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Innervation of Sensing Microchannels for
Three-Dimensional Stimuli Perception

Dongliang Fan, Renjie Zhu, Xin Yang, Hao Liu, Ting Wang, Peisong Wang, Wenyu Wu,
Huacen Wang, Yunteng Ma, Jian S. Dai, and Hongqiang Wang*

Stimuli perception enables animals and robots to interact with unknown
environments safely and predictably. For the sensing of soft robotics and
wearable devices, although electronic skins have already been widely accepted
and studied, their planar geometries are not applicable for multi-direction
volume sensing. Herein, the innervation of sensing microchannel networks
into elastic matrices to mimic the exteroception and proprioception of the
human bodies is employed. Soft actuators with interlaced actuating and
sensing microchannels resembling the distribution of muscle fiber and
proprioceptors are fabricated and the internal stimuli perception of
deformation configurations (bending, elongating, and bending directions) and
magnitudes (bending angle and elongation) of the soft actuators are
demonstrated. It is also demonstrated that a soft cubic sensor containing 3D
microchannels (diameter: 400 μm) is capable of identifying 3D external
stimuli, including force types (pressing, squeezing, shearing, and twisting)
and real-time directions by measuring the resistance variation, and its
application in the virtual reality field is exhibited.
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1. Introduction

Perception is critical for biological sys-
tems’ compatibility in the unknown envi-
ronment by receiving external and inter-
nal stimuli. The distributed mechanore-
ceptors in skins endow our bodies with
exteroception to identify pressing, touch-
ing, and shearing,[1] and the inner-
vation of proprioceptors around skele-
tal muscles enables proprioception for
movement with high precision.[2] Soft
robots and wearable devices have re-
cently exhibited tremendous potential
in human–machine interaction due to
their compliant structures for adaptive
interactions[3–6] and matched sensing
systems for close-loop controls.[7–10] More
complex configurations and functional
structures are employed for these soft
machines to achieve more sophisticated
tasks. However, the complex structures

result in difficulties in arranging soft sensors for multimodal per-
ceptions, which is critical for robots to interact safely and pre-
dictably with unknown environments. Existing electronic skins,
including resistive-type and capacitive-type, have been developed
through different approaches, including thin buckling silicon,[11]

carbon nanotubes,[12] and silver nanowires,[13] to achieve extero-
ception and proprioception for soft robotics or wearable devices
by attaching artificial skins on end effectors[14] and joints[15] re-
spectively, and demonstrated their versatile sensing abilities for
complicated tasks, such as recognizing different types and direc-
tions of mechanical stimuli on surfaces,[16–20] and conformally
contacted with unstructured objects, such as prosthetic hands[11]

and medical catheters.[21] Still, these artificial skins require so-
phisticated fabrication processes[11] and specific materials,[19]

and their planar geometries are not sufficient for precepting com-
plex internal or external stimuli of 3D soft robotics and intelligent
structures.[22–24]

Recently, encapsulating conducting liquids into elastomers via
embedded channel structures has become a popular method for
soft sensor fabrication due to the highly compliant structures
and low-cost, simple fabrication processes.[25–27] However, this
resistive sensor lacks the sensibility for complex external stim-
uli, including shearing and twisting, and force direction recog-
nition due to their 2D patterns. Although efforts, such as intro-
ducing a rigid part[26] and configuration design,[28,29] have been
made for shear force and force direction recognition, the flat ge-
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Figure 1. Innervation of sensing channels for external and internal stimuli perception and the conducting mechanism of the sensing channel.

ometries are unable to attach to uneven surfaces conformally.
Moreover, embedded soft sensors into soft robotics have pre-
sented a potential solution to proprioception.[30–33] Still, fabricat-
ing and assembling soft sensors with complex patterns among
compliant matrices are still challenging. To address these issues,
various approaches, including inserting optical waveguides into
3D-printed flexible scaffolds[23] and air-filled channels embedded
within architected materials,[22] have been proposed for versatile
perceptions through 3D printing. Therefore, manufacturing and
arranging 3D distributed soft sensors is crucial to achieving the
versatile perception of 3D external or internal stimuli.

Inspired by the receptors spatially distributed in our human
bodies, we proposed a strategy for 3D stimuli perception by in-
nervation of sensing microchannels infused with biocompatible
ionic liquids, as shown in Figure 1. Different from existing 3D
structural electronics fabricated by depositing conducting ele-
ments onto rigid surfaces,[12,34,35] the soft elastomer matrix and
liquid conductor endow the receptors with excellent compliance
and adaptability for human–machine interaction. The structures
can be easily fabricated by soft demolding proposed in our previ-
ous work.[3] According to the resistance change of the distributed
sensing microchannels, both the tactile motions and force direc-
tions can be recognized. Finally, to present the sensing ability of
internal stimuli, we fabricated a soft sensorized actuator contain-
ing orthogonally distributed actuating and sensing microchan-
nels resembling muscle fiber and proprioceptors and demon-
strated its proprioception for bending, elongation, and bending
direction recognition. Innervation of sensory arrays exhibits their
versatile sensing ability and offers new designs for interacting
with actuating elements. We also demonstrated a soft cubic sen-
sor for external tactile motions (pressing, squeezing, shearing,

and twisting) and their real-time directions (pressing faces, shear-
ing, and twisting directions) recognizing when interacting with
a human finger via a dendriform microchannel in the body diag-
onal and two microchannels in the face diagonal. Moreover, we
employed this soft sensor as a controller for controlling the mo-
tion of the robot for the virtual reality (VR) application.

2. Results and Discussion

2.1. Fabrication of the Soft Sensors

We first fabricated a soft sensor containing a 1D sensing mi-
crochannel, as shown in Figure 2a. A template is first fixed
into a 3D-printed mold, and then, the elastomer precursor is
poured into the mold. After the elastomer is cured, it is detached
from the mold. Next, the template is demolded from the elas-
tic matrix, and the microchannel is generated. Finally, the con-
ductive liquid is infused into the straight microchannel (diam-
eter: 400 μm, length: 40 mm) with a round cross-section, and
both ends are capped with flexible conducting wires to compose
the soft sensor (Figure 2b). The uniform geometry of the round
cross-section distorts less when stretched compared to rectangu-
lar cross-sections.[3] Based on the directional movement of ions
under applied voltage, the potassium iodide dissolved in glyc-
erol is chosen as the conductive liquid due to its low cost and
biocompatibility.[27] This designed structure, conductive liquid
encapsulated in an elastomer, endows the soft sensor with excel-
lent flexibility and reliability to resist mechanical deformations,
including bending, stretching, and twisting, as shown in Fig-
ure 2c. Moreover, the sensor containing multiple 3D microchan-
nels can also be fabricated by a similar protocol.
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Figure 2. Soft sensor fabrication and its structure. a) Fabrication process of 1D soft sensor. A template is first fixed into a 3D-printed mold. Then, the
elastomer precursor is poured into the mold. After the elastomer is cured, it is detached from the mold. Next, the template is demolded from the elastic
matrix, and the microchannel is generated. Finally, the conductive liquid is injected into the microchannel, and both ends are capped with conducting
wires. b) The optical image of a microchannel containing red dye and its cross-sectional geometry. Scale bar, 500 μm. c) The soft sensor under bending,
twisting and stretching deformation. Scale bars, 5 mm.

2.2. Modeling and Characterization of the Soft Sensors

The resistance change of sensing microchannels under differ-
ent deformations is contributed to their geometrical variances,
including the length and cross-section. Therefore, quantitative
analyses are conducted for resistance change prediction under
different external stimuli. For the 1D sensing microchannel, the
in-plane deformation (i.e., axial deformation) resulting in the re-
sistance change ΔR/R0 is decided by:[36]

ΔR
R0

= k
(
𝜀

2 + 2𝜀
)

(1)

where ΔR is the resistance change, R0 is the original resistance,
k is the prefactor, and 𝜖 is the strain. To evaluate the sensing
behavior of the soft sensor during unidirectional stretching, we
built a stretching platform (Figure S1, Supporting Information).
We tested the resistance change of soft sensors with the applied
strain up to 60% under different stretch rates (50, 100, 200, and
300 mm min−1), and the gauge factor of the soft sensor is 1.3 (Fig-
ure S2a, Supporting Information). The theoretical fitting curve
(Figure 3a) for the relationship between resistance change and

applied strain agrees well with our experimental results. The re-
sistance change coincides with the applied force under 100%
strain, demonstrating its low hysteresis (Figure 3b). Its small
force range (0–100 mN) and small dimension present potential
for wearable sensors. In addition, temperature fluctuation has
drawn great concern to wearable sensors due to the calibration
requirement when attaching sensors to human bodies. Herein,
we conducted strain tests under different temperatures (4, 25,
and 50 °C), and the resistance changed from 0.41 to 0.13 MΩ
(Figure S2, Supporting Information). We observed that the resis-
tance change and applied force show little deviation under differ-
ent temperatures, especially under 40% strain (Figure S2c, Sup-
porting Information). We also performed a cyclic test with 100%
strain on the soft sensor (Figure 3d). A small change in resis-
tance change behavior (the maximum variation less than 10%)
after 300 cycles demonstrates the reliability and durability of the
soft sensor.

In addition, the pressing deformation (normal to the axial di-
rection) acting on the 1D microchannel also causes the resistance
change due to the cross-sectional area variation. The finite ele-
ment analysis (FEA) and experiments were performed to investi-
gate the resistance response under pressing, and the numerical
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Figure 3. Characterization of the 1D soft sensor in different deformation modes. a) Experimental and theoretical results of the resistance change varying
with strain under different stretch rates. b) Responses of the resistance change and applied force in one stretch cycle (100% stretch). c) Experimental
results of the soft sensor’s resistance change under 300 stretching cycle tests. The inset shows the first five cycles. d) Experimental and simulation
results of resistance change under pressing. e) Responses of the resistance change and applied force in one pressing cycle (1.5 mm displacement). f)
Experimental results of resistance as a function of curvature. The data are presented as mean values ± standard deviation with the sample size n = 3.

solutions fit well with our experimental results (Figure. 3d). The
resistance remained constant at first. Then a sharp increment in
resistance change occurs since the sensing microchannel begins
to be deformed when the pressing displacement is over 0.5 mm
(Figure 3e). Additionally, the response time and recovery time
were measured by applying and removing a weight to the 1D soft
sensor. Compared to flexible capacitive sensors,[37,38] our soft re-
sistive sensor exhibits a slower response time (0.16 s) and recover
time (0.1 s) due to the resistance change mechanism of geometry
deforming and elastoviscosity of the soft matrix (Figure S3, Sup-
porting Information). However, there is no noticeable change in
resistance when the curvature changes from 0 to 0.1 mm−1 due
to slight deformation in the length or cross-section of the sens-
ing microchannel under measurement (Figure 3f). The pressure

and bending tests were also performed (Figure S1, Supporting
Information). To sum up, the 1D sensing microchannel is sensi-
tive to stretching force along with the axial direction and pressing
force normal to its axial direction. Therefore, any force applied
to the sensing microchannel can be divided into two orthogonal
forces: one force is along with the axial direction, and the other is
normal to the axial direction, which is suitable for predicting the
resistance change based on our built models.

After validating the sensing ability of the 1D soft sensor, we
built a cubic soft matrix containing two 3D sensing microchan-
nels (diameter: 400 μm) to demonstrate their sensing ability un-
der versatile deformations. A channel in the face diagonal (Chan-
nel A) and the other in the body diagonal (Channel B) are ar-
ranged for perceiving 3D stimuli (Figure 4a). We built the plat-
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Figure 4. Characterization of the 3D sensing microchannels in different deformation modes. a) Illustration of 3D sensing microchannels under different
external stimuli. b) Response of the resistance change of sensing microchannels under pressing. c,d) Responses of the resistance change of sensing
microchannels under shearing in the left and right directions, respectively. e,f) Responses of the resistance change of sensing microchannels under
twisting in clockwise and anticlockwise directions, respectively.

forms for the corresponding deformation tests (Figure S4, Sup-
porting Information). When the pressure was applied to the cu-
bic sensor by an indenter (diameter: 5 mm), Channel A showed
a shape increment in resistance due to the short distance to the
point load and the synergistic effect of pressing, bending, and
stretching. A small increment appeared in Channel B since the
applied force decays along the force direction and affects the ge-
ometry of the microchannel slightly. The resistance of Channel A
increased as the shear force was applied in the left direction due
to elongating this microchannel (Figure 4c). Shearing right pre-
sented an opposite electric behavior of Channel B due to short-
ening Channel B (Figure 4d). In contrast, Channel A is insen-
sitive to shear deformation since this microchannel was intact
during the shearing processes. Shearing front and back showed
similar electric behaviors of the sensing microchannels (Figure
S5, Supporting Information). When a clockwise rotation was ap-

plied to the cubic sensor, the resistances of Channel A and Chan-
nel B increased simultaneously (Figure 4e), and the higher in-
crement of Channel A resulted from the larger elongation of the
microchannel. After we inverted the rotation direction, the resis-
tance of Channel A decreased, but the resistance of Channel B
still increased, which means Channel B is insensitive to the twist-
ing direction. Therefore, according to the quantitative tests of
the designed sensing microchannels (Figure 4), the sensing mi-
crochannel in the face diagonal is sensitive to normal loads and
twisting stimuli, and the microchannel in the body diagonal is
sensitive to shearing stimuli. Statistical analyses were performed
to present the deviation of the sensing channel response during
the cyclic tests, and most data deviations fall in ±5%. Moreover,
the varying tendency of channels’ response and relative magni-
tude is coincident during cycles, which demonstrates their func-
tionality and reliability for the following demonstrations.
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2.3. Demonstration of the Soft Actuator with Intervention 3D
Microchannel Network for Internal Stimuli Perception

Soft actuators are a recently emerging technique due to their
adaptivity and safety,[3,39,40] but most current soft actuators lack
embedded sensors to measure their deformation resulting from
the large strain during operation.[41–43] Previously, adhering
flexible sensors to the outer surface of soft actuators was a
general approach to measuring the bending behavior of soft
actuators.[44,45] Still, inextensible layers in sensors and the weak
interface strength between sensors and actuators limit their ap-
plications in high-strain deformation (e.g., elongating and twist-
ing) monitoring.[44,46,47] Embedding soft sensors into soft actua-
tors has been employed for various soft robots recently.[22,30,32,48]

Generally, these soft sensors have been applicable for large-size
soft actuators or single direction bending.[32,48] Here we inte-
grated our microchannel network into a small-scale soft actuator
(10 mm× 8 mm× 50 mm) to acquire the 3D deformation, includ-
ing bidirectional bending and elongating, and the comparison
with existing sensors is shown in Table S1 (Supporting Informa-
tion). We fabricated a soft sensorized actuator containing two ac-
tuating microchannels (diameter: 600 μm) and three sensing mi-
crochannels (diameter: 400 μm), and these interlaced microchan-
nels for sensing and actuating of the actuator resemble our arm
with innervation of proprioceptors and muscle fibers for pre-
dictable and delicate manipulations. The detailed channel struc-
tures are shown in Figure S6a (Supporting Information). Since
the resistance of sensing microchannel is sensitive to stretching
and pressing deformations, the orthogonally distributed of Sen-
sor 1, 2, and Actuator i, ii are designed for inflating perception of
the actuating microchannels, and Sensor 3 is designed for elon-
gation perception of the soft sensorized actuator (Figure 5a). The
actuation configurations of our soft actuator, including bending,
elongating, and bending directions, are capable of recognizing
through the distributed sensing microchannels.

Following the same protocol (Figure 2a), the soft actuator was
fabricated. A pressured air control system was also built to in-
flate the soft actuator (Figure S7a, Supporting Information). The
bending behavior of the soft actuator under different pressures
for left and right bending was demonstrated in Figure 5b, and
the bending angle is defined as the angle between the tangen-
tial direction of the end part of the soft actuator and the vertical
direction. We first measured the electric signal response of Sen-
sor 1 when inflating Actuator i, and the resistance of Sensor 1
increased obviously as the bending angle increased (Figure 5c).
Likewise, Sensor 2 was employed to perceive Actuator ii (Fig-
ure 5d). The resistance change in Channel 3 is caused by elon-
gating and pressing of the two actuating channels. The deviation
of the response of the sensing channels results from the asym-
metric location of the microchannels. In addition, to present the
elongation of the soft actuator, an array of strain-limited layers
(3D-printed rigid shell with 5 mm in width) were attached to the
surface of the soft actuator (Figure 5e). The elongation was real-
ized by inflating Actuator i and ii at the same flow rate simultane-
ously, and the displacement for the five marks in the soft actua-
tor under different pressures was analyzed in Figure 5e. Sensor 1
and 2 detect whether the actuating channels are inflated, and Sen-
sor 3 can measure the elongation of the soft actuator under the
deformation of both elongating and pressing (Figure 5f; Video

S1, Supporting Information). The cyclic tests for right bending
and elongating of the sensorized actuators were also performed
under corresponding sensing channel recording to demonstrate
their reliability and repeatability (Figure S7, Supporting Informa-
tion). Through the interaction between actuating and sensing mi-
crochannels distributed in the soft actuator, the internal stimuli,
including deformation types (bending and elongating), magni-
tudes (bending angles and elongation), and directions (bending
directions), could be identified (Video S1, Supporting Informa-
tion).

2.4. Demonstration of the Sensor Containing a 3D Microchannel
Network for External Stimuli Perception

External stimuli perception is crucial to our human beings and
robots for interacting with unknown environments safely and
achieving dexterous manipulation controllably. The ability of 3D
external stimuli perception, such as force types (e.g., pressing,
shearing, and twisting) and force directions, endows soft robotics
and wearable devices with more versatile manipulations. Elec-
tronic skins are the most popular solution to external stimuli
perception. Not only tactile motions and real-time directions but
temperature variation can be recognized through the designed
sensing structures and specific materials.[19,49,50] However, their
complicated fabrication processes and planar geometries are not
applicable to 3D external stimuli perception of 3D soft machines.
Inspired by the innervation of sensory receptors in our skin, we
fabricated a hierarchically structured 3D microchannel network
(diameter: 400 μm), including a dendriform microchannel in the
body diagonal and two microchannels in the face diagonal, into
an elastic matrix for external stimuli perception (Figure 6a), based
on our previous results (Figure 4). The detailed channel struc-
tures are shown in Figure S6b (Supporting Information). The
two microchannels in the face diagonal are employed to mea-
sure the side pressing force and twisting force with directions.
To demonstrate the fabrication capacity of our approach, reduce
the number of conducting wires (from eight to five) employed in
the sensor, and increase the top-face pressing sensing ability by
reducing the distance between the channels and applied force, we
employed a dendriform microchannel in the body diagonal here.
By identifying the corresponding resistance variance modes of
the multiple sensing microchannels that are distributed in differ-
ent locations and attitudes, this soft cubic sensor can recognize
different types of stimuli and real-time directions, resembling the
functionality of human skin.

The soft cubic sensor with a spatially distributed microchan-
nel network was fabricated (Figure S8a, Supporting Informa-
tion). Saturated potassium iodide-glycerol was injected into the
microchannels to work as a conductor, connected in series to a re-
sistor (3 MΩ). A 5 V DC voltage was applied to the circuit, and the
voltage on each microchannel was measured by a data acquisition
(DAQ) board (TB-4309, NI) (Figure S8b, Supporting Informa-
tion). The cubic sensor was capable of identifying the force types
and real-time directions acting on the cubic matrix through the
microchannels’ different electrical response patterns (Figure 6a).
This capability was based on the different deformation sensitivi-
ties of the sensing microchannels, which were located in different
parts of the sensor: two (Channels 1 and 2) on the surfaces and
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Figure 5. Demonstration of the sensorized soft actuators for internal stimuli perception. a) Schematic diagram and channel distribution of the actuator,
including three sensing channels and two actuating channels. b) The response of bending angle under different pressures for left and right bending.
c,d) Responses of the resistance change of sensing channels with the pressure increasing for the left and right bending of the actuator, respectively. e)
The response of elongation under different pressures of five individual marks. f) The response of the resistance change of sensing channels with the
pressure increasing for the elongating of the soft actuator with segmented strain-limited layers. Scale bar, 1 cm. The data in (b) and (e) are presented
as mean values ± standard deviation with the sample size n = 3.

the other four (Channels 3–6) in the body. As shown in Figure 6a
and Video S2 (Supporting Information), all the resistances of the
microchannels increased when a normal force was applied (Stim-
ulus I, II, and III). In contrast, the resistances of some pairs of
channels (e.g., Channels 3 and 6, Channels 4 and 5) presented an
opposite electric response that was lateral to the surfaces (Stim-
ulus IV and V). The twisting stimuli (Stimulus VI and VII) were
recognized by the same electric response of the three pairs of mi-
crochannels, Channels 1 and 2, Channels 3 and 6, and Channels
4 and 5. In addition, the relative magnitude of resistance change
could be used for recognizing force directions. The press force on

the top surface caused a larger resistance increment on Channels
3–6 than on the other channels, and Channel 2 showed the largest
increment when squeezing the right and left faces. Moreover, the
redundant sensing microchannels (Channels 4 and 5) improved
the accuracy of stimuli detection. Moreover, we applied our cubic
sensor to the VR interface for working as a controller due to the
abundant sensibility for versatile external stimuli. We endowed
the channel’s responses under different stimuli (Stimulus I–VII)
with corresponding order for controlling the robot’s motion in
the interface of Unity (version: 2020.3.40f1). For example, when
applying Stimulus I to the cubic sensor, the robot jumps since
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Figure 6. Demonstration of the soft cubic sensor for the external stimuli perception and VR application. a) Schematic diagram and real image of the
sensor, and the response of the resistance change of the soft sensor to seven different external stimuli, including force types and force directions. Scale
bar, 5 mm. b) The VR application of the sensor for the Robot’s motion control according to the channel responses recognition.
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the pressing causes the voltage change in Channel 4 (larger than
1.3 V), and Channel 6 (larger than 2.2 V) is defined as the jump
order. According to the voltage response of different channels,
we recognized the seven stimuli to control the Robot for achiev-
ing corresponding motions, including motion types (jumping,
rolling, running, and walking) and moving directions (Figure 6b;
Figure S8 and Video S3, Supporting Information). Our soft cubic
sensor demonstrated the innervation of sensing microchannels
for 3D external stimuli perception, including pressing, squeez-
ing, shearing, and twisting forces and their real-time directions.
The VR application of the cubic sensor is also realized.

3. Conclusion

In this work, we demonstrated 3D distributed sensing mi-
crochannel networks embedded into elastic matrices to mimic
the exteroception and proprioception of human bodies for exter-
nal and internal stimuli perception. We first fabricated and char-
acterized 1D sensing microchannels under different physical
stimuli and realized the microchannels are sensitive to stretch-
ing and pressing. Then, 3D microchannels distributed in the face
diagonal and body diagonal of a soft cubic matrix were fabricated
for 3D external stimuli perception, including pressing, shearing,
and twisting, and concluded that the microchannel in the face di-
agonal is sensitive to pressing and twisting, and microchannel in
the body diagonal is sensitive to shearing and twisting. Finally, we
demonstrated a soft sensorized actuator could recognize the de-
formation configurations (bending, elongating, and bending di-
rections) and magnitudes (bending angle and elongation) of the
soft actuator based on the response of resistance in the sensing
microchannels. We also demonstrated a soft cubic sensor con-
taining a dendriform microchannel in the body diagonal and two
microchannels in the face diagonal was capable of identifying
3D external stimuli, including force types (pressing, squeezing,
shearing, and twisting) and real-time directions via measuring
the corresponding resistance variance modes and their relative
magnitude. In addition, the VR application of the cubic sensor
is also achieved by endowing the channel’s responses with the
corresponding motions of the robot in the VR interface.

The demonstrations of the soft sensorized actuator and soft
cubic sensor are just two simple prototypes for 3D stimuli per-
ception based on our new approach, embedding 3D sensing mi-
crochannels into elastic matrices. Our sensing microchannels
present intriguing demonstrations in soft actuators and human–
machine interactions (i.e., VR applications), and we believe our
new approach could be involved in tremendous potential appli-
cations for improving perception spinning wearable devices, soft
robotics, and medical devices in the future. In addition, based on
the orthogonal distribution of soft sensors and actuating chan-
nels, the spatial resolution can be realized by distributing ar-
rays of the designed 3D microchannels into the corresponding
bodies, and in combination with machine learning, the accu-
racy and response speed of stimuli recognition can be improved.
Theoretical model building for 3D sensing channels could im-
prove their accuracy of strain and force for various deformation
measurements. Functional materials could also be employed for
broader sensing abilities, including temperature,[19] humidity,[49]

and biomarkers[51] in the future.

4. Experimental Section
Preparation of Conductive Solution: Excess potassium iodide (8 g,

Macklin) was dissolved into glycerol (20 mL, Energy Chemical) in a vial
and stirred overnight by a magnetic stirrer (MR Hei-Tech) at room tem-
perature. Finally, the supernatant solution was extracted for later usage.

Fabrication of the 1D Soft Sensor: A filiform template (400 μm, TPU 95-
A, eSUN) was prepared by extruding from a 3D printer nozzle. Then, this
template was fixed into a 3D-printed mold. Next, the elastomer precursor
was prepared by adding part A and part B of Ecoflex 0030 precursor into
a cup with equal volume, stirring for 1 min, and vacuuming for 4 min to
degas. Later, the prepared elastomer precursor was poured into the mold.
After the elastomer was cured, it was detached from the mold. Next, the
template was demolded from the elastic matrix, and the microchannel was
generated. Finally, the prepared conductive liquid was injected into the mi-
crochannel by a medical syringe, and both ends were capped with flexible
conducting wires, as shown in Figure 2a.

Strain Sensing Tests of the 1D Soft Sensor: Strain sensing tests were
performed by the designed platform (Figure S2a, Supporting Information).
Both ends of the sensor were fixed to the supports, which were connected
to the sliding stage, and the sensor was stretched with different stretch
rates (50, 100, 200, and 300 mm min−1) at room temperature. Five cycles
were conducted for each stretch rate.

The sensor was tested in three temperature conditions (4, 25, and
50 °C) to test the effect on the sensing ability. The testing setup and sensor
were placed in a refrigerator (4 °C), an oven (50 °C), and room temperature
(25 °C) in sequence and waited for 20 min before tests.

Bending Sensing Tests of 1D Soft Sensor: The soft sensor bending sens-
ing ability was tested by conformally attaching the sensor to 10 cylindrical
objects with different curvatures. The test was repeated three times for
each curvature test.

Simulation of the Pressing Process for the 1D Soft Sensor: A finite ele-
ment analysis model (ABAQUS Explicit 2020) was built for quasi-static
analysis of the deforming process. The 3D model was simplified into a 2D
symmetric planar stress model with the full quadrilateral meshes (mash
size: 0.05 mm). The materials were set as hyper-elastic with the quadratic
polynomial constitutive model, and the parameters were generated from
a realistic compression test. The compressing process was performed by
setting the symmetry constraints and displacement loads on the top and
bottom surfaces to acquire the change in the cross-sectional area of the
microchannels. The channel’s area was calculated by integrating after ob-
taining the boundary conditions of the microchannel at each sub-step of
time. Finally, the relationship between the pressing displacement and the
cross-sectional area change of the microchannel was obtained.

Pressure Sensing Tests of the 1D Soft Sensor: The pressure sensing tests
were performed by the designed platform (Figure S2b, Supporting Infor-
mation). The bottom of the 1D soft sensor was glued to the vertical sub-
strate of the mold by a silicone glue (SIL-Poxy, Smooth-On), and an in-
denter, whose tip is in a semicircular cylinder (diameter: 1 mm), was em-
ployed to press the soft sensor with 1 mm displacement at the speed of
50 mm min−1 and repeated five cycles.

Response Time and Recovery Time Measurement under Pressing: The 1D
soft sensor was connected to an oscilloscope (Tektronix, MSO024) for
measuring the voltage variation during the measurement. A heavy weight
(100 g) was applied onto the soft sensor to generate a quick compression.
After holding for 10 s, the weight was removed from the sensor quickly.
The result is shown in Figure S3 (Supporting Information).

Pressure Sensing Tests of the Cubic Soft Sensor Containing Two Sensing Mi-
crochannels: The pressure sensing tests were performed by the designed
platform (Figure S4a, Supporting Information). The bottom of the cubic
soft sensor was glued to the vertical substrate, and an indenter with a
tip in hemispherical geometry (diameter: 5 mm) was employed to apply
pressure onto the distrusted sensing microchannels. During the tests, the
indenter advancing 3 mm and returning at the speed of 50 mm min−1 was
a pressure cycle. Five cycles were conducted for the pressure test.

Shear Sensing Tests of the Cubic Soft Sensor Containing Two Sensing Mi-
crochannels: The shear sensing tests were performed by the designed
platform (Figure S4b, Supporting Information). The bottom of the cubic
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soft sensor was glued to the substrate, and a precompression of 1 mm
displacement was applied to the cubic sensor to avoid slipping between
the sensor and the shear plate. The shear tests were performed in the left
and right directions (Figure 4a) at the speed of 50 mm min−1, and the
shear displacement was 5 mm. Five cycles were conducted for each shear
test.

Twist Sensing Tests of the Cubic Soft Sensor Containing Two Sensing Mi-
crochannels: The twist sensing tests were performed by the designed plat-
form (Figure S4c, Supporting Information). The bottom of the cubic soft
sensor was glued to the substrate, and a precompression of 1 mm dis-
placement was applied to the top of the cubic sensor by a rotational plate.
The twist tests were performed clockwise and anticlockwise (Figure 4a)
at the rotational speed of 7.5° s−1, and the rotation degree was 45°. Five
cycles were conducted for each twist test.

Cyclic Tests for the Sensorized Soft Actuators: For bending and elongat-
ing tests, the pressured air pipeline was connected to the corresponding
actuating channel, and a proportional valve was employed to apply a linear
increasing pressure pulse to the actuator and then depressurized to 0 kPa
suddenly. A 2 s time interval exists between each cycle (Figure S7c, Sup-
porting Information). Four different pressures were applied to the bend-
ing and elongating deformations, respectively, and over ten cycles were
repeated under each pressure. Sensor 2 was employed to record the right
bending, and Sensor 3 was employed to record the elongating.

Statistical Analysis: All data in this work were collected without prepro-
cessing and presented as the mean ± standard deviation. The sample size
n for each experiment was at least three and had been indicated where ap-
plicable. To analyze the 3D sensing channel response data, the rising edge
data from different sensing behaviors into groups were taken. A column
of data from each data group as the benchmark data and the error of the
other two comparative data columns in this group relative to the bench-
mark data were selected. The deviation was calculated by: (comparative
data − benchmark data)/benchmark data. Software used for data analysis
included Origin and MATLAB.

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