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Abstract

Because they are made of elastically deformable and compliant materials, soft robots can passively change
shape and conform to their environment, providing potential advantages over traditional robotics approaches.
However, existing manufacturing workflows are often labor intensive and limited in their ability to create
highly integrated three-dimensional (3D) heterogeneous material systems. In this study, we address this with
a streamlined workflow to produce field-deployable soft robots based on 3D printing with digital light
processing (DLP) of silicone-like soft materials. DLP-based 3D printing is used to create soft actuators (2.2 g)
capable of exerting up to 0.5 Newtons of force that are integrated into a bioinspired untethered soft robot. The
robot walks underwater at speeds comparable with its biological analog, the brittle star. Using a model-free
planning algorithm and feedback, the robot follows remote commands to move to desired positions. More-
over, we show that the robot is able to perform untethered locomotion outside of a laboratory and in a natural
aquatic environment. Our results represent progress in soft robot manufacturing autonomy for a 3D printed
untethered soft robot.

Keywords: 3D printed soft robots, untethered, bioinspired

Introduction

Inspired by soft organisms in nature, soft robots have seen
a resurgence in recent years thanks to the potential for more

lifelike, more adaptable, and safer systems.1–3 They have also
shown promise in exploration of underwater environments.4

Rather than using rigid linkages connected by motorized joints,
as in traditional robots, soft robots incorporate more flexible and
compliant materials, such as silicone rubber.5 Usually, these
robots are fabricated in complex custom molds.6,7 Although

replica molding has the potential to scale well for industrial
scale manufacturing and are compatible with popular materials
such as silicone, they have several distinct disadvantages.

First, design versatility is limited to moldable geometries:
stark overhangs, thin walls, and complex internal geometries
present significant problem.8 Practically, the mold design
task presents significant design and engineering overhead. In
addition, iteration upon an early-stage design requires pro-
ducing a new mold for each prototype, a process that can be
time consuming and expensive. Together, these issues impair
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the ability of many practitioners in the field to create soft
robots with complex three-dimensional (3D) structures and
rapidly iterate through design.

Additive manufacturing (AM) methods such as 3D
printing have the potential to alleviate the aforementioned
issues through direct write fabrication processes, which can
save time and labor and reduce the number of steps for
fabrication.9 However, despite its tremendous promise and
potential, 3D printing has not yet been widely adopted in the
fabrication of soft robotic systems.10 Many factors may play
a role, but one important reason lies in the limited me-
chanical properties of the soft materials that are printable
with commercial 3D printing systems. To overcome this,
researchers have used direct ink write 3D printing tech-
nology for printing silicones. However, these need hours to
cure and the lateral resolution is determined by the size of
printing nozzle.11

Another disadvantage of this technique is that it requires a
support bath for printing overhang structures, which limits
the use of these technique for fabricating structures with high
complexity.12 There are other printing platforms that can be
used for printing elastomers or soft materials. These include
digital light processing (DLP), stereolithography, polyjet,
and binder jetting. Compared with other techniques, DLP-
based 3D printing is relatively low cost and high throughput.
Printing takes place in a liquid environment comprising
monomers, cross-linker, and photoinitiators. It can generate
highly complex structures with overhangs at multiple scales
with submicrometer resolution. In recent years, researchers
have made advancement in DLP-based 3D printing such as
continuous liquid interface production enabling 100 times
faster printing,13 projection micro-stereolithography (p-lSLA)

providing micro to submicrometer printing resolution,14 and
large-area p-lSLA creating 3D features spanning from
nanometers to centimeters.15

In this study, we contribute a pipeline for rapid prototyping
of fieldable untethered soft robots with 3D printed elastomer.
This study leverages recent methods developed by Patel et al.
for printing a stretchable and UV-curable (SUV) elastomeric
resin with tunable mechanical properties and elongation at
break from 240% to 1100%,16 which is yet to be leveraged to
develop fully autonomous soft robots. Referring to Figure 1A
and B, we use DLP to print the resin and create elastomeric
structures that have silicone-like compliance and elasticity.

Leveraging the high printing resolution (100 lm along Z
and 27 lm along X–Y), we design and print a dedicated
structure to embody and fix shape memory alloy (SMA) coils.
The 3D printed structures with embedded SMA function as
soft robot actuators that have low stiffness and are highly
deformable (Fig. 1C). With this manufacturing approach, we
are able to create untethered soft robots, such as the legged
robot shown in Figure 1D–F inspired by the brittle star. Al-
though the design is similar to previously reported robots,17

the specifics of this design is not the contribution.
This study advances the fields of soft robotics and AM by

introducing a workflow that uniquely combines DLP-based 3D
printing, soft and elastic rubber, untethered soft robot function-
ality, and bioinspired mobility. Previous efforts at 3D printed soft
robots have largely focused on implementations that are teth-
ered,11 that is, the robot’s power source and/or control electronics
are located away from the robot. Although this makes sense in
many applied contexts—for example, pipe exploration, hospi-
tals, and nuclear facilities—it is disadvantageous for a mobile
and autonomous robot meant to traverse unstructured terrain.18

FIG. 1. Fabrication process for 3D printed robot. (A) Rendered depiction of the printer with the critical components
labeled. (B) Rubber-like 3D printed elastomer at 0% and 100% extension. (C) Top: Rendered model of a cut section of the
actuator to highlight the location of several important features, including the SMA, power wire (connecting to the positive
terminal of the battery), and notches. Bottom: Photos of deformed actuators to showcase flexibility. (D) Robot CAD
Rendering. (E) Explosion of robot features showing the critical components of the robot. (F) Photo of the robot sitting in a
tank. 3D, three-dimensional; CAD, computed aided design; CMU, Carnegie Mellon University; SMA, shape memory alloy.
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Although there are examples of 3D printed systems that are
untethered,19–23 these are not mobile robots that are capable
of performing controlled goal-oriented locomotion tasks.24–27

In addition, in this study we demonstrate preliminary results
of robot performing in a natural environment. Referring to
Figure 2, the manufacturing workflow presented in this arti-
cle is capable of producing bioinspired robots that captures
all aspects of soft actuation, mobility, untethered function-
ality, field operation, and 3D printed elastic elements.

Materials and Methods

3D printing and robot fabrication

The soft robot is composed of elastomeric limbs that are
embedded with coils of nickel–titanium SMA. When elec-
trical current is supplied to the SMA, the coils contract and
cause the limb to bend in a prescribed direction. As shown in
Figure 1C, each limb actuator contains four SMA coils,
which allow for bi-directional motion in and out of the plane.
This approach to creating SMA-powered soft robot limbs is
based on design principles previously reported in Patterson
et al.17 and Walters and McGoran.28

Referring to Figure 1C, the soft robot limbs are 4.5 cm long
3D elastomeric structures with ellipsoid cross sections
(12 · 6 cm) composed of outer notches and inner channels (in
which the SMA coils are inserted). The notches reduce the
actuator’s mechanical resistance to bending by reducing the
amount of material that must be deformed for a given actuator
bend angle. Figure 1C (top) shows a rendering of the design,
highlighting the critical features and Supplementary
Figure S1 shows a detailed engineering drawing. The actu-
ators are 3D printed using a DLP-based 3D printer (Pi-
coHD@27, Asiga) using a SUV elastomeric resin.

The elastomeric resin used for 3D printing consists of
epoxy aliphatic acrylate (EAA; Ebecryl 113, Allnex USA)
and aliphatic urethane di-acrylate (AUD; Ebecryl 8413,

Allnex, USA) in ratio 1:1 by wt. 2% Diphenyl(2,4,6-
trimethylbenzoyl)phosphine oxide (TPO; Genocure TPO,
RAHN USA Corp.) of total weight of the polymeric/elasto-
meric resin was added as the photoinitiator. The printer is a
top–down DLP system with a digital mirror device and a
ultraviolet light emitting diode (UV–LED) light source op-
erating at 385 nm. The printer was maintained at 42�C during
printing and each layer was irradiated for 1 s and layer
thickness was 100 lm.

The detailed printing parameters are included in Supple-
mentary Data, Supplementary Table S1. The printed struc-
tures were sonicated with isopropyl alcohol for 3 min to
remove uncured resin followed by a 5 min postcuring in a UV
oven (UVP CL-1000 UV Oven). Supplementary Figure S4A
shows a stress–strain curve for a dog bone-shaped sample
(ASTM D412) of elastomer printed using this technique. It
was observed that the strain at failure is *240% (Supple-
mentary Fig. S4A). This particular material was chosen be-
cause of its high similarity to conventional silicone rubber,
especially in its hyperelastic material response. The material
is closer to silicone rubber than commercial 3D printed
rubbers such as thermoplastic urethane (TPU).

After printing the actuator form factor, SMA coils are
stretched and cut to size (*40 mm). They are inserted into
their respective holes in the printed part. At the distal end of
the actuator, they are crimped together with the central wire.
At the proximal end, they are each crimped to an individual
wire. A dab of fast cure one-part super glue (Loctite Gel) is
placed at each crimp to secure it to the actuator.

The manufacturing method introduced here is used to
create a soft robot inspired by the brittle star, a mobile species
of sea star that uses its flexible arms to pull itself along the
ocean floor. In contrast to a previous implementation,17

which we produced using conventional elastomer molding
methods, the 3D printing approach developed here enabled us
to implement a much smaller design (that would be difficult

FIG. 2. Progression of soft robotics engineering. (A) Single 3D printed soft actuator.28 (B) Tethered 3D printed soft
robot.44 (C) Untethered robot with rigid and flexible components.23 (D) Fully untethered and autonomous 3D printed soft
robot without mobility.19 (E) This study builds off previous work by combining untethered mobility and feedback to enable
autonomous goal-oriented behavior and performance in unstructured environments outside the laboratory.
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or infeasible with casting techniques) inspired by smaller
brittle star species, such as Ophioderma appressum.29 Despite
its small size, the robot is fully untethered—that is, contains
all necessary power and control electronics onboard. After all
actuators are fully fabricated, five of them are connected to a
custom printed circuit board (PCB). The PCB contains the
microcontroller (BL652 SoC with nRF52832), transistors for
control of the SMA, and voltage regulation to step the 7.4 V
battery down to 3.3V for the microcontroller.

The PCB is then sealed in silicone (Smooth-On Dragon-
Skin 10) to prevent water damage. The actuators and sealed
PCB are then inserted into the 3D printed robot body. An off-
the-shelf drone battery (Venom Fly 30C 2S 300mAh) is
waterproofed with a liquid rubber sealant (Flex Seal) before
being cast in foam (Smooth-On Soma Foama 15) to reduce
the effective weight in the water. Finally, An AprilTag fi-
ducial30 is placed at the top of the robot for visual tracking
(Fig. 1F). Overall, the robot is 12.4 cm in diameter, has a mass
of 65 g, and has an overall specific gravity of 1.15.

To activate an actuator, the microcontroller sends a signal
to the transistor gate, which pulls one end of the SMA to
ground, whereas the other is held at 7.4V by the battery. The
amount of time that the gate is held high on the resistor, which
we call activation time, is proportional to the current that is
provided to the SMA. Because the SMA has a given resis-

tance, the current produces Joule heating, which causes the
SMA to undergo a phase change from the compliant det-
winned martensite phase to the stiff austenite phase. This
phase change is accompanied by a macroscopic contraction.
Therefore, the activation time is proportional to the force and
the strain produced by the actuator.

Robot experimental setup

The robot functions using similar locomotion gaits to the
brittle star. These gaits are based on the pentaradial symmetry
of the brittle star morphology in which each limb is equally
equipped to be the ‘‘front’’ or the ‘‘leading limb.’’31 After the
identity of the leading limb is determined, the two limbs
adjacent to that limb are moved in a ‘‘rowing’’ motion,
pulling the robot or organism along the substrate. The three
remaining limbs remain passive. Figure 3A shows a diagram
of a single gait cycle under this locomotion scheme. The arms
swing forward and then down to push the robot off the surface
before swinging back to push the robot forward. To accom-
plish this gait, a set of SMA activation times, the control input
in this study, is determined by trial and error (Fig. 3B, C).

Using Ohm’s law and given the specifications of the bat-
tery, the measured resistance of the SMA circuit (3O), and the
timing characteristics of the gait, power consumption and

FIG. 3. Robot gait. (A) The robot moves forward with a bioinspired rowing gait during which the arms to either side of
the ‘‘leading limb’’ are swung forward and planted in the ground before pulling the body forward. (B) Sequence of inputs to
the SMA actuators for each of the active limbs during a single gait cycle. (C) Shows the position of the SMAs for the
presented gait cycle.
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battery life of the robot can be estimated. Based on this, the
power for a single actuation is found to be 18.25W, whereas
the average power over a gait cycle is 6.85W. With the used
battery, operation time for a single charge at this gait is about
20 min.

The feedback control algorithm is described as follows. A
target position is selected by the operator by clicking on a
display of the environment. The planner considers five po-
tential actions, or motion primitives, one corresponding to the
direction of each limb. The camera finds the position and
orientation of the Apriltag fiducial. A transition model is then
used to find the action expected to minimize the distance to
the target. This transition model essentially states that the
motion primitive will move the robot 2 cm in the direction of
the limb corresponding to that primitive, without changing
direction. This results in a greedy policy where the planner
only considers the effect of the action on the next state. The
algorithm is formally specified in Algorithm 1.

The robot runs a custom microcontroller program that
controls the limbs. It receives instructions for input identity
and magnitude through Bluetooth Low Energy (BLE) from a
remote microcontroller (also nRF52832). This remote mi-
crocontroller receives these instructions through the serial
port from custom Python scripts on an Ubuntu computer.

The robot can move in the open loop in any underwater
environment. In our test setup, we included an overhead
camera (Intel Realsense D435) to enable feedback. The camera
is placed *54.3 cm above the container that is used for the
water tank. A piece of Rock-on-a-Roll from Aquatica Water
Gardens covers the bottom of the tank to provide a more fric-
tional surface than the bare plastic. Performance of the robot on
Rock-on-a-Roll versus bare plastic is presented in Supple-
mentary Figure S7. A remote computer running the software
stack is nearby and is connected to the remote microcontroller.
Of course, Bluetooth transmission is woefully short-range
through water. We observe that it rapidly degrades for this
robot over a distance of 30 cm in water. Therefore, for extended
operation at realistic depths, the gait must be hard coded into

the robot. A second camera is placed in front of the container on
a tripod to capture high-resolution footage. See Supplementary
Figure S5 for a photo and schematic of this setup.

To conduct the field tests of the robot, the robot was
transported to Panther Hollow Lake in Schenley Park in
Pittsburgh, USA. The robot was placed in the water and in-
structed to move using one of its motion primitives. A GoPro
Hero 2 Camera attached to a tripod was used to capture the
video underwater.

Results

Actuator characterization

To gauge actuator performance, the elastomer material and
the actuators were put through a battery of tests. First, a
blocking force test was performed on the fabricated actuator
to get an understanding of the actuator force output. The
blocking force is relevant because the resulting force is the
upper bound of force output that can be commanded during
locomotion. The actuators are actuated while up against a
force plate to prevent motion. The actuator is clamped to an
acrylic fixture that is held in place by the Instron clamp (see
schematic in Fig. 4A inset and photo in Supplementary
Fig. S2). An acrylic plate is affixed to a universal testing
machine (Instron 5969, 10 N load cell).

The actuator is then activated for various levels of the input
and the data are collected by the Instron DAQ. Matlab was
used for postprocessing. In this study, we use activation time
as our control input to keep the results consistent with the
control input of the robot, which is presented in the following
subsections. We vary the activation time from 50 to 300 ms.
Results from the blocking force test for 11 actuators are
shown in Figure 4A, whereas a schematic of the test setup is
displayed as an inset. It was observed that as the activation
time is increased, the blocking force also increases with a
roughly linear dependency. With activation times of 200 and
300 ms, the observed blocking force is *0.45 – 0.09 N and
0.5 – 0.14 N, respectively.

Using the same blocking force test, a longer-duration test
was performed on a single actuator to determine any degra-
dation of performance after multiple cycles (Fig. 4B). The
actuator was periodically activated with a 70-ms pulse every
10 s for >2500 cycles. These activation parameters were set to
ensure that the actuator can fully cool before an additional
actuation to prevent thermal buildup. It was observed that
beyond 2600 cycles, the device was functional and producing
similar forces.

Next the forces of the actuators are characterized in a more
realistic scenario where the actuator is activated tangentially
to the ground. Ideally, the actuator sticks due to frictional
forces. To collect force data, an ATI Nano17 6 axis trans-
ducer is attached to a custom 3D printed plastic (VeroWhite)
plate and bolted to an optical table. The actuator is held
parallel to the plate and is lowered until just touching. We
then program a similar gait as described for the robot and
record forces from the plate. This test is performed on the
high-friction Rock-on-a-Roll surface and on smooth Vero-
White, with results plotted in Figure 4C.

The actuator’s angular displacement is then characterized
at different frequencies to show actuation-recovery cycles
under both antagonistic and nonantagonistic (unforced re-
covery) actuation scenarios (Fig. 4D).
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Robot function

The robot’s core functionality is to reach a desired location
within an underwater environment. The feedback used to
accomplish this task is produced by an overhead camera.
Using the gait from the previous section as a motion primi-
tive, the robot functions as follows. First, a goal position is
chosen by the operator on a remote computer by clicking on
the screen. The limb that is most directly pointing toward the
goal is then selected as the leading limb and the gait cycle is
executed. After this gait cycle, the camera is again used to
determine the leading limb. This process repeats until the
robot has reached the goal (within an arbitrary threshold).
Figure 5 shows a demonstration of this functionality and the
corresponding video is shown in Supplementary Movie S1.
The robot moves with an average velocity of 0.7204 cm/s, or
0.06 BL/s. This speed is in line with speeds of brittle stars
observed in Astley.31

After validating the performance of a robot in the labora-
tory, we built a new one and brought it to a local lake to

demonstrate that it can perform in unstructured terrain out-
side of the laboratory. We note that the color of the fielded
robot (shown in Fig. 6) is red. This is a cosmetic change to
increase visibility that is induced by adding dye to the 3D
printable resin. It has no effect on material properties. The
robot was placed in the lake and remotely instructed to per-
form its previously specified gait in the open loop (see
Fig. 6A for setup). The robot moved itself over the flora-
covered bottom of the lake, leveraging its flexibility and
untethered architecture to avoid being tangled or destroyed in
the presence of unmodeled interactions (Fig. 6B). It was
closely approached by some local wildlife as well, including
the fish shown in Figure 6B and several frogs. For a video of
the robot operating in the field, see Supplementary Movie S2.

Discussion and Conclusions

In this study, we used a recently developed 3D printable
elastomer to produce an untethered robot that can autono-
mously navigate to a user-specified location. In Figure 2, we

FIG. 4. Characterization. (A) Blocking force test results for 11 samples with schematic of test inset. Error bars represent
standard deviations (B) Long-term blocking force test results with a single sample activated for *2500 cycles. The red line
represents a moving average. (C) Friction force tests showing the tangential force from single actuators performing the robot
gait for a rough and smooth surface. (D) Frequency versus angular displacement experiments. Antagonistic actuation refers
to trials in which opposing pairs of SMA coils are actuated, whereas single-sided actuation refers to trials in which the
opposing pair of coils is not actuated, meaning that all recovery is exclusively due to the passive elasticity of the printed
material.
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show a visualization of how this study is contextualized and
built upon previous work within the field. The combination of
highly flexible elastomeric material, untethered design, and
high-level feedback-driven motion planning represents a step
forward toward 3D printing fully autonomous bioinspired
soft robots capable of operation in the real world.

We chose SMA as the actuator because it is relatively
compact, has high work density,32 and is easily integrated

into a fast-moving untethered robot.33 However, SMA has
several limitations that diminish its effectiveness as an ac-
tuator for this application, especially low power efficiency
and high shape change variability due to environmental
conditions, loading, and manufacturing variance.34 Although
we tried to reduce or eliminate these limitations, some are
unavoidable. For example, it is likely that small differences in
the amount of preload on the actuator during assembly can
account for a significant portion of the high variance in force
output and angular displacement that we observed across
samples, as shown in Figure 4.

This limitation could be mitigated by incorporating on-
board sensing to measure states that are relevant to locomo-
tion, such as the curvature of the limbs or the contact forces
with the ground.35 Incorporating such sensors would enable
the robot to operate with far more autonomy and would allow
controllers to compensate for differences in performance of
the actuator. Another possible improvement is to incorporate
thermoelectric materials for more precise control of heating
and cooling. This could leverage some of the soft thermo-
electric material architectures recently introduced by Zadan
et al.36,37

Even with such drawbacks, our robot was able to function
in the field in an aquatic environment. It is also notable that
the robot was approached by multiple animals during our
experiments, including a frog that used the robot as a hiding
spot and a fish that approached within a few centimeters. It
has previously been noted that soft robots may be valuable as
ecological survey tools because of their relatively limited
impact on the environment.38–40 Our robot seemed to not
disturb the wildlife at all, possibly because of its low oper-
ating sound and smooth stable motion that avoided the cre-
ation of turbulence or turbidity.

Further systematic study is necessary to determine what
sort of soft and rigid robots can closely interact with
aquatic wildlife, but our result suggests that such a robot
may be useful for underwater surveys, particularly in
benthic regions with lots of fragile wildlife. Owing to

FIG. 5. Robot-controlled demonstration. (A) Images of the robot navigating between desired goals, which are simply
positions in 2D space commanded by the teleoperator. In top 3 panels, the robot moves to the position represented by the
red star marked Goal #1. After reaching Goal #1, the robot waits for new instructions. The user inputs a new goal position,
Goal #2, and the robot navigates to this goal in the bottom panels. (B) Path followed by the robot. (C) Distance to the goal
position plotted for the depicted trial. 2D, two-dimensional.

FIG. 6. Operation in a natural aquatic environment. (A)
Field test setup. (B) Robot as it moves along the bed of the lake.
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limited access to the lake with available filming equip-
ment, the robot’s operation was limited to where we could
readily film with a GoPro. Future field tests can use re-
motely operated tracking and filming technology to ex-
plore more remote areas of the lake.

One obvious criticism of the tests is that they are per-
formed in relatively shallow water. During this study, we
did not have access to substantially deeper water or a
pressurized test setup to test, for example, deep ocean
conditions. However, we can see from the existing literature
that soft robots perform well at substantial depths.41 The
decrease in performance or outright failure of our robot as
we increase depth of operation come from two main factors.
First, as characterized in Supplementary Figure S4E, as the
temperature drops, the amount of activation time and,
therefore, current necessary to achieve substantial actuation
rises linearly.

This is easily remedied by using a design that isolates the
SMA from the water. Second, as the pressure increases the
electronics may fail. When exactly this will occur is hard to
say without Finite Element Analysis or experiment, but Li
et al. provide us with estimates.42 According to their article,
the density of electronics and potting in silicone are the
critical factors determining whether the electronics will fail.
In this study, distances between components of >2.4 mm are
recommended. We are close to this threshold. Also, our cir-
cuit is potted in silicone for pressure tolerance.

Another area of improvement is the drop in autonomy
in the field. This is due to the use of the benchtop camera
for feedback of the robot’s position and the use of
Bluetooth communication to get that information to the
robot. Since the Bluetooth signal attenuates in water, it is
unreliable in realistic conditions. One approach from the
literature is to instead use acoustic transmission, but this
is far too large a payload for a robot at our scale and,
furthermore, is very power-hungry. There are two possible
approaches that come to mind instead. One is to operate in
tandem with a traditional submersible vehicle that can drop our
robot into the field, monitor its progress from afar, and get in
close to communicate when necessary. However, turbidity in
the water and occlusions would be issues with this approach.
The other option, one that may be more favorable, is to instead
add an inertial measurement unit (IMU) to the robot and es-
timate the robot’s state onboard as best as possible, eliminating
the necessity of wireless communication for closed-loop
navigation.

In closing, we have shown that we can rapidly fabricate
and deploy untethered and autonomous soft robots. This is
enabled through the use of DLP-based 3D printing to create
rubber-like actuators with complex miniaturized features not
possible with 2.5D elastomer molding. As in19 and other soft
robot implementations that involve AM, we note that not all
elements of the robot were produced with 3D printing. Only
the elastomeric limbs and the main body (to carry electronics)
are 3D printed with DLP and the SMA coils, circuit board,
battery, and microelectronics are all incorporated later in the
manufacturing process. As soft actuator and printed elec-
tronics and battery technologies continue to advance, along
with advances in soft matter computation and power trans-
mission,43 it could eventually be possible to create untethered
mobile soft robots that are composed entirely of 3D printed
materials.
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