
Miniaturized Untethered Soft Robots Using
Hydrogel-based Soft Voxel Actuators*

Roozbeh Khodambashi1, Spring Berman2, Ximin He3 and Daniel M. Aukes1

Abstract— Current soft actuators rely on additional hard-
ware such as pumps, high voltage supplies, light generation
sources and magnetic field generators for their operation.
These components resist miniaturization and embedding them
into small-scale soft robots would be challenging. This limits
their mobile applications where the entire system needs to
be untethered especially in hyper-redundant robots where a
high number of actuators are needed. Here, we introduce
miniature and untethered robots made of soft voxel actuators
(SVAs) – an active voxel using stimuli-responsive hydrogels
actuated by electrical currents through Joule heating. SVAs
weighing only 100 mg require small footprint microcontrollers
for their operation which can be embedded in the robotic
system. We have demonstrated the advantages of hydrogel-
based SVAs through a hyper-redundant manipulator with 16
actuators and an untethered miniature robot for underwater
mobile applications.

I. INTRODUCTION

Inspired by biology, soft robot developers try to utilize the
advantages inherent in soft, compliant matter to achieve safer
interactions around humans or more robust locomotion and
manipulation in unstructured environments [1], [2], [3], [4].
Soft pneumatic actuators (SPAs) [5], [6] are the most widely
used category in soft robotics. SPAs use passive materials
such as silicone and rely on rigid components such as motors
and pumps that are difficult to downscale and therefore,
manufacturing small-scale soft actuators which have appli-
cations as envisioned by [7] has remained a bottleneck in the
development of miniaturized soft robots [8].

Stimuli-responsive, soft materials have shown promise in
solving some of these challenges [9], [10], [11]. The changes
in the stress/strain distribution in these materials in reaction
to variations in pH, temperature, electric field, magnetic
field, and light results in motions such as bending, twisting,
or elongation. However, the equipment needed to create
variable stimuli such as structured light [12] or magnetic
field [13] are still bulky. Temperature responsive hydrogels,
by contrast, can be stimulated electrically using Joule heating
[14]. The electrical stimulation can be confined to small
regions making it possible to create more precise motions
[15].

We have previously reported solving some of the chal-
lenges associated with temperature responsive poly(N-
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Soft Voxel 
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Fig. 1. Soft Voxel Actuators (SVAs) are individually addressable hydrogel-
based actuators that can aid in miniaturizing and cutting the tether from soft
robots. An exemplary untethered miniature underwater walking robot using
8 SVAs is shown which weighs only 20 g including battery and electronics.

isopropylacrylamide) (PNIPAAm) based hydrogels such as
their slow response and tuning their mechanical properties.
We have also introduced blocks called soft voxel actuators
(SVAs), which are electrically activated by Joule heaters [16].
In this communication, we demonstrate how SVAs support
the development of soft robots which are miniature and
untethered –two key characteristics that are challenging to
realize with pneumatic soft actuators. We introduce a minia-
ture completely untethered robot for underwater applications
which weighs only 20 g including battery and electronics
as shown in Fig. 1. We also demonstrate the use of SVAs
to build a miniature continuum manipulator with hyper-
redundant DOFs as shown in Fig. 2A. This manipulator is
10× 40 × 4.5 mm3 and has 16 actuators.

II. SOFT VOXEL ACTUATORS (SVAS)
A voxel actuator can be made in different shapes and

dimensions based on the design requirements. Manufacturing
a SVA is performed via a molding process in which a
hydrogel precurosor solution is poured into a mold, a Joule
heater is inserted in the mold and then the solution is poly-
merized with a UV LED. Surface mount resistors (10 ohm
SMD resistor 0805) were chosen as the heating elements.
For the construction of the hyper-redundant manipulator, the
voxels are made as cubes of 4.5×4.5×4.5 mm3 as shown in
Fig. 2A. In case of the untethered walking robot, voxels of
8×4.5×3 mm3 are used. Details of hydrogel synthesis, ma-
terial characterization and SVA manufacturing are discussed
in [16].

2021 IEEE 4th International Conference on Soft Robotics (RoboSoft)
April 12-16, 2021, Yale University, USA

978-1-7281-7713-7/21/$31.00 ©2021 IEEE 571

20
21

 IE
EE

 4
th

 In
te

rn
at

io
na

l C
on

fe
re

nc
e 

on
 S

of
t R

ob
ot

ic
s (

R
ob

oS
of

t) 
| 9

78
-1

-7
28

1-
77

13
-7

/2
0/

$3
1.

00
 ©

20
21

 IE
EE

 | 
D

O
I: 

10
.1

10
9/

R
ob

oS
of

t5
18

38
.2

02
1.

94
79

32
9

Authorized licensed use limited to: UCLA Library. Downloaded on November 02,2022 at 00:02:13 UTC from IEEE Xplore.  Restrictions apply. 



P1 P2

P2

t=0 s 75 150 225
P1SVA Assembly

𝐓 = 𝟐𝟓℃

𝐓 = 𝟒𝟎℃

On

Off

SVA Local Joule Heating

Segment 1

Segment n

A B
Heating SVA Cooling SVA Inactive SVA

Fig. 2. A) On and off states of a SVA is shown on the left column. Schematic of an assembly of SVAs is shown on the middle column. Activation
of SVAs results in local increase in the temperature which leads to deformations that control the overall motion of the manipulator (right column). B)
Sequentially activating SVAs 1 through 8 according to the patterns labeled P1 and P2 results in different trajectories followed by the tip of the manipulator
(shown in cyan at the bottom). For details, see Movie S1.

III. RESULTS

Hydrogels expand and contract based on the diffusion of
water into and out of their structure when the temperature is
passed their critical transition temperature – which is around
32o C in case of PNIPAAm hydrogels. Therefore, all the
experiments are performed in a water bath. Fig. 2A shows
a schematic of a SVA. When the embedded Joule heater is
turned on, the temperature increases and the volume of the
hydrogel is decreased. When the heater is turned off the SVA
cools down and its volume increases. We have shown that a
SVA can produce a force of 0.12 N which is equivalent to
a weight of nearly 12 g. This is 120 times its own weight
[16]. To demonstrate how SVAs support the development
of miniature and untethered soft robots, we describe two
different robotic platforms in the following sections.

A. Case Study I: Miniature Hyper-redundant Soft Robotic
Arm

The structure shown in Fig. 2B was assembled using
16 SVA units. The SVAs are connected together using a
0.1 mm thick 3D printed PLA sheets. Dynamic on-demand
shape changes are achieved through time-varying activation
of SVAs. As demonstrated in Fig. 2B, the choice of SVA
actuation pattern can influence the end-effector trajectory
of the manipulator. In this experiment, SVAs 1 thorough 8
are activated according to patterns denoted by P1 and P2.
Movie S1 shows the resulting trajectories for P1 and P2.
Each SVA is activated with maximum voltage (3.7 V) for
15 s before the next SVA is activated. The demonstrated
miniaturized continuum manipulator with 16 degrees of
freedom in a 40×11×5mm3 footprint represents the highest
reported electrically-addressable number of DOFs in a soft
manipulator of these dimensions.

B. Case Study II: Untethered Miniature Underwater Walking
Robot

The robot shown in Fig. 1 has four legs. Each leg is a two
DOF manipulator composed of two SVAs and a 3D printed
extension as shown in Fig. 3A. The workspace of the tip
of this manipulator is plotted in Fig. 3B. To amplify the
movement of the tip and measure it more precisely, a needle
is attached to the tip of the 3D printed extension. A spherical
marker is attached to the end of the needle and functions as
a marker for tracking using a camera (Fig. 3C). The needle
is only attached for recording the trajectories and was not
present in the final robot prototype. We have created circular
and oval trajectories using sine wave voltages as input to the
SVAs. Each SVA is actuated using a sine wave with a phase
shift with respect to other SVA. As the phase shift between
the two SVAs in a manipulator is varied, the shape of the
trajectory changes. Fig. 3D shows different trajectories of the
tip of the needle as a function of phase shift in the sinusoidal
excitation voltages. To create an untethered walking robot,
four manipulators discussed above are assembled in an array.
The array is attached to a microcontroller board (Adafruit
Itsy Bitsy M0) and a lithium ion battery is added to the
system as shown in as shown in Fig. 3E. The movement of
the miniature underwater walking robot is shown as a time-
lapse in Fig. 3F and also can be seen in details in Movie
S1.

IV. CONCLUSIONS

We have shown that the voxel-based design and manu-
facturing strategy, combined with an electrically addressable
smart material, can lead to the creation of miniaturized soft
robots with a high number of DOFs. These robots can be
used for tasks in which redundancy is needed for example to
handle continuously changing tasks in unstructured environ-
ments. This has been demonstrated through a miniaturized
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Fig. 3. A) A two degrees of freedom manipulator using two SVAs and a 3D printed extension. B) The workspace of the tip of this manipulator. C) A
needle is attached to the tip of the 3D printed extension to amplify the movement of the tip. D) Different trajectories of the tip of the needle as a function
of phase shift in the sinusoidal excitation voltages. E) A microcontroller board and a lithium ion battery is added to the system to make an untethered
robot. F) Time-lapse of the movement of the miniature underwater walking robot (see Movie S1 for details).

hyper-redundant soft robot with 16 SVA units. SVAs can
be easily integrated into robotic systems. They help greatly
reduce the size of the robots. In addition, sice the SVAs
are electrically controlled, they can be connected directly to
small footprint microcontrollers and other electronics. The
electronics and power supply can be embedded in the robot
and cut the tether from the entire system. We have demon-
strated this through a miniature underwater walking robot
that do not rely on external signals or power which can be
beneficial in applications such as under water data collection
and ocean monitoring. The SVAs introduced in this paper are
the first demonstration of active, soft voxels that are made of
stimuli-responsive materials. Using SVAs as building blocks
offers higher number of design parameters, namely, the

configuration of the SVAs, the material properties of each
SVA, and the activation voltage of each SVA. Multi-objective
optimization can be used in future to optimize this rich set
of design parameters to build structures that have higher
force production capacity and energy efficiency. Closed-loop
control of the deformation of the structures presented in this
paper could be achieved by integrating strain- and force-
sensitive voxels, made of similar functional hydrogels, that
serve as sensors.
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