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Multimaterial 3D printed soft robots with embedded

actuation and sensing
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Soft robots require the seamless integration of actuation and sensing units to achieve autonomy and adaptability
behaviors. This demands conformal, stretchable, and spatially distributed electronic components—an unmet
challenge with conventional design and fabrication methods due to complex three-dimensional (3D) geometries,
multimaterial integration, and mechanical-electrical mismatches between rigid electronics and soft bodies. Here,
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we present a design and fabrication framework for autonomous soft robots with embedded actuation and sens-
ing. We develop an integrated digital light processing and direct ink writing 3D printing technology to fabricate
soft robots with embedded and conformal 3D electronics in an automated manner. To ensure both electrical and
mechanical stability under large deformation, we introduce a structural design strategy incorporating lattice
metamaterials, wavy interconnects, and discretized printed circuit boards. By combining the fabrication and de-
sign methods, we demonstrate soft robots with multimodal actuation, real-time tactile sensing, wireless commu-
nication, tactile-to-visual feedback, and autonomous obstacle avoidance. Our approach paves the way for the

development of electronics-integrated autonomous soft robots.

INTRODUCTION

Autonomous navigation in unstructured environments is a central
challenge in robotics, with direct relevance to search-and-rescue
missions and inspection or manipulation in complex industrial set-
tings. Soft robots are well suited to such tasks because their compli-
ant materials can withstand unexpected mechanical disturbances
that can disable rigid systems (1, 2). Autonomous soft robots with
embedding sensing and control enable rapid and stable operation
despite disturbances (3-5). To realize autonomous soft robots, vari-
ous methods have been explored. One approach involves integrating
smart materials, such as thermally driven (6-9), light-responsive
(10-15), magnetically actuated (16-21), or electrothermally actua-
ted soft robots (22, 23). Substantial efforts have also been devoted to
developing untethered soft actuators (24, 25). However, smart mate-
rials often suffer from slow response times and restricted actuation
magnitudes. Another approach focuses on designing entirely soft
robots, such as the soft octobot (26), twisted liquid crystal elastomer
(LCE) based robot (8), three-dimensionally (3D) printed insect-
scale robot (27), and growth soft robot (28). While these designs
achieve excellent deformability and adaptability, critical compo-
nents such as soft computational units and signal transmission sys-
tems remain underdeveloped, which are essential for autonomous
functionality. A promising solution lies in the hybrid integration of
soft robotics with traditional rigid electronics. In this strategy, soft
robotic components are responsible for actuation and sensing, while
rigid electronics handle computation, signal processing, and decision-
making. Toward this goal, progress has been made recently, includ-
ing soft robots with redesign Arduinos (29), octopus-inspired tentacles
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(30), soft robots for deep-sea exploration (31), 3D stretchable elec-
tronics (32), and soft electrically actuated quadrupeds (33).

Despite these advances, the integration of the rigid electronics
into the soft materials poses challenges on design and fabrication.
Autonomous soft robots require the integration of soft actuators,
soft sensors, flexible circuits, energy supply units, control units, and
signal transmission components. From a design perspective, em-
bedding rigid electronics into a soft matrix causes stress concentra-
tion and interface delamination, leading to mechanical and electrical
failure. Various lattice metamaterials and rigid-soft interconnect
strategies for reducing the mechanical and electrical failure have
been reviewed (34). Moreover, autonomous navigation requires the
structural design of soft actuators for multimodal locomotion, soft
sensors for force sensing, discretized printed circuit boards (PCBs)
for compact integration, 3D conformal circuits for connections, and
an impact-resistant soft body. From a fabrication perspective, vari-
ous methods have been used recently to fabricate soft robots, includ-
ing molding (35-37), assembling (38-41), and 3D printing (27, 42-46).
Parameters such as resolution, process time, material compatibility,
and system integration capability are compared in table S1. Among
them, molding and assembling are often time-consuming and prone
to manufacturing errors. Many pioneering studies have explored the
monolithic integration of rigid and soft components, stretchable elec-
tronics, and the integration of actuation and sensing functions (47-
49). However, these integrations and the resulting robotic systems are
primarily demonstrated on planar or thin-film structures. The fabri-
cation of complex three-dimensional architectures that simultane-
ously incorporate actuators, sensors, and multiple materials remains
a substantial challenge.

3D printing, especially digital light processing (DLP) and direct
ink writing (DIW), has become widely used in soft robot fabrica-
tion. DLP has the advantage of creating complex 3D geometries,
whereas DIW is compatible with a wide range of functional materi-
als. But realizing autonomous soft robots remains challenging with
a single 3D printing technique as it demands the integration of soft
and rigid materials, passive and functional components, and com-
plex architectures within the limited space of a small-scale soft
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robot. These demands typically necessitate combining multiple 3D
printing methods. A notable prior approach combined top-down
DLP with DIW for functional devices (50), enabling the develop-
ment of various functional structures and devices. Nevertheless, the
top-down method still encounters difficulties in producing complex
structures. Key challenges still require further investigation includ-
ing compatibility between the two techniques and structural fidelity
when integrating rigid, soft, and conductive elements.

Herein, we present a design and fabrication framework for au-
tonomous soft robots with embedded actuation and sensing. We
developed an integrated multimaterial DLP and DIW 3D printing
technology, enabling the seamless integration of soft and rigid mate-
rials, conformal 3D electronics, and complex architectures within a
small-scale soft robot. The DLP uses the bottom-up method, which
enables fabrication of more complex structures. The system achieves
82-pm lateral and 50-pm vertical resolution in DLP printing and
270-pm resolution when printing silicones via DIW. It can print a
soft robot integrating soft actuator, soft sensor, and flexible circuit in
30 min and requires no postassembling. To ensure mechanical and
electrical functionality under large deformation, we introduce a struc-
tural design strategy incorporating lattice metamaterials, wavy inter-
connects, and discretized PCBs. The resulting soft robots—integrating
soft actuators, soft sensors, flexible circuits, and wireless communi-
cation—weigh ~120 g and can be remotely controlled to move for-
ward, backward, and laterally; provide tactile-to-visual feedback;
and autonomously navigate environments without human interven-
tion (Fig. 1A). Our approach paves the way for the development of
electronics-integrated autonomous soft robots.

RESULTS

Integrated 3D printing of the soft robot

An integrated 3D printing approach combining DLP and DIW tech-
nologies is developed (Fig. 1, B to E and movie S1), which leverages
the strengths of both methods: DLP constructs complex 3D struc-
tures, while DIW deposits functional materials such as conductive
inks. The fabrication process involves four key steps.

Step 1: Base structure fabrication (Fig. 1B). The soft body is fab-
ricated using the DLP process with a hybrid resin [TangoPlus and
epoxy aliphatic acrylate (TEAA)], composed of a 6:4 mixture of the
commercial ultraviolet (UV)-curable resin TangoPlus and epoxy
aliphatic acrylate (EAA). Channels for conductive circuits and spac-
es for embedded electronic components are left unfilled.

Step 2: Embedding electronics (Fig. 1, C and D). The printing plat-
form is rotated 180° to position the printed platform facing upward.
Discretized PCBs and electronic components are embedded into des-
ignated spaces within the soft structure to accommodate the small size.

Step 3: Printing conductive circuits (Fig. 1E). The DIW process
deposits conductive silicone (Kingstar K867) into reserved channels
for flexible circuits due to their relatively lower resistance. The resis-
tive silicone (Kingstar K868) is used as strain-sensitive circuits ow-
ing to their larger resistance. The flexible circuits connect discretized
electronic components. Vertical or tilted conformal circuits are
achieved by adjusting the nozzle trajectories.

Step 4: Packaging (Fig. 1F). The printing platform is rotated back
to its original position, and additional layers were printed using the
DLP process to encapsulate the electronic components, conductive
and resistive circuits. This packaging enhances structural integrity
and electronic stability.
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To prevent cross-contamination between the two printing pro-
cesses, an air knife is introduced to remove residual resin. When the
cured structure is lifted out of the resin and prepared for DIW print-
ing, the residual resin on its surface can hinder the adhesion of DIW
inks. This issue is particularly critical for embedded PCBs, which
must be electrically connected via DIW-printed conductive silicone.
If resin remains on the conductive pads of the PCBs, then the con-
ductive silicone cannot properly adhere, leading to connection fail-
ure. To address this, an air knife is introduced to remove residual
resin during each transition from DLP to DIW printing.

By iteratively repeating the steps above, small-scale soft robots
with passive and functional materials, complex structures, 3D con-
ductive circuits, and electronic components are fabricated. The inte-
grated 3D printing technology allows for the precise fabrication of
soft robots with intricate structures and 3D electronic devices
through automated processes. These complex structures enable the
design of soft actuators for multimodal motion and programmable
mechanical behaviors. Additionally, the 3D electronic devices opti-
mize vertical space utilization, reducing the overall size of the robot.
Movie S1 demonstrates the complete fabrication process of a soft
robot, in which all components, including the soft actuator, soft sen-
sor, and embedded PCBs, are fabricated in 30 min and require no
postassembling.

Fabrication resolution characterization

Experiments were conducted to quantitatively measure the fabrica-
tion resolutions of the 3D printers, including the printing resolution
of DLP, DIW, and the matching between DLP and DIW technique.
The printing resolution of the DIW process was first evaluated. Con-
ductive silicone (K867) was extruded through a nozzle with an in-
ner diameter of 0.55 mm, with the printing height set equal to the
nozzle diameter. Straight lines of 50 mm in length were printed
while varying the printing speed from 2 to 10 mm/s and the air pres-
sure from 150 to 350 kPa. As shown in Fig. 1G, the printed linewidth
decreases with increasing printing speed but increases with higher
air pressure. By appropriately adjusting these two parameters, line-
widths ranging from 0.3 to 1.3 mm were successfully achieved. To
demonstrate the printability, a lattice structure was printed by DIW
with K867 (Fig. 1H). The size is 5 mm by 5 mm, with a width of
around 320 pm.

The resolution of the DLP 3D printing process was then evalu-
ated. The optical resolution of the projector used was 56 pm by
56 pm per pixel. To visualize the printed resolution in the thickness
(2) direction, a U-shaped structure was fabricated, with the cor-
responding design images shown in the inset of Fig. 1I. TEAA resin
was used for the printing process. The experimental procedure in-
volved curing 10 base layers, followed by printing two pillars with 20
layers each. A single layer between the pillars was cured with vary-
ing exposure times from 1 to 3 s, and its thickness was subsequently
measured. As shown in Fig. 11, the layer thickness increased with
exposure time, ranging from 312 to 907 pm.

To characterize the printing resolution in the xy plane, both the
positive and negative resolution methods were used (51). Figure 1]
shows the designed and printed structures obtained using these two
methods. In the positive resolution method, a series of line models
with different widths were printed using DLP, and the minimum
achievable linewidth was 82 pm. The negative resolution method
measured the minimum printable channel diameter, which was
found to be 205 pm.
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Fig. 1. Functionality and integrated 3D printing of the autonomous soft robot. (A) The soft robot can be remotely controlled, provide tactile-to-visual feedback, and
autonomously navigate. (B) The base structure is printed using the DLP process. (C) The printing platform is rotated 180° to position the printed platform facing upward.
(D) Discretized PCBs and electronic components are embedded into designated spaces within the soft structure. (E) The DIW process deposits conductive and resistive
circuits. (F) The printing platform is rotated back for further DLP 3D printing and packaging. (G) Dependence of the printed linewidth on printing speed under different
air pressures in DIW printing. (H) A lattice structure with a linewidth of 320 pm fabricated by DIW using K867 material. Scale bar, 1 mm. (I) Printed layer thickness as a func-
tion of exposure time in DLP printing. (J) Positive and negative resolution characterization for DLP printing. The minimum positive resolution is 82 pm, while the minimum
negative resolution (channel diameter) is 205 pm. Scale bars, 2 mm. (K) Cavities with different widths were designed to evaluate the compatibility between the DIW and
DLP methods. Scale bars, 1 mm.
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The compatibility between the DIW and DLP methods were then
evaluated. To deposit the DIW-printed conductive ink (K867) onto
the DLP-printed structures (TEAA), a cavity structure was designed
to accommodate the ink (Fig. 1K). Three cavities with different widths
were fabricated, corresponding to w = d, 1.5d and 2d, where d is the
nozzle’s inner diameter. A larger nozzle diameter of d = 1 mm was
selected to ensure stable extrusion, with a printing speed of 5 mm/s
and an air pressure of 150 kPa. The cavity height was set to h = d.
Cross-sectional microscopic images revealed that cavity width af-
fects ink filling. The ink fully filled the cavity when w = d; however,
for larger widths, incomplete filling was observed. Movie S7 shows
the match between DIW and DLP printing on the plane.

Design for soft and rigid material interaction

Mechanical failure and electrical instability typically occur at the in-
terface between soft and rigid materials, especially under large de-
formations. We design wavy patterns for the conductive circuit,
discretize the PCB, and design lattice structures to withstand large
deformations without compromising functionality. Figure 2A illus-
trates a two-layer light-emitting diode (LED) circuit, where layer 1
houses a serpentine circuit connected to the power supply, and layer
2 contains circuits linked to an LED. The layers are electrically con-
nected via a vertical circuit (fig. S3A). The serpentine design enhanc-
es flexibility, allowing the circuit to accommodate large deformations
of soft materials (Fig. 2B).

We further discretize the PCB to accommodate the small sizes
and reduce the stress concentration. Figure 2C shows a device with
two discretized PCBs, interconnected by DIW 3D printed curved
conductive circuits to match the stretchability of the soft robot. The
larger PCB is powered directly by a 3.7-V lithium battery, while the
smaller PCB is powered through the 3D printed circuit. LEDs are
embedded in both PCBs to verify connectivity and remain lit under
compression, stretching, torsion, and bending (Fig. 2D). Experi-
mental and finite element (FE) simulated tensile stress-strain curves
show that the flexible circuit can withstand up to 40% strain (blue
curve and markers), with both LEDs staying illuminated during
stretching (Fig. 2E and movie S2). The simulated maximum strain at
the interface between the soft matrix and rigid PCBs occurs at the
PCB corners, reaching ~20%, which is not sufficient to cause sub-
stantial delamination.

Soft robots are often exposed to external forces or impacts, which
can damage internal electronic components. Lattice structures are
designed using integrated 3D printing technology to reduce impact
on rigid electronic devices. Figure 2F presents a lattice structure
with embedded LED circuits, which maintain functionality under
compression (Fig. 2G and movie S3). The lattice design can be tai-
lored to achieve specific stress-strain behaviors. Simulated stress-
strain curves and deformed shapes agree well with the experimental
results (Fig. 2H). Cyclic compression tests at 45% axial compression
are conducted, showing that the lattice LED circuit performs reli-
ably throughout the cyclic tests. By incorporating curved circuits,
optimizing PCB design, and using lattice structures, the electronic
units maintain reliable performance under large deformations.

Structural design of soft actuator

The soft actuator is designed to exhibit multimodal motion by con-
trolling the actuation sequences. The soft actuator comprises two
rows and three columns of feet (Fig. 3A), with each column controlled
by pneumatic channels independently. Each foot has a triangular
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structure with a different thickness, with the left wall measuring
1.1 mm and the right wall measuring 0.8 mm (Fig. 3B). Reinforcing
bars are added to the left wall additionally to further constrain its
deformation. When a negative pressure is applied, the tip of the foot
bends toward the right wall (Fig. 3C). The bending angle 6 increases
with the applied pressure and can reach 45° at —62 kPa.

Forward, backward, left-turn, and right-turn movements are
achieved by independently controlling the actuation sequences of
the three air tubes (Fig. 3D). For forward motion, channels 1 and 3
are actuated in a synchronized sequence, '/4 cycle slower than the
sequence of channel 2. Backward motion is realized by altering the
signal sequence to reverse the progression of actuation. For right-
turn motion, pressure channels 2 and 3 switch in the same sequence
as forward motion, while channel 1 is !/, cycle faster relative to for-
ward motion. The left-turn motion is '/, cycle faster than the right-
turn motion. Figure 3 (E and F) shows experimental snapshots during
the forward and right turning motions, respectively.

Design of soft sensors

Soft sensors are crucial for enabling feedback control in soft robots,
allowing them to perceive their environment and adapt their behav-
ior accordingly. A */4-circle-shaped soft sensor is designed for touch
detection and fabricated using the integrated DLP and DIW 3D
printer (Fig. 4A). The soft shell of the sensor is DLP 3D printed,
while the resistive circuits are DIW 3D printed. A microcontroller
unit (MCU) module and a Bluetooth module are embedded in the
soft sensor to handle signal processing and transmission. A con-
nected battery supplies the necessary voltage to the MCU. The de-
tailed computer-aided design (CAD) model and PCB design are
shown in figs. S3E and S4A.

The */,-circle-shaped soft sensor contains resistive silicone print-
ed by DIW. The resistance of the silicone changes under deforma-
tion. The */, circle of the sensor is evenly divided into three sections,
which are arranged on the left side, the front side and the right side,
respectively. After being divided into three sections (Fig. 4B), the
sensor has four pins, and a fixed voltage of 3.3 V is applied between
the two pins at the end of the */, circle. The MCU on the PCB, which
is embedded in the soft sensor, reads the voltage values on the two
middle pins through the analog-to-digital converter channel. Once
the resistance of any one of the three sections changes, the voltage
values U; and U, at the two middle pins change accordingly. The
Bluetooth on the PCB returns the values of U; and U, in real time
(movie S10). The section under touch can be identified. The di-
rectional inference depends on the comparative analysis between
the two voltages. The algorithm is clarified in section S14. To pro-
vide visual feedback, LEDs are integrated into a 3D printed re-
mote controller, lighting up in different colors to indicate the touch
location—red for left, green for front, and blue for right (Fig. 4C and
movie S4).

Figure 4D demonstrates the voltage readings (top plot) and the
relative voltage changes (bottom plot) for U; and U, under various
touch positions. The relative voltage change is calculated as the dif-
ference between the current voltage and the previous sampling point.
Specifically, when the left side is touched, both U; and U, decrease.
For the front side, U; increases while U, decreases, and, when the
right side is touched, both U and U, increase. Twenty cycles of
2-mm deformations are applied over 30 s for the left, front, and right
sections to assess the repeatability of the sensor (Fig.4, E to G). A

40f12

Gzoz ‘1T Jequieaag uo Aisieniun Buo] cerr reybueys e Hio'90us10s'mmm//:sdiy WoJy papeojumod



SCIENCE ADVANCES | RESEARCH ARTICLE

A B

Bottom
Clrcmts—‘-ﬁ

¥2 44

Layer 1

F LED
Circuits
¥\ = Lattict\e, . =)
GE:
R AL
Sy <l

—— With PCBs (experiment)
—— Without PCBs (experiment)
¢ With PCBs (FE simulation)
e Without PCBs (FE simu[a.tion)

©
T
1

Force (N)

10 20 30 40 50
Strain (%)
H 110 T T T T
— Experiment
100f --~ FE simulation -

0 10 20 30 40
Strain (%)

W
o

Fig. 2. Design for soft and rigid material interaction. (A and B) A two-layer LED circuit with a serpentine design accommodates large deformations of soft materials.
Scale bars, 10 mm. (C) PCBs are discretized to reduce size and stress concentration, with curved circuits used to interconnect the discretized PCBs. Scale bar, 10 mm.
(D) The design maintains functionality under compression, stretching, torsion, and bending. (E) Experimental and FE-simulated tensile stress-strain curves show the de-
sign can withstand up to 40% strain. (F and G) A lattice structure with embedded LED circuits retains functionality under compression. Scale bar, 10 mm. (H) The lattice

LED circuit performs reliably throughout the cyclic tests.

sampling interval of 0.025 s is set, and a low-pass filtering is applied
to eliminate high-frequency noise and improve data reliability. A
threshold (+0.01 V) is set to judge the touch.

Demonstration of remote control

With the rapid development of wearable flexible devices, they are
increasingly being used to enhance human-machine interaction.
Pioneering examples include self-powered electrotactile gloves (52, 53)
and a closed-loop drone interaction system integrating vision, vi-
bration, and electrical stimulation feedback (54). We design a soft

Zhuetal., Sci. Adv. 11, eadz2928 (2025) 17 December 2025

robot that can be remotely controlled via finger gestures and provide
tactile-to-visual feedback. The soft robot consists of a pneumatic ac-
tuator with 3 X 2 feet and a */,-circle-shaped soft sensor. A PCB is
embedded in the soft robot, integrated with MCU, Bluetooth, and a
battery. The MCU continuously measures the voltage changes from
the soft sensor, while Bluetooth transmits the signals to a computer
for further processing.

A finger-worn remote controller is designed (Fig. 5A). It con-
tains two interconnected PCBs (fig. S4, B and C): one with an iner-
tial measurement unit (IMU) for detecting orientation and the other
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Fig. 3. Structural design of the soft actuator. (A) The soft actuator consists of two rows and three columns of feet. (B) Each foot has a triangular structure with varying
thickness on both sides, enabling bending under negative pressure. (C) Experimental snapshots showing the bending shapes under different negative pressures, along
with the dependence of the bending angle 8 on the negative pressure. (D) Forward, backward, left turn, and right turn movements are achieved by independently control-
ling the actuation sequences of the three air tubes. (E and F) Experimental snapshots during forward and right-turning motions. Scale bars, 10 mm.

with a MCU and Bluetooth module. The MCU processes the pitch,
roll, and yaw data measured by IMU, which is then wirelessly trans-
mitted to the computer via Bluetooth. The remote controller allows
users to control the robot’s movements through specific gestures.
Figure 5C shows four basic gestures: forward, backward, left, and right.
Moving the finger upward or downward drives the robot to move
forward or backward, respectively, while rotating the finger controls
left or right movement. Experiments confirm that the robot can be
remotely controlled with finger gestures, moving freely in any direc-
tion on a plane (Fig. 5C and movie S5).

Beyond remote control, the soft robot can send its sensor data back
to the remote controller via Bluetooth, providing tactile-to-visual

Zhuetal., Sci. Adv. 11, eadz2928 (2025) 17 December 2025

feedback (Fig. 5B and movie S5). When the robot encounters an
obstacle, the soft sensor sends voltage signals back to computer,
which identifies the deformed section (left, front, or right). The con-
troller then triggers different LED colors to provide visual feedback
to the user.

As shown in Fig. 5D and movie S10, the stretchable connector
allows the fingers to move freely, including bending and separation,
while maintaining stable signal transmission. The plotted data in
Fig. 5D illustrate the acceleration and orientation angles recorded by
the IMU embedded in the soft remote controller during different
control gestures. The red-highlighted section in Fig. 5D indicates
that the fingers can move quickly and naturally without discomfort,
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Fig. 4. Design of a soft sensor. (A) A 3/,-circle-shaped soft sensor design. (B) The soft sensor has four pins connected to the MCU module, forming a simplified circuit with
three resistors in series. (C) LEDs integrated into a 3D printed remote controller light up in different colors to indicate the touch location: red for left, green for front, and
blue for right. (D) Voltage readings (top plot) and relative voltage changes (bottom plot) for U; and U, under various touch positions. (E to G) Twenty cycles of 2-mm de-
formations were applied over 30 s to the left, front, and right sections, respectively, to assess the repeatability of the sensor. Scale bars, 10 mm.

and the signal remains stable throughout these deformations. This
demonstrates that the stretchable connector not only enhances me-
chanical comfort but also ensures robust signal reliability during
dynamic finger motions. The wearable controller attached to the fin-
ger is mainly designed as a concise and intuitive control interface,
analogous to teleoperation. Its purpose is to replace the convention-
al remote controller with a more direct control approach using fin-
ger motion. The control of the robot may become less stable and

Zhuetal., Sci. Adv. 11, eadz2928 (2025) 17 December 2025

efficient during finger separation and bending, and that a rigid design
could better ensure reliable signal transmission for robot control.

The lattice structure (fig. S3F) enables the soft robot to maintain
its functionality even after undergoing large deformation. Figure 5E
and movie S11 demonstrate the robot’s performance under such
conditions. Following large deformations, including pressing, slap-
ping and punching, both the multimodal motion and the tactile-to-
visual feedback remain functional.
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sensor data back to the remote controller via Bluetooth, providing tactile-to-visual feedback. Scale bar, 50 mm. (C) Four basic gestures—forward, backward, left, and
right—control the movement of the soft robot. Scale bar, 50 mm. (D) Acceleration and orientation angles recorded by the embedded IMU during different control ges-
tures. The red-highlighted section indicates finger bending and separation, which deform the remote controller. (E) Both remote control and tactile-to-visual feedback
function properly (a). The robot undergoes pressing, slapping, and punching (b). The soft robot remains functional after deformation (c).
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Demonstration of automatic obstacle avoidance

The ability of the soft robot to navigate environments without hu-
man intervention is demonstrated. The control panel includes a cus-
tomized mini-PCB (20 mm by 15 mm by 1 mm) with a Bluetooth
module, an IMU and three time-of-flight (TOF) sensors (Fig. 6A
and fig. $4D). The IMU tracks the yaw angle and acceleration to
monitor movement direction and status. The TOF sensors, mounted
on the front, left, and right, measure obstacle distances, with a
60-mm threshold to prevent collisions. The Bluetooth module en-
ables real-time path planning via computer communication.

Figure 6 (B and C) illustrates the robot’s obstacle avoidance logic
in different scenarios. In Fig. 6B, the robot moves forward until the
front-facing TOF sensor detects an obstacle. It then turns 90° left,
with the IMU ensuring accurate rotation (i). The robot proceeds
forward until it clears the obstacle (ii), then turns 90° right (iii), and
continues in another direction (iv). Figure 6C depicts a dead-end

A TOF sensor B iiiﬂ'...“.._‘

x3

Obstacle bars —

"""""é:"‘"'f'\"'""

Dead ends

scenario where obstacles block three sides. The robot reverses until
it is no longer obstructed (i), turns 90° left (ii), moves forward (iii),
and then turns 90° right (iv) to resume its path (v).

To validate the robot’s autonomous decision-making capabilities,
two obstacle mazes are designed (Fig. 6, D and E, and movie S6).
In Fig. 6D, the soft robot starts at the top left and navigates an S-
shaped maze with two obstacle bars. It successfully detects and avoids
them to reach the target at the bottom right. In Fig. 6E, the soft robot
starts at the bottom left and encounters two dead ends before reach-
ing the target at the bottom right. The results confirm the robot’s abil-
ity to recognize and navigate dead ends without getting stuck.

DISCUSSION
We have introduced a general design and manufacturing method for
autonomous soft robots, which integrates soft actuators, sensors,

C iv (’. ..... <

~—— Obstacle

Fig. 6. Automatic navigations. (A) The control panel includes a customized mini-PCB with a Bluetooth module, an IMU, and three TOF sensors. Scale bar, 10 mm. (B and
C) Obstacle avoidance logic of the soft robot in different scenarios. (D) Autonomous navigation through an S-shaped maze with two obstacle bars. Scale bar, 50 mm.

(E) Automatic navigation through a maze with dead ends. Scale bar, 50 mm.
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flexible circuits, discretized PCBs, signal transmission components,
processing units, and batteries into a small-scale structure. In con-
trast to traditional manual fabrication methods, such as molding and
assembly, which are often time-consuming and prone to manufac-
turing errors, the integrated 3D printing method allows for precise,
automated production. This approach not only enhances the fabri-
cation accuracy but also enables the creation of complex geometries,
made possible by the DLP components, and the incorporation of
functional materials through DIW, offering capabilities that current
methods cannot achieve. The developed DLP-DIW 3D printing plat-
form enables the automatic fabrication of complex structures com-
posed of multiple materials. This system provides a versatile platform
for the monolithic fabrication of soft robots with diverse structural
and material configurations.

The advancement of fabrication technologies improves the de-
sign phase as well. We have discretized PCBs and designed lattice
structures and curved conductive circuits to address the strain mis-
match between rigid and soft materials. The discretized PCBs help
alleviate stress concentrations at the interface between rigid and soft
components. Note that rigid PCBs were used in this work. Flexible
PCBs, with their compliant substrates, could further improve the
robot’s flexibility by better accommodating bending and twisting
deformations. Various lattice structures with tailorable mechanical
performance can be designed to absorb energy and resist large de-
formations. The curved design of the circuits enhances their flexibi-
lity, enabling them to better accommodate large deformations of
soft robots.

The maximum size is constrained by the DLP projector’s printing
area, which is around 108.5 mm by 61 mm. If larger size is required,
then the printing area of the DLP projector should be increased. If
larger dimensions are required, then the printing area of the DLP
projector can be increased in several ways: (i) replacing the DLP pro-
jector or optical lenses to enlarge the printing area—although this
may come at the cost of reduced resolution; and (ii) applying splicing
techniques in DLP 3D printing to achieve large-format fabrication,
although this introduces challenges such as seam alignment accu-
racy and ensuring consistent mechanical properties across joints.

In this work, lattice and wavy structures are used to reduce failure
in soft robots subjected to large deformations. Another monolithic
integration approach is the use of gradient-stiffness—programmed
circuit boards, achieved through spatially controlled phase transitions
of supercooled hydrogels, which can offer enhanced electromechan-
ical stability for stretchable electronics integration (55). The presence
of pneumatic pumps and tubing restricts the mobility of soft robots.
To mitigate their effects, only one pump is used for the three actua-
tions by using three two-position, three-way valves (5 g each). More-
over, a miniature pump is used to reduce the weight. As a result, the
total hardware system weight was reduced to 100 g (fig. S1B). Re-
cently, several studies have explored untethered pneumatic soft robots,
such as integrating pumps directly into the robots (56, 57) and devel-
oping untethered soft pumps based on phase transition mechanisms
(58), which offer promising approaches for untethered soft robots.

MATERIALS AND METHODS

Material preparation

The hybrid resin TEAA is a mixture of the commercial UV-curable
resin Tango and EAA. The UV-curable resin Tango was purchased
from Stratasys (MN, USA) and chosen to be the base material. The

Zhuetal., Sci. Adv. 11, eadz2928 (2025) 17 December 2025

EAA was purchased from Allnex (Germany). The UV-curable resin
TEAA was prepared by mixing the Tango and EAA at the 6:4 weight
ratio. The hybrid resin was mixed at 2000 rpm for 1.5 min and then
centrifugated at 2200 rpm for 1 min, using the planetary centrifugal
mixer (ARE-310, Thinky, USA). The conductive silicone (K867) and
resistive silicone (K868) were purchased from Kingstar (China). The
electrical conductivity of conductive silicone is 90 S/cm, and the one
of resistive silicone is 26 S/cm. To measure the electrical conductiv-
ity of these two materials, we designed a rectangular mold (15 mm
by 5 mm by 2 mm), where the silicone was poured and cured. We
then used a multimeter to measure the resistances of the silicone
samples along the length. The electrical conductivity o of the sili-
cone samples was calculated as

L
o0=—""—
RxWXT W
where R is the resistance of the sample, L is the distance between the

two electrodes that measure the resistance, W is the width of the
sample, and T is the thickness of the sample (59).

Pneumatic control system

The soft robot was actuated by three pneumatic channels to enable
multimodal motion. The whole pneumatic control system includes
a control board, a battery, a Bluetooth module, an air pump, and
three two-position, three-way valves (fig. SIA). Each valve connects
to the air pump, the soft actuator, and atmospheric pressure. The
entire system weighs ~100 g (fig. S1B). When a valve is open, it links
the soft actuator to the pump, generating negative pressure to de-
form the feet. When closed, the channel connects to the atmosphere,
and the feet restore to their original shape. This mechanism enables
a single air pump to control all three channels efficiently. A universal
asynchronous receiver-transmitter (UART) serial port is included on
the control board (fig. S1C) to connect a Bluetooth module. The air
pump and valves are controlled via four metal-oxide-semiconductor
field-effect transistor switches instead of conventional electromag-
netic relays, further reducing weight. The PCB design of the control
board is shown in fig. S1D.

Compression test of the lattice with embedded circuit

Compression tests were conducted using a universal material test-
ing machine (Instron 68SC-2, USA) at a speed of 40 mm/min. The
lattice structure had a height of 15 mm, and a 7-mm compression
was applied for 10 cycles. At a maximum compression of ~45%, the
force exerted on the lattice with embedded circuits reaches around
95 N. During the test, a 6-V voltage was applied to the LED circuit,
which operated reliably throughout the compression cycles (Fig. 3H).

Stretching test of flexible electronics embedded with PCBs
The stretching tests were conducted using the universal material
testing machine at a speed of 10 mm/min. The flexible electronics
were powered by a 3.7-V lithium battery, with the larger PCB pow-
ered directly by the battery and the smaller one powered through
the printed circuits. After embedding the PCBs, the stretching frac-
ture strain of the structure is ~40%, showing negligible difference
from the fracture strain of the structure without PCBs (Fig. 3E).

Finite element simulations
Finite element simulations were conducted using the commercial

software ABAQUS (3D Systems, Rock Hill, SC, USA) to analyze the
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mechanical behavior of 3D printed structural circuits (figs. S8 to S10
and movie S9). The printable material properties were characterized by
the Neo-Hookean model, with material constants set as ¢; = 0.7 MPa
for TEAA and ¢; = 0.82 MPa for conductive silicone. The strain en-
ergy density function was given by W = ¢;(I¢ — 3), where Ic denotes
the first invariant of the right Cauchy-Green tensor. The PCBs were
modeled as rigid bodies. The simulations used 10-node quadratic
tetrahedral elements (C3D10M), with refined meshing to ensure com-
putational accuracy. Mechanical testing was simulated under both
tensile and compressive loading conditions. For tensile loading, quasi-
static simulations were performed using the Abaqus/Standard solver,
where the left surface of the structure was fixed, and displacement
boundary conditions were applied to the right surface. For compres-
sive loading, dynamic simulations were conducted using the Abaqus/
Explicit solver. The circuit was placed between a fixed supporting
plate and a downward-moving loading plate, which was constrained
in all other degrees of freedom. The loading rate was set to 1 mm/s.
Contact interactions were modeled using the general penalty contact
scheme with a friction coefficient of 0.2.
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Sections S1to S15

Figs.S1to S13
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Legends for movies S1 to S12
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