the cyclic mode switching of GM-TPS, verifying the 
operational reliability of our robotic skin (Figure S9a–f, Sup-
porting Information). Furthermore, the robust encapsulation 
of elastomer allows GM-TPS to be mechanically stable on dif-
ferent temperatures (Figure S9g, Supporting Information).[89] 
In addition, our sensor provides sufficiently fast response and 
recovery (Figure 3i,j) which is faster than the human’s response 
time to a tactile stimulus (139 ms).[90] The response time, which 
is evaluated as an interval between 10% and 90% of relative 
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Figure 3.  Characterization of the GM-TPS. a) Schematic illustration and optical images of the GM-TPS under pressure in the rigid and soft modes. The 
insets in the optical images show magnified views of the device cross-section in rigid and soft modes under compression. b) Plot showing change of 
the effective elastic modulus of the sensor in rigid and soft modes with the tuning ratio larger than 610. The symbol (+) indicates the effective modulus 
calculated through FEA simulation. c) FEA simulations exhibiting the von Mises stress distributions of the device under an applied pressure of 70 kPa 
in the soft mode (left) and the rigid mode (right). d) Pressure versus strain curves of the sensor in rigid (blue) and soft modes (red). The inset shows a 
magnified view of the graph for the pressure from 0 to 100 kPa. e) Relative capacitance changes versus pressure curves of the sensor in rigid (blue) and 
soft modes (red). The inset shows a magnified view of the graph for the pressure from 0 to 60 kPa. f) Comparison of the sensitivity and the bandwidth of 
our GM-TPS with state-of-the-art capacitive sensors in diverse pressure ranges. The inset with the green-dotted box shows a magnified view of the graph for 
the pressure range from 100 to 4500 kPa. g,h) Cyclic loading and unloading tests in the rigid (g) and soft modes (h) for 4000 cycles. The insets show magni-
fied views of the graphs in the red boxed parts. i,j) Response and recovery times of the GM-TPS in the rigid (i) and soft modes (j). k) Schematic diagram 
illustrating the wafer-scale fabrication of the sensors. l,m) Plots illustrating the uniform bandwidths and the sensitivities of nine sensors from intrabatch 
(shown in (k)) in the rigid (l) and soft modes (m). In the rigid mode, a high effective modulus of the GM–PDMS composite leads to large bandwidth with 
low sensitivity. By contrast, in the soft mode, a low effective modulus of the composite produces substantially high sensitivity with a lower bandwidth.
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capacitance changes under an abrupt application of pressure,[51] 
is 116 ms in the rigid mode and 58 ms in the soft mode. The 
recovery times are both 115 ms in the rigid and soft modes. The 
fast response and recovery times of the sensor make it suitable 
for dynamic sensing. For the response and recovery tests, the 
GM-TPS is pressed with stress of 45.9  kPa in the rigid mode 
and 300 Pa in the soft mode.

The homogeneity of GMs manufactured by a T-junction 
microfluidic system enables the consistency of the GM-TPS 
with uniform characteristics (i.e., bandwidth and sensitivity). 
We verify sensor-to-sensor uniformity by characterizing nine 
intrabatch sensors extracted from a single wafer-scale batch 
(4  in. wafer; Figure  3k and Figure S10a (Supporting Informa-
tion)) and batch-to-batch uniformity by characterizing nine 
interbatch sensors equally extracted from a set of three batches 
(Figure S10b, Supporting Information). The bandwidth and 
sensitivity of the intrabatch sensors (Figure  3l,m) and inter-
batch sensors (Figure S10c,d, Supporting Information) are 
highly uniform with low standard deviations (CV for nine intra-
batch sensors: 0.26% (bandwidth) and 6.54% (sensitivity) for 
the rigid mode, and 0.51% (bandwidth) and 6.82% (sensitivity) 
for the soft mode; similar values for the CV for nine interbatch 
sensors; Figure S10e,f, Supporting Information). The con-
sistent sensing performance of the GM-TPS regardless of the 
fabricated batch and its location inside the batch promises uni-
form manufacturability over a large area, thus enabling sensor 
array fabrication for an adaptive robotic skin required to cover 
the robotic body with a large surface area.

2.4. Demonstrations of Adaptive Robotic Skin with Tunable 
Sensitivity and Bandwidth

The GM-TPS with tunable sensing performances and high uni-
formity enables the implementation of an adaptive robotic skin. 
Figure 4 demonstrates an adaptive robotic skin with application 
scenarios that take advantage of both a wide dynamic range 
in the rigid mode and high sensitivity in the soft mode. The 
robotic skin consists of an array of the GM-TPSs (GM–PDMS 
composite with the integration of flexible electrodes at the top 
and bottom; 2  mm in thickness), an elastomeric enclosure 
(100  µm in thickness), and a microfluidic thermal actuator 
(1.7  mm in thickness) for active control of mode conversion 
(Figure  4a). This adaptive robotic skin is highly flexible to 
make conformal integration with curved surfaces (Figure S11, 
Supporting Information). The temperature of the sensor is 
controlled by injecting hot or cold water through the PDMS 
microfluidic channel of the thermal actuator (Video S1, Sup-
porting Information). This active temperature control acceler-
ates the solid–liquid phase transition of GMs to rapidly convert 
the robotic skin into a desirable operation mode. Figure  4b,c 
show the phase transition of GMs in the robotic skin when 
its temperature is shifted by the cold (3  °C) and hot (58  °C) 
water, respectively. During the rigid-mode conversion (cooling 
process; Figure  4b), the GMs in the robotic skin undergo a 
short supercooling state, and then become solid. It takes 49 s 
for liquid gallium to solidify (I*–III in Figure  4b). The states 
of I–I*, I*–II*, II*–III, and III–IV (Figure  4b, bottom) repre-
sent a liquid state, the supercooled state, phase transition, and 

a solid state of GMs, respectively. For the soft-mode conversion 
(thawing process; Figure 4c), hot water raises the temperature 
of the sensors causing the phase transition of solid GMs into 
a liquid state within 27 s (II–III in Figure  4c, bottom). The 
states of I–II, II–III, and III–IV (Figure  4c, bottom) represent 
a solid state, phase transition state, and liquid state of GMs, 
respectively. The phase transition time is directly related to 
the temperature of the water supplied (Figure S12, Supporting 
Information). Therefore, microfluidic thermal actuation with 
an appropriate water temperature can be utilized to further 
accelerate the mode conversion of the GM-TPS. The adaptive 
robotic skin can measure a wide range of pressure in different 
tasks, thanks to the high sensitivity and broad dynamic range 
of the GM-TPS. Since our adaptive robotic skin is built with 
single-type sensors, it brings many advantages—i) occupying 
less space for the sensing architecture, ii) avoiding the hassle 
of changing the sensor depending on applications, and iii) 
enhancing the reliability of the measurement.

Figure  4d depicts representative real-world applications of 
our robotic skin, allowing sensing of various degrees of pres-
sure. For example, when used in human health monitoring, 
the adaptive robotic skin can convert between the soft and 
the rigid mode to sense physiological pressure ranging from 
a carotid artery pulse (≈10  kPa; soft mode) to the weight of 
an infant (≈600  kPa; rigid mode). Furthermore, our rigid-
mode robotic skin is capable of measuring heavy loads, such 
as those induced by foot stepping and acupressure, while the 
soft-mode skin can detect subtle pressure, including ant move-
ment (5.2 mg, corresponding to 3 Pa), the weight of a ladybug 
(70  mg, corresponding to 40  Pa), and waterdrops (25  mg per 
drop, corresponding to 14.4 Pa) (Figure 4d and Figure S13 (Sup-
porting Information)).

Our measurement system connected with the adaptive 
robotic skin visualizes the sensing of applied pressure and pro-
vides real-time spatial pressure mapping using sensor arrays 
(Figure  4d, bottom and Videos S2–S4 (Supporting Informa-
tion)). The spatial resolution of our sensor arrays is 1.8  mm, 
providing better sensing resolution than that of the human 
skin which is 2–3 mm at a fingertip and 7–10 mm at a palm.[91] 
The sensor arrays can measure spatial distribution of applied 
pressure, ranging from a large pressure (e.g., finger pres-
suring (Video S2, Supporting Information) and smashing with 
a hammer (Video S3, Supporting Information); rigid mode) to 
a light object placement (e.g., a universal serial bus (USB) flash 
drive (3 g) placement (Video S4, Supporting Information); soft 
mode)). The relative capacitance change (visualized with color 
bars in Figure  4d, bottom) to each action applying pressure 
corresponds to the response of our sensor array to the external 
load, where the reddish color indicates higher pressure. These 
proof-of-concept demonstrations with a wide range of pressure 
measurements verify versatility and practical utility of the adap-
tive robotic skin, opening opportunities for broad applications.

3. Conclusion

We have presented a novel adaptive robotic skin built with the 
GM-TPSs, which provide tunable bandwidth and sensitivity, 
device-to-device uniformity, and high reliability for pressure 
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Figure 4.  Application demonstration of an adaptive robotic skin with tunable pressure sensing ability. a) An exploded-view schematic diagram of an adaptive 
robotic skin comprised of five stacked layers with a zoom-in image of a single GM-TPS unit. The adaptive robotic skin consists of an array of uniform GM-TPSs 
with top and bottom flexible electrode layers and a microfluidic thermal actuator, which offers active temperature control that promotes solid–liquid phase 
transition of GMs. b,c) Infrared (IR) images and the corresponding phase transition plots of the robotic skin layer during soft-to-rigid conversion (b: freezing via 
cold water injection (3 °C)) and rigid-to-soft transition (c: thawing via hot water injection (58 °C)). In the plots, red, green, and blue shadings indicate a liquid 
state, liquid–solid (or solid–liquid) transition, and a solid state, respectively. d) Optical images and sensing plots of the adaptive robotic skin demonstrating 
its different pressure sensing abilities under two switchable rigid and soft modes. In the rigid mode (left), the robotic skin interface can measure large loads 
such as pressures induced by human weight, foot stepping, and acupressure. When converted to the soft mode, the robotic skin can sense subtle pressures 
such as those created by the carotid artery pulse, insect movements that correspond to a pressure of only 3 Pa, and the weight of a USB flash drive. The sensor 
array in both rigid and soft modes also provides spatial mapping of applied pressure as demonstrated in the bottommost applications.
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sensing, enabling an augmented sensing beyond the human 
skin. The tunable nature of the integrated GM-TPSs, empow-
ered by the solid–liquid phase transition of liquid metal gal-
lium, enables swift mode conversion to promote a large 
bandwidth (1.45  MPa) in the rigid mode and ultrahigh sensi-
tivity (16.97 kPa−1) in the soft mode. Two main issues of gallium-
based sensors—hysteresis and supercooling[51]—are addressed 
by building the sensors using uniform GMs created through 
a T-junction microfluidic system and integrating nucleation 
agents (i.e., Fe microparticles) with gallium, respectively. These 
approaches produce sensor-to-sensor uniformity and reproduc-
ibility, and facilitate the rapid mode conversion of the sensor 
by accelerating the liquid–solid phase change of gallium. Our 
proof-of-concept demonstration of a large-area adaptive robotic 
skin, composed of 2D arrays of these uniform GM-TPSs, veri-
fies its unique sensing capability in measuring a wide spectrum 
of pressures with high spatial resolution, ranging from small-
scale (e.g., carotid artery pulse, movement of ant, and water-
drops) to large applied forces (e.g., the weight of an infant, foot 
stepping, and smashing with a hammer). With high versatility, 
uniformity, and reliability of the GM-TPS, we envision that the 
proposed adaptive robotic skin will lead to compelling outlooks 
in numerous applications, including nursing and assistive 
robotics, human–machine interfaces, metaverse realization, 
and many others.

4. Experimental Section
Fabrication of the GM-TPS: T-junction microfluidic device, comprised 

of a T-shape connecter (Tee assembly Tefzel (ethylene-tetrafluoroethylene 
(ETFE))), inner diameter is 1.27 mm) connected with three Tefzel (ETFE)-
tube-based microfluidic channels (two inlet and one outlet channels; 
outer and inner diameter were 1.59 and 1.02 mm, respectively), was used 
to create a composite of GMs and elastomer. The silicone elastomer was 
prepared by mixing PDMS (SYLGARD 184, Dow Corning) with hexadecane 
(99%, Sigma-Aldrich) in a weight ratio of 1:1. The syringe containing PDMS 
solution was injected in the continuous inlet stream of the T-junction 
device while the syringe containing liquid gallium (Ga metal 99.99, Rich 
Metal) was injected in the discrete inlet stream. This led to production 
of uniform GMs encapsulated with elastomers, ejected through a single 
outlet stream. The size of GM was controlled by varying the flow rates 
of injection using the syringe pump (NEWERA). The flow rate ratio of 
the PDMS solution to the gallium stream was adjusted to 27.85, 8.14, 
and 2.71, while the speed of gallium inlet was fixed to 0.27  mL min−1. 
These conditions allowed generation of GMs with different diameters of 
345 µm (size 1), 452 µm (size 2), and 883 µm (size 3), respectively. The 
gallium–elastomer composite was accumulated in a wafer-scale plastic 
batch with a dimeter of 100 mm and cured at 70 °C for 1 day. For robust 
encapsulation, another silicone elastomer (RT 623 A/B, mixing ratio of 9:1, 
ELASTOSIL) was thinly spin-coated (200  µm) on the gallium–elastomer 
composite. Finally, the flexible electrodes—copper-coated polyimide 
film (18  µm, Q-Mantic; for single unit sensors) or a custom-designed 
flexible circuit board (copper-coated polyimide, 0.1 mm, PCBWay; for 2D 
array sensors)—were integrated at the top and bottom of the gallium–
elastomer composite to complete a capacitive GM-TPS.

Integration of Nucleation Agents into GMs: Titanium carbide (≥99%, 
Sigma-Aldrich) and iron microparticles (≥99%, Sigma-Aldrich) 
were prepared and compared for the nucleation agents of gallium. 
Nucleation agents were mixed with silicone elastomer and injected in 
the continuous stream which was linked to the T-shape connector. While 
silicone elastomer encapsulated the GMs, the nucleation agents were 
transferred to the surface of GMs. Detailed experiment results can be 
found in Figure 2 and Figure S6 (Supporting Information).

Thermal Studies of the Phase-Change Behavior of the GM-TPS: To 
investigate the freezing point of the gallium–elastomer composites 
(Figure 2j), they were first thawed on the hot plate of 35 °C. Then, the 
soft composite with liquid gallium was moved to the cool plate (10, 
20, 22  °C), and the phase-change behaviors of the gallium–elastomer 
composites were monitored and analyzed using an infrared (IR) camera 
(A655sc, FLIR). For the mode conversion of the adaptive robotic skin 
(Figure  4b,c), the sensor temperature was controlled by flowing hot 
(65 °C) or cold water (1 °C) into the microfluidic channel. Subsequently, 
the phase-change behaviors were captured using the IR camera and 
analyzed with FLIR program.

Characterization of the GM-TPS: The capacitance changes of 
the GM-TPS according to applied force were measured by an LCR 
meter (4284A Precision LCR Meter, Hewlett Packard, detection limit: 
0.00001 pF) to study its characteristics. The absolute capacitance of the 
GM-TPS without pressure was 4.6  pF. The mechanical press machine 
(0.19 mm s−1, Mark-10, ESM303) and a force gauge (Mark-10, Series-5) 
compressed the sensor. The LabVIEW software which was connected to 
an LCR meter, a press machine, and a force gauge showed the value of 
force, stain, and the capacitance changes. The applied force was divided 
by the contact area of the sensor to obtain the pressure. The dynamic 
range was obtained by calculating the amount of pressure required to 
lower the onset sensitivity by 1%. The effective modulus of the sensor 
was obtained by applying strain to the sensor, followed by analyzing the 
tangential slope of the stress versus strain curve.

Mechanical Modeling and Finite Element Analysis: A commercial FEA 
software (COMSOL Multiphysics, COMSOL, Inc.) was used to calculate 
the effective modulus of the sensor and analyze the sensor’s response 
under compression. To compare the effective moduli of the sensors with 
different diameters, 3D models of sensors fabricated with GMs (Young’s 
modulus of solid gallium = 9.8 GPa) of three different diameters (300, 
450, and 900  µm) embedded in PDMS (Young’s modulus of PDMS = 
600  kPa) were prepared. The effective moduli were derived from total 
strain energy–pressure curves, when the sensors were pressed up to 
80 kPa in the soft mode and 8 MPa in the rigid mode. Furthermore, to 
determine how the sensor reacted under the same pressure depending 
on its mode, 70  kPa was applied identically to sensors in different 
modes. The stress distribution under pressure was depicted by von 
Mises stress. Detailed experiment results can be found in Figure 3 and 
Figures S3 and S4 (Supporting Information).

Fabrication of the Adaptive Robotic Skin: The adaptive robotic skin 
consisted of a microfluidic thermal actuator, a 2D array of GM-TPSs, and 
an elastomeric enclosure. The microfluidic thermal actuator was built by 
bonding two different PDMS layers, one with a patterned fluidic channel 
and the other with flat layer. The flat PDMS layer (100  µm thickness) 
was prepared by spin-coating and cured at 70 °C for 60 min. The mold 
for the fluidic layer was made into the desired channel pattern using a 
3D printer (Core 530, B9 Creations). The mold was pretreated with an 
antistiction spray (ER-200, Smooth-On) and PDMS was poured on the 
mold. After curing of PDMS at 70  °C for 60 min, the patterned PDMS 
was detached from the mold. Both PDMS layers underwent oxygen-
plasma treatment (8 W for 5 min, Piezobrush PZ3, Relyon Plasma). The 
plasma treatment of PDMS exposed the silanol group to the surface 
of the PDMS, allowing formation of a strong covalent bond with other 
PDMS. To enhance its bonding, two attached PDMS layers were cured at 
90 °C for 5 min. Then, a 2D array of GM-TPSs was integrated on the top 
of the microfluidic thermal actuator. Finally, thin PDMS layer (100  µm 
thickness) was applied to encapsulate the robotic skin for additional 
protection.

Real-Time Spatial Mapping of Applied Pressure for 3D Visualization: 
Two Arduino-based breakout boards (MPR121, Adafruit) were each 
connected to 8 different sensors on a 4 × 4 sensor array to record its 
sensing behavior in real time. MPR121 converted an analog signal, which 
was induced by applied pressure on the sensor array, to a digital signal 
represented as a 10-bit analog-to-digital conversion (ADC). Then, the 
relative capacitance was calculated from the 10-bit ADC counts based 
on the equation C I T V1024 / ADC counts dd( )( )= × × × , where C is the 
capacitance value, I is the selected charge current (16  µA), T is the 
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selected charge time (1 ms), and Vdd is the power supply input (3.3 V). 
Then, the relative capacitance values were visualized through a 3D array 
spatial mapping (x- and y-axis: position of applied pressure, z-axis: 
magnitude of pressure) implemented in Python programming language.

Experiments on Human Subjects: All experiments on human skins 
were performed under approval from Institutional Review Board at 
Korea Advanced Institute of Science and Technology (protocol number: 
KH2018-35) and received informed consent from the volunteer subjects.

Statistical Analysis: Figure  2h,j contained plots (n  = 6). The number 
of samples for Figure 3l,m and Figure S10c,d (Supporting Information) 
was 9. Figure S10e,f (Supporting Information) expressed means with 
standard deviations (n  = 9). Figure S12a,b (Supporting Information) 
contained plots (n = 5). All data were processed with OriginLab.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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