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Soft robots typically involve manual assembly of core hardware components
like actuators, sensors, and controllers. This increases fabrication time and
reduces consistency, especially in small-scale soft robots. We present a scal-
able monolithic fabrication method for millimeter-scale soft-rigid hybrid
robots, simplifying the integration of core hardware components. Actuation is
provided by soft-foldable polytetrafluoroethylene film-based actuators pow-
ered by ionic fluid injection. The desired motion is encoded by integrating a
mechanical controller, comprised of rigid-flexible materials. The robot’s
motion can be self-sensed using an ionic resistive sensor by detecting electrical

resistance changes across its body. Our approach is demonstrated by fabri-
cating three distinct soft-rigid hybrid robotic modules, each with unique
degrees of freedom: translational, bending, and roto-translational motions.
These modules connect to form a soft-rigid hybrid continuum robot with real-
time shape-sensing capabilities. We showcase the robot’s capabilities by per-
forming object pick-and-place, needle steering and tissue puncturing, and
optical fiber steering tasks.

Soft robots offer distinct advantages compared to their rigid
counterparts. Their compliance, flexibility, and robustness enable
a wide range of tasks, including in-pipe inspection’?, drug
delivery®*, search and rescue’, and minimally invasive surgery®™®.
To meet the requirements of these applications, researchers have
developed soft robots with various actuation, sensing, and con-
trol strategies'®". While soft robotics is a rapidly growing field,
embedding core soft robot hardware components - actuation,
sensing, and control - remains challenging, as it generally
involves a manual and time-consuming fabrication process*".
Particularly, as the scale of the robot miniaturizes, this integra-
tion process becomes more intricate, thus further increasing
fabrication time and reducing repeatability**".

Various actuator technologies have been integrated into soft
robots to induce motion, including cable-driven’®”, pressure-
driven'®', electrically-responsive’® >, magnetically responsive®™*,
and thermally responsive™?® actuators.

Among these actuation strategies, pressure-driven actuators,
specifically pneumatic and hydraulic-based actuators, are widely used
in soft robotics. These actuators offer advantages such as safety,
lightweight, high output force, and large stroke'. The fabrication
process for pressure-driven soft robots generally involves manu-
facturing techniques like molding, 3D printing, and film lamination,
where inflatable chambers are embedded during the fabrication
process” . Yet, these techniques have been mostly limited to
embedding only the actuation system. As a result, these robots typi-
cally operate under open-loop control or off-board pressure-driven
feedback control. However, pressure-driven feedback control requires
intricate control algorithms due to the inherent non-linear, hysteretic
behavior of soft robots". Thus, on-board sensor integration is neces-
sary to effectively control these soft robots and pave the way toward
autonomy.

Diverse sensing technologies have been integrated into soft
robots to enable proprioceptive and exteroceptive sensing (i.e.,
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optic’¥*°, resistive**, capacitive’**, and inductive®*’) with the goal
to enable closed-loop control in future soft robotics applications.
These sensors possess bendable and stretchable properties that do not
impede the motion of soft robots®. Nevertheless, compact and con-
sistent sensor integration into soft robots is hampered due to discrete,
manual assembly processes, particularly in the case of millimeter and
smaller-scale systems'***°. As a result, there is a need for manu-
facturing techniques that enable repeatable and reliable sensor inte-
gration within soft robots®*°. One effective strategy for addressing
this challenge is to employ monolithic fabrication, where both actua-
tors and sensors are created as an integrated unit. This approach
serves to reduce manufacturing defects and, simultaneously, enables
self-sensing functionality, resulting in a more compact form factor for
soft robots?#*26442,

Due to their flexible and deformable nature, soft robots exhibit
nonlinear, hysteretic, and viscoelastic behavior, making them inher-
ently more difficult to model and control than rigid systems*. To
address these challenges, both model-based control and model-free
control concepts have been introduced"*. The first approach exploits
models like constant curvature modeling*, Cosserat rod theory®,
Bernoulli-Euler beam theory*¢, or finite element modeling to control
soft robots”’. Whereas the latter is a data-driven approach, which
predicts and controls the robot using machine learning techniques*®*°.
Although both approaches have been showing promising results,
these control strategies have several limitations, such as problem over-
simplification, computational cost, and the necessity of ample data™.

Turning a software problem into a hardware problem, challenges
in capturing non-linear deformation and motion in soft robots can be
addressed by offloading the burden of modeling and control to
“physical intelligence”***°, Methods to provide physical intelligence to
soft robots are through material selection and mechanical structural
design*®*"*2, By combining rigid, flexible, and soft materials, both the
inherent structural compliance of a soft robot and the motion con-
trollability of a rigid robot can be maintained™ . As a result, the
concept of a soft-rigid hybrid robot enhances the predictability of a
soft robot’s motion by following the rigid robot kinematics and the
delivery of force toward the desired direction, while concurrently
preserving its ability to adapt to its surroundings through its inherent
conformability?>#°036,

Thus far, hybrid robots generally required manual fabrication
steps to combine soft components (i.e., thermoplastic films) and rigid
structures (i.e., cardboard, plastic) using glue or double-sided tape
after rigid mechanisms and soft actuators were manufactured
separately®’°%, While these bonding methods are suitable for
centimeter-scale and larger robots, they pose challenges in fabricating
millimeter-scale and smaller robots®. These methods can result in a
long fabrication time, difficulties in batch fabrication, and inconsistent
manufacturing outcomes as the size of the robot scales down'**’, A
solution proposed to address this combined the pop-up book MEMS
fabrication approach®“° with techniques borrowed from soft litho-
graphy and silane coupling agents to bond rigid components and
PDMS-based soft actuators demonstrating millimeter-scale “soft pop-
up” robots®. However, this fabrication technique is sensitive to
ambient conditions (i.e., temperature and humidity)® and is time-
dependent (i.e., the time window of the surface activation by oxygen
plasma treatment is limited)®>. These sensitivities and dependencies on
environmental and procedural factors can introduce challenges in the
fabrication process, necessitating careful control and management of
these variables to ensure successful production.

In this work, we present a manufacturing paradigm for millimeter-
scale soft-rigid hybrid (SHY) robots (Fig. 1a) that enables monolithic
integration of actuator, mechanical controller, and sensor compo-
nents, with minimal manual assembly required and a compact form
factor (Fig. 1b). We employ heat-sensitive acrylic adhesive films to
bond the robots’ constituent materials. The use of this adhesive film

has been explored in previous studies for bonding various rigid and
flexible materials, such as metals, plastics, and composites™*°. How-
ever, this method was not applicable to soft materials or the con-
struction of thermoplastic-film-based soft actuators because the
bonding temperature of acrylic adhesive films (i.e., >182°C) exceeds
the melting point (i.e., 120°C®) of thermoplastic films. Here, we
introduce the use of polytetrafluoroethylene (PTFE) films, which have a
high melting temperature (i.e., 327 °C) to create soft-foldable inflatable
actuators (Fig. 1c). We perform permanent chemical surface mod-
ification of the PTFE films with hydrogen gas (H,) plasma to promote
adhesion and permanent bonding through lamination via heat and
pressure. The final desired motion of the resulting robots is
mechanically encoded by rigid-flexible mechanisms, resulting in con-
sistent and controlled motion output. An ionic fluid drives the motion
of the proposed robots and also serves as a sensing medium. By
embedding an electrical circuit onboard (electrodes) (Fig. 1d) within its
constituent materials, the robot can self-sense the change in its
encoded motion by measuring the change in resistance across its
body. We demonstrated this approach by creating three distinct SHY
robotic modules, each capable of self-sensing its unique degrees of
freedom, namely translational, bending, and roto-translational move-
ments (Fig. 1e). We showcased the scalability of our fabrication method
by manufacturing the SHY robotic modules in different scales (i.e., 5
and 11.5 mm in outer diameter). We performed extensive mechanical
characterizations of each robotic module, including range of motion,
force and torque, power density, and fatigue testing. To showcase the
potential use of the proposed robotic technology, we built a self-
sensing soft-rigid hybrid continuum robot (Fig. 1f). With this robot, we
demonstrated real-time shape-sensing using embedded ionic resistive
sensors. Finally, we integrated various end effectors, including a
robotic grasper (manufactured using the same approach), a needle,
and an optical fiber onto the SHY continuum robot and performed
robotic pick-and-place of soft and hard objects with various shapes
and sizes, needle steering and tissue puncturing, and optical fiber
steering tasks.

Results
SHY Robot design
Our SHY Robots are designed to start in a flat, two-dimensional con-
figuration, when not pressurized, and can be unfolded into complex
3-D shapes by inflating an embedded soft-foldable actuator (Fig. 1le).
The soft-foldable actuator consists of a series of pouch-like balloons
made of PTFE films (Fig. 1c). Similar to other thermoplastic film-based
soft actuators®****"%3 the proposed PTFE-based actuators are soft and
flexible (Supplementary Movie 1). This allows the actuators to expand
like balloons and conform according to external forces, producing
simple linear motion upon pressurization. However, unlike other
thermoplastic films, PTFE can withstand higher temperatures, making
it a more suitable choice for layer-by-layer lamination-based manu-
facturing processes that utilize heat-sensitive adhesive films (Fig. 1b).
Using this technique, soft-foldable actuators can be seamlessly lami-
nated with other film materials possessing diverse mechanical and
electrical properties (i.e., rigid, flexible, soft, and conductive) with
minimal manual assembly steps. This monolithic integration enables
the incorporation of mechanical structures and conductive layers,
facilitating the integration of actuation, sensing, and mechanical con-
trollers into small-scale soft robots. In this paper, we fabricated SHY
robotic modules in two different sizes, 5 mm (Supplementary Fig. 2)
and 11.5 mm in outer diameter (OD) to demonstrate the scalability of
our approach. These modules lie in a flat state at around 1.1 mm and
1.7 mm and possess minimum feature sizes in the micrometer scale.
The PTFE-based soft-foldable actuator consists of a stack of thin
PTFE films (i.e., 25 pum in thickness). This soft-foldable actuator func-
tions as a fluid chamber, which holds fluid and causes the actuator to
expand upon inflation. Much like the inflation of an inextensible
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Fig. 1| SHY robots overview. a A schematic illustration of a SHY robotic module. A
SHY robotic module contains a mechanical controller, a PTFE soft-foldable actua-
tor, and tinned copper electrodes to operate in an encoded manner and self-sense
its motion. b SHY robotic modules are fabricated by laminating films with various
properties (i.e., rigid, flexible, soft, and conductive) after hydrogen plasma surface
treatment of PTFE films to promote adhesion. ¢ A PTFE soft-foldable actuator is
made of soft and compliant materials (left: the actuator can be squeezed with two
fingers) and operated using an ionic solution, producing motion upon pressur-
ization (right). d Tinned copper films are installed within the robot to embed an
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ionic resistive sensor. e 2-D (flat) and 3-D (expanded) configurations of SHY robotic
modules. Three distinct types of mechanisms (translational, bending, and rotation
with translational motion) encode the motion of SHY robotic modules. f A SHY
continuum robot is constructed by stacking multiple SHY robotic modules. A
grasper demonstrates an object manipulation task. The SHY continuum robot can
sense its shape in real time using the embedded ionic resistive sensors. By reading
voltages (V4, V5, V3) from each sensor, the pose of corresponding modules (height,
hy, for a translational module, bending angle, 6, for a bending module, and height,
hg, and rotational angle, ¢, for a roto-translational module) can be measured.

balloon, it generates motion by altering its curvature during inflation,
forming a series of balloons and adopting a bellow-like configuration.
The conversion from a 2-D to a 3-D bellow-like configuration is
achieved by selectively bonding PTFE films, with attachment points on
the films acting as hinges. As depicted in Fig. 1c and Supplementary
Movie 1, the PTFE-based soft-foldable actuator exhibits softness and
compliance resulting from both its constituent material and structural
design. This allows it to readily conform to external loads. The motion
of this PTFE-based soft-foldable actuator is characterized by non-linear
behavior. Upon pressurization, the balloons buckle due to the inex-
tensibility of the films, resulting in unpredictable bending in various
directions, as illustrated in Fig. 1c.

To achieve controlled motion, the SHY robots incorporate a
mechanical controller comprising rigid and flexible films. By suitably
constraining soft-foldable actuators through pre-designed rigid lin-
kages and flexible joints, the final kinematics of SHY robots can be
encoded while still maintaining the structural compliance that pro-
vides their softness. Consequently, by integrating different mechan-
isms, the same soft-foldable actuators can manifest various types of
motion. In this work, three different mechanism designs are intro-
duced to produce three SHY robotic modules with translation, bend-
ing, and roto-translation degrees of freedom (DOFs), as shown
in Fig. le.

Each of the proposed SHY robotic modules integrates an ionic
resistive sensor (Fig. 1d). The sensor is realized by attaching electrodes
on the internal surfaces of the actuator’s top and bottom plates and
electrically connecting the electrodes through an ionic solution made
up of a mixture of sodium chloride and deionized water (Fig. 1a). As a
result, the resistance across the electrodes changes as the fluid fills up
the intermediate balloons, and this change is used to estimate the
robot configuration.

The translational DOF (Fig. 1e) produces extending, linear motion
as the embedded PTFE soft-foldable actuator (9 mm in OD balloons for
11.5 mm scale, 3 mm in OD balloons for 5 mm scale) expands. This is
achieved by including multiple sets of Sarrus linkage, a mechanism
that converts a limited angular linkage motion into a linear motion.
The circular arms of Sarrus linkages are installed along the radius of the
actuators to prevent the increase in diameter as they expand. The
maximum extension of the translational DOF depends on the chord
length of each circular arm and the maximum bending angle of flexible
joints. As illustrated in Supplementary Fig. 1a, the maximum bending
angle of the flexible joints can be controlled by adjusting the thickness
of the rigid layers (¢) and the gap between two rigid components (g) as
indicated in Supplementary Equation (1). As a result of bending the
circular arms, the total translational DOF range of motion is A7 (Sup-
plementary Equation (2)), as shown in Supplementary Fig. 1b.
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Similarly, the bending DOF (Fig. le) includes two sets of Sarrus
linkage. In addition, on one side of the actuator, a constraining flexible
joint is installed, forcing the actuator to bend around the constraining
joint. Thus, the embedded PTFE soft-foldable actuator (9 mm in OD
balloons for the 11.5 mm scale, 3 mm in OD balloons for the 5 mm scale)
moves along an arc centered at the constraint. Like other flexible
joints, the maximum bending angle of this constraint joint can be
calculated using Supplementary Equation (1). In addition, the max-
imum bending angle of the actuator is constrained by the chord length
of the circular arms (see Supplementary Information). As described in
Supplementary Equation (3), shorter chord lengths of arms result in a
smaller maximum bending angle by mechanically stopping the
actuator from further bending. From a known angle of bending, the
translation at the center of the mechanism can be derived (Supple-
mentary Fig. 1c).

The roto-translational DOF (Fig. le) is achieved by connecting the
top and bottom sides of the actuator with circular-shaped arms,
resulting in interdependent rotation and translation movement. The
bottom side of the PTFE soft-foldable actuator (6.7 mm in OD balloons
for the 11.5 mm scale, 3 mm in OD balloons for the 5 mm scale) is not
constrained such that it can freely rotate (¢z) about the center axis
(Supplementary Fig. 1d). Thus, as the balloons expand (hg), the arms
bend around the flexible joints and cause the top side of the actuator
to rotate with respect to the bottom side (Supplementary Fig. 1e). The
rotation that occurs during the expansion of balloons can be found
using the kinematics shown in Supplementary Equation (8). As Sup-
plementary Equation (8) describes, the movement of the actuator is
limited by the arc length of the circular arms, which controls the height
of the actuator.

SHY Robot manufacturing

The SHY robots are manufactured by laminating film materials in a
layer-by-layer fashion after laser precision micromachining, H, plasma
surface modification of PTFE, alignment, and stacking (Fig. 2, Supple-
mentary Fig. 3, and Supplementary Movie 2). Robot constituent com-
ponents include fiber-reinforced epoxy laminate as a rigid structural
material, polyimide as a flexible material for robot joints, PTFE film as a
soft and flexible material for soft actuator construction, copper as
conductive material for sensing, and heat-activated acrylic sheet
adhesive films for bonding. After laser machining films (Fig. 2a), paper-
backed acrylic adhesive films are selectively peeled off to bond
selected locations (Fig. 2b), copper films are tinned to prevent corro-
sion which can be induced by the ionic solution (Fig. 2c), and PTFE
films are exposed to H, plasma chemical surface modification to pro-
mote adhesion (Fig. 2d).

H, plasma surface modification is necessary as PTFE possesses
high chemical resistance due to stable carbon-fluorine bonds (Fig. 3a),
preventing adhesion with other materials and the selected heat-
sensitive adhesive film. As shown in Fig. 3a, the chemical composition
of pristine PTFE films changes after plasma etching with H, gas (illu-
strated by purple zig-zag arrows). During the H, plasma treatment,
hydrogen radicals begin to combine with fluorine atoms (depicted by
red arrows). Consequently, fluorine atoms detach from the carbon-
fluorine bonds (indicated by green arrows), forming hydrogen fluoride
(HF) and leading to changes in the chemical properties of the PTFE
films. This plasma etching process modifies the chemical properties of
PTFE films, making them more hydrophilic and enhancing the bond
between PTFE and adhesive films. This is demonstrated in Fig. 3b,
where markings from a permanent marker minimally stay on a pristine
PTFE film, but permanently stay on a H, plasma-etched PTFE film
(Supplementary Movie 3).

The hydrophilic nature of the H, plasma-etched PTFE film is fur-
ther confirmed by contact angle measurements, as shown in Fig. 3c. In
Fig. 3¢, a deionized water droplet is used as a probing liquid to measure
the contact angle of the pristine and plasma-etched film using a

contact angle goniometer (DSA100, Kruss Scientific). The plasma-
etched PTFE film exhibits a lower contact angle(117.88°) compared to
the pristine PTFE film (88.36°). This reduction in contact angle indi-
cates an increase in surface energy, facilitating the bonding of adhesive
films onto the plasma-etched PTFE films. Furthermore, to offer a more
concrete perspective on the chemical modification of the PTFE film, we
investigated the critical surface tension of PTFE films before and after
our functionalization process. This involved using probing liquids with
various surface tensions and measuring the contact angle of each
probing liquid with the PTFE films (Supplementary Fig. 4a). These
liquids included: deionized water (surface tension of 72.8 mN/m),
glycerol (surface tension of 63.4 mN/m), ethylene glycol (surface ten-
sion of 48 mN/m), chlorobenzene (surface tension of 33.6 mN/m), and
isopropanol (surface tension of 23 mN/m). Based on these measure-
ments, the Zisman plot (Supplementary Fig. 4b) was generated to
quantify the critical surface tension of the PTFE films before and after
H, plasma surface modification (i.e., after one hour) and after a pro-
longed period of time post H, plasma treatment (i.e., after one week).
As depicted in Supplementary Fig. 4b, and Supplementary Table 1, the
Zisman plot illustrates that the plasma-etched PTFE film exhibits a
higher critical surface tension (y.), indicating that liquids with higher
surface tension can completely wet the plasma-etched PTFE film
(Supplementary Fig. 4a). As demonstrated by the Zisman plot, this
plasma surface modification is a permanent alteration process, inde-
pendent of environmental conditions (i.e., temperature and humidity).
The samples tested after one hour of H, plasma surface modification
and after one week retained the same surface energy. This facilitates
time-independent permanent bonding of PTFE with adhesive films
(i.e., once the film samples have been treated with H, plasma, they can
be stored and bonded at any time). As shown in Supplementary Fig. 5
and Supplementary Table 2, it was found that 450 W etching power
and 5 min etching time resulted in the highest adhesive strength of
PTFE films (0.220 N/mm) from peeling tests carried out with the ASTM
D1876 standard (see Supplementary Information).

To embed sensing capabilities in the SHY robotic modules, tinned
copper conductive traces are integrated and permanently bonded to
the top and bottom layers of the modules (Figs. 1a, 2e-g). Subse-
quently, all the layers of the robot are aligned, stacked, and bonded
together (Fig. 2h, i) by heat pressing. The SHY robot is then released
from the scaffold by laser cutting (Fig. 2j). Finally, necessary inlet
tubing and wires are installed by using UV adhesive (<10 s to cure) and
soldering (Fig. 2k).

Range of motion

The range of motion of the 11.5mm OD SHY robotic modules was
characterized by hydraulically pressurizing the PTFE soft-foldable
actuator at a constant flow rate, 0.1 ml/min (see Supplementary
Information and Supplementary Fig. 2 for the range of motion of 5 mm
OD SHY robotic modules). Upon pressurization from 0 kPa to 140 kPa,
the robots transform from a = 2-D to a 3-D shape, making translational
(Fig. 4a), bending (Fig. 4b), and roto-translational (Fig. 4c, d) motions.
In the fabricated SHY robotic modules, the translational and bending
modules comprise five pouches of PTFE balloons and the roto-
translational module contains six pouches of PTFE balloons. During
the experiment, a magnetic tracker system (NDI Aurora) was used to
measure the range of motion with the attached probe at the top sur-
face of each robot.

As indicated in Fig. 4a, the maximum extension of the transla-
tional robotic module is 5.2 mm+ 0.2 mm. The maximum bending
angle of the bending module is 50.9°+2.96° (Fig. 4b). The maximum
extension and twisting angle of the roto-translational module are
5.05 mm £ 0.25 mm (Fig. 4c) and 39.4°+ 1.3 (Fig. 4d), respectively. As
shown in Fig. 4a, b, the range of motion of the translational and
bending module starts to plateau around 140 kPa because the
encompassing rigid-flexible mechanical controllers mechanically
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corrosion of films. d PTFE films are plasma etched to promote the bonding of
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1.5 hours to permanently bond. j The robot is removed from the scaffold by laser
machining. k Necessary wires and fluidic channels are installed. * symbol indicates
procedures that can be done in parallel.

stop them from further expansion. These results closely matched the
geometrical model (see Supplementary Information) of the transla-
tional and bending module, indicating that the maximum range of
motion can be mechanically encoded during the design phase. On
the other hand, in Fig. 4c, d, the range of motion of the roto-
translational module does not plateau around 140 kPa. This suggests
that more balloons can be added within the PTFE soft-foldable
actuator to reach the maximum range of motion. As represented in
the geometrical model, the predicted maximum range of motion of
the roto-translational module is about 1.7 mm and 50" greater than
the experimented values. Yet, as indicated in Supplementary Fig. 6a,
the actual motion observed in the roto-translational module proto-
types consistently followed the motion predicted by the geometric
modeling. This geometric model can effectively predict both the

rotational motion based on the extension and vice versa. The max-
imum error observed between the experimentally measured and
geometrically predicted rotational angles, given the extending
motion as an input, is 9 %.

Output force and torque performance

Output force and torque performance characterizations for each of
the 11.5mm OD SHY robotic modules are shown in Fig. 4e-h (see
Supplementary Information and Supplementary Fig. 2 for the output
force and torque performance of 5 mm OD SHY robotic modules). The
orientation and the initial distance between the force/torque (F/T)
sensor and the robot were adjusted at different expansion states of the
PTFE soft-foldable actuator (i.e., 0% expansion, 25% expansion, 50%
expansion, and 75% expansion with respect to the maximum actuator
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Fig. 3 | Altering properties of PTFE films using hydrogen plasma. a A schematic
illustration of the hydrogen plasma etching process. (i) Pristine PTFE films contain
stable carbon-fluorine bonds, providing high chemical resistance. (ii) Hydrogen gas
(H>) is used as a process gas to extract fluorine atoms from the carbon-fluorine
bond. (iii) The functionalized PTFE films have unsaturated carbon compounds,
allowing adhesive films to bond to PTFE films. b Markings from a permanent marker

H:zPlasma Etching

O Carbon . Fluorine
é Hz Plasma [ Bonding ( Extraction

® Hydrogen

Functionalized PTFE Film

Pristine PTFE Plasma etched PTFE

minimally stayed on a pristine PTFE film. Markings permanently stay on a plasma-
etched film (Supplementary Movie 3). ¢ Contact angle measurement of the pristine
and plasma-etched films using deionized water as a probing liquid. The plasma
etching process decreases the contact angle of the PTFE film, chemically modifying
the surface.

expansion) to capture the output force and torque in various condi-
tions. The results show that the maximum output force that transla-
tional, bending, and roto-translational modules can generate are
4.44N+0.02N (Fig. 4e), 3.36 N+ 0.12 N (Fig. 4f), and 3.78 N+ 0.02N
(Fig. 4g), respectively.

Here, we estimated the maximum output force of each
actuator using the simple linear relation F=PxA, where F is
output force, P is input pressure, and A is the cross-sectional area
of the PTFE soft-foldable actuator. As indicated in a dashed line in
Fig. 4, the output force model exhibits a close correlation with
the actual output force of the translational, bending, and roto-
translational modules, with max errors of 1.5%, 7%, and 3.5%
respectively.

In addition, the results indicate that restraining the actuator at a
more extended position, influenced by the external constraint’s loca-
tion, leads to a reduction in the generated output force. These results
can be explained using the principle of virtual work, where virtual work
done by an external force needs to be equal to virtual work done by
internal pressure. This can be expressed as

av
-pY 1
F=P @

where F is an external force, P is internal pressure, d V is the change in
volume, and dh is the change in height. As illustrated in Supplementary
Fig. 7, in the further expanded condition, the output force would be
less since the work done by the internal pressure is constant but the

change in height of the actuator is increased. Thus, this would effec-
tively reduce the magnitude of output force.

Similarly, the virtual work principle can be utilized to calculate the
output torque that can be exerted by the roto-translational module.
Assuming that the work done by the internal pressure is used to either
produce purely output force or torque, the maximum output torque
can be calculated (see Supplementary Information for a detailed
derivation):

__dh
T=F 46 2)

where T is the output torque, F is the output force, and dh/dg is the
kinematic coefficient of the current expansion state of the actuator.
With this calculation, the maximum output torque of the roto-
translational module is 84.89 Nmm+ 0.77 Nmm (Fig. 4h). It is worth
noting that, as represented in Equation (2), the output torque depends
not solely on the output force but also on the expanded configuration
of the module. Thus, as highlighted in Fig. 4g, h and Supplementary
Fig. 6b, high output torques are achieved at less expanded configura-
tions due to the combined effects of high output force and a high
kinematic coefficient.

Power density

The maximum power density in the 11.5 mm SHY robotic modules was
estimated using the measured data for mass (0.18 g), speed, and force
(see Supplementary Table 3). Then, the following equation was applied
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modules in various expansion states. The solid line is the mean resulting from three
experiments on three prototypes, and the shaded area is the standard deviation.
The dashed line is the output from the theoretical model, where the corresponding
theoretical maximum is indicated on the plot.

to calculate the power density Pp:
3)

where F is the maximum output force, v is the maximum output speed,
and m is the mass of an actuator. For the bending module, the output
torque was calculated by multiplying the output force by the moment
arm (r), the distance between the center of the actuator and the con-
straint joint. The maximum speed of the translational and roto-
translational modules was 4.48 mm/s and 4.14 mm/s, and the max-
imum angular speed of the bending module was 2.80 rad/s. Using the
measured data, the maximum power density, p, of the translational,
bending, and roto-translational modules resulted in 110.41, 52.30, and
86.99 Wkg™, respectively.

Sensor model and characterization

An ionic resistive sensing mode is implemented in the SHY robotic
modules (Supplementary Movie 4). The working fluid, an ionic solu-
tion made up of a mixture of sodium chloride and deionized water,
electrically connects two electrodes positioned at the top and bottom
of the robotic modules and works both as an actuation and sensing
medium (Fig. 5a). The ionic solution utilized consists of a sodium-to-

deionized water ratio of 1:10,000. The resistivity of the ionic solution
was measured experimentally using a voltage divider circuit. The vol-
tage divider circuit included a shunt resistor with a known resistance
and an ionic solution-based resistor, which has a known cylindrical
volume dimension. By applying Pouillet’s law (R = pL/A), where R is the
resistance, p is the resistivity, L is the length, and A is the cross-
sectional area, the resistivity of the ionic solution-based resistor was
calculated. This calculation resulted in a resistivity value of
180,791 O-mm.

After determining the resistivity of the ionic solution, the resis-
tance of the ionic resistive sensor can be derived using Pouillet’s Law,
R=pLes/A, where length (L.p is the distance between electrodes
(Fig. 5a). An ionic liquid with a high resistivity is desirable to create a
large change in resistance with a small change in the volume of the
ionic liquid. Pouillet’s Law assumes that the resistor has a constant
cross-sectional area. However, the soft-foldable actuators embedded
in our robots have a bellows design, resulting in varying cross-sectional
areas. As the balloons within the modules inflate, the plate area
effectively increases, since more fluid expands outward into the bel-
lows, making the area of the approximated cylinder larger. Addressing
these effects, we introduce a corrective multiplicative function (K) into
the model that considers the varying circular cross-sectional area. The
variable cross-sectional area can be calculated as A =m(Kr)?, where r is
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Fig. 5 | Sensor modeling and characterization. a The resistance across the
embedded electrodes is varied as length (L) increases. To account for the variable
cross-sectional area of the soft-foldable actuator, a corrective multiplicative func-
tion, K, is applied to the radius of the electrode, r. AC current flows across the
electrodes to prevent polarization of ionic solution. The conductive traces are
electrical pathways formed using tinned copper films. In SHY robots, these

conductive traces are employed to create the electrodes of the ionic resistive
sensor. b Comparison of various input frequencies. Measured normalized voltage
(V/Vy) as (c) translational, (d) bending, and (e) roto-translational SHY robotic
modules (11.5 mm OD) are actuated. In (c), (d), and (e), the solid line is the mean
resulting from three experiments on three prototypes, and the shaded area is the
standard deviation. The dashed line is the output from the sensor model.

the radius of the electrode and K is a corrective multiplicative function
that takes into account the irregular geometry of the PTFE soft-
foldable actuator. The term acts as a multiplicative function K on the
electrode radius by increasing linearly as the actuator expands.

To examine the sensor performance, the voltage across the
robotic modules was measured as they expanded. This was achieved
using a low-voltage, high-frequency sine wave as the power source for
several reasons. A sufficiently high-frequency input wave is required
for ionic resistive applications to reduce the effect of capacitance
impedance and prevent polarizing ions to one side of the sensor.
Previous works have utilized frequencies above 1kHz for similar ionic
resistive applications®>*. A frequency of 10 kHz was chosen based on
experimental results on prototypes tested at various frequencies ran-
ging from 100 Hz to 10 kHz. As shown in Fig. 5b, 10 kHz frequency
provides the largest variation in the root-mean-square (RMS) voltage
upon the robot’s movement. In addition, low voltage, 1V peak-to-peak
voltage, was used to prevent the corrosion of tinned copper films and
inhibit the electrolysis of water, where the water breaks up into
hydrogen and oxygen gas at 1.5 V*. Thus, a 1V peak-to-peak, 10 kHz
sine wave was chosen as the power source in this work. As shown in
Supplementary Fig. 9, the sensor was placed in series with a 680 kQ
shunt resistor to form a voltage-dividing circuit, where it acts as a
variable resistor. The output voltage (V) was measured across the

shunt resistor using an RMS voltage sensor (LTC1968, Analog Devices),
which calculates the RMS values of an AC signal and outputs them as
DC voltages in real time. The output voltages (V) were then normalized
using the initial baseline voltages (Vo).

Figure 5 c shows the normalized voltage (V/V,) across the sensor
versus the extension for the translational SHY robotic module (11.5 mm
OD). The sensor is able to map across the entire range from 0 to 5 mm
range of linear extension. Figure 5d shows the normalized voltage
across the sensor versus the bending angle for the bending SHY
robotic module (11.5 mm OD). Again, the sensor is able to map across
the entire O to 50" range of bending. Finally, the result for the roto-
translational SHY robotic module (11.5 mm OD) is shown in Fig. Se, with
the embedded sensor mapping across the full deflection range of O to
5 mm of extension. The coupled rotating motion, ranging from O to 40°
of rotation, can be computed using geometric modeling (Supple-
mentary Fig. 6a). The max standard deviation for the sensors was
found to be 0.0068, 0.0178, and 0.0219 (see Supplementary Table 4).
Similarly, it was possible to integrate the ionic resistive sensor into the
5 mm OD SHY robotic modules (See Supplementary Information and
Supplementary Fig. 2). For both scales of SHY robotic modules, they
exhibit a nonlinear, monotonic response, meaning this sensing mod-
ality could be utilized for the sensor feedback for the robot position
control.
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SHY Continuum robot design

We built a soft-rigid hybrid continuum robot by combining multiple
SHY robotic modules in series with fixed spacers in between. A notable
design feature of the SHY continuum robot is the integration and
routing of fluidic inlet channels via lateral passage holes. Fluidic inlet
channels and sensor wires are positioned off-center in the SHY robotic
modules (Supplementary Fig. 10) so that they can pass through the
connected modules without obstructing or interfering with the
actuation and sensing abilities of multiple modules. This enables the
fabrication of numerous combinations of multi-DOF continuum robots
by stacking various modules. The fluidic inlet channel for the roto-
translational SHY robotic module is fixed at its base in the center to
avoid excessive torsion on the tubing. Thus, this robotic module can
be positioned at the base of the continuum robot. Supplementary
Fig. 10 illustrates one possible combination of SHY robotic modules in
a 3-DOF continuum robot, constructed by stacking in order a roto-
translational, a bending, and a translational module (i.e., R-B-T
configuration).

Real-time shape sensing of SHY continuum robot

We demonstrated real-time shape-sensing of the SHY continuum robot
(in the R-B-T configuration) by moving the system within its workspace
and estimating the deflection of each module (using the embedded
ionic resistive sensors). In a SHY continuum robot system, each SHY
module’s pose relies on the preceding SHY modules, similar to how the
joints of a rigid robotic arm depend on preceding joint movements.
Thus, using the proposed ionic resistive sensor and knowing the initial
thickness of each robotic module (i.e., when flat, non-actuated), the
forward kinematics can be computed.

With these dependencies, tracked points along the robot can be
predicted, including the tip position and shape of the continuum
robot (see Supplementary Information). Figure 6a shows the pro-
posed SHY continuum robot in various configurations and demon-
strates the estimated shapes of the robot using the embedded ionic
sensor. Figure 6a presents the first actuation sequence of three
sequences shown in Supplementary Movie 5. The robot actuates
modules into the following configurations: (i) flat state, (ii) fully
expanded roto-translational module, (iii) fully expanded bending
and roto-translational module, (iv) fully expanded continuum robot,
(v) fully expanded translational and bending module, and (vi) fully
expanded translational module. The actual tip position of the con-
tinuum robot was measured using a magnetic tracker system
(NDI Aurora), represented as a green dot in Fig. 6a. Figure 6b shows
the relative error between the actual and predicted tip position
and the length of the continuum robot for all three actuation
sequences shown in Supplementary Movie 5. During this experiment,
the average error between the actual and predicted configuration
space was found to be 1.133 mm, demonstrating that the shape-
sensing and tip-tracking of the continuum robot in 3-D space were
functional.

SHY Continuum robot demonstration

Hereafter, we demonstrate the potential applications of the proposed
robotic technology. The SHY continuum robot is integrated with var-
ious end effectors, including a robotic grasper, a needle, and an optical
fiber. The integration of a robotic grasper enables pick-and-place tasks,
showcasing potential applications in food handling, manufacturing,
and surgery. The addition of a needle and an optical fiber demon-
strates potential applicability in medical procedures (e.g., tissue
biopsies and laser ablation).

Showing object manipulation with the SHY continuum robot, we
integrated a robotic grasper (Supplementary Fig. 11) onto the SHY
continuum robot and performed pick-and-place tasks of soft and hard
objects of various shapes, sizes, and weights (Fig. 7 and Supplementary
Movie 6) using open-loop control. The grasper was manufactured

using the same manufacturing technique (Supplementary Fig. 11a)
described in this paper and featured embedded PTFE soft-foldable
actuators (4 mm OD) to facilitate jaw opening and closing, via the
application of positive and negative pressure (Supplementary Fig 11b).
Upon pressurizing up to 140 kPa, the subtended angle of grasper jaws
can increase up to 40° (Supplementary Fig. 11c). Conversely, as shown
in Supplementary Fig. 11d, the grasper can exert up to a maximum
grasping force of 180 mN by pulling a vacuum pressure of -100 kPa.
The grasper was attached to the SHY continuum robot’s tip using UV
adhesive.

The robot was positioned in a test setup where it hung from a top
surface and interacted with objects on a lower surface. The grasped
objects included small food items (Fig. 7a-h), assembly and fabrication
components (Fig. 7i), daily objects (Fig. 7j, k), and a 50 g weight
(Fig. 71). The robot successfully grasped and moved an average dis-
tance of 20 mm for each object. As Fig. 7 depicts, the robot performed
pick-and-place tasks for all objects included in our test, from smaller
objects (i.e., a black rice grain (Fig. 7a), a coffee bean (Fig. 7b), a
pomegranate seed (Fig. 7c), a Gummy bear (Fig. 7d), an M6 nut (Fig. 7i),
and a LEGO block (Fig. 7j)) to relatively larger objects like an
18 x20x5mm letter block from the Scramble Game (Fig. 7k),
exceeding the size of the grasper (17 x 3 x 1.7 mm). Of these objects,
the smallest grasped item was a black rice grain with a width of 2 mm.
In addition, the robot was able to manipulate delicate, soft food items
(i.e., a tangerine vesicle (Fig. 7e), a blueberry (Fig. 7f), a salmon roe
(Fig. 7g), and a raspberry (Fig. 7h) without damaging the grasped
objects. Figure 7l illustrates that the robot, which has a total weight of
2 g, was capable of lifting a 50 g weight that is 25 times heavier than the
robot itself.

To showcase robotic needle steering, a 30-gauge needle with a
304 pm inner diameter (ID) microtubing (MREOQ25, Braintree Scientific,
Inc.) was integrated onto the tip of the SHY continuum robot and fixed
using UV adhesive. Simulating medical biopsy and drug delivery pro-
cedures, we tested the system on an in vitro tissue simulator, featuring
four target locations marked with circular rings. Utilizing open-loop
control, the robot navigated toward each of the four targets, steered
the needle end-effector as needed, deployed the needle into the tissue
analog, and performed penetration, and pink dye, representing a drug
solution, was injected. As depicted in Fig. 8a and Supplementary
Movie 7, the SHY continuum robot exerted sufficient force to pene-
trate the tissue simulator, and the injection of pink dye validated this
process. This capability holds promise for various medical applica-
tions, including drug delivery and tissue biopsy in minimally invasive
surgical procedures. In these applications, the robot needs to be able
to accurately guide the end effector and apply sufficient force in the
desired direction to penetrate tissue to perform tasks such as taking
tissue biopsy or delivering drugs.

To demonstrate optical fiber steering capabilities for potential
applications in medical procedures (i.e., laser ablation), an optical fiber
(220 um) was securely attached to the tip of the SHY robot using UV
adhesive. In this demonstration, we utilized green LED light to simulate
laser light. The SHY continuum robot was positioned upside down and
maneuvered toward the targets indicated by the brown rings (see
Fig. 8b and Supplementary Movie 8).

Similar to the divergence of laser light upon exiting the optical
fiber, the green LED light also diverges as it exits the optical fiber. This
dispersion reduces the light’s focus, lowering its ability to deliver
concentrated power to the target. Consequently, positioning the
optical fiber closer to the targets becomes necessary to achieve
focused and high-power light delivery. During actual laser-assisted
surgeries, a larger laser spot size can inadvertently result in photo-
thermal energy to unintended areas, potentially damaging healthy
tissues®’. Moreover, anatomical surfaces are rarely flat, necessitating
constant control over the distance between the optical fiber and the
target tissue to maintain a consistent laser spot size.
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Fig. 6 | SHY continuum robot with real-time shape sensing. a Comparison of
predicted (P) and actual (A) tip position of the SHY continuum robot for actuation
sequence 1 shown in Supplementary Movie 5. The continuum robot initiates its
sequence from the (i) flat state. Subsequently, the robotic modules undergo
actuation in the following order: (ii) roto-translation, (iii) bending, and (iv) trans-
lation. The robotic modules are then retracted in the following order: (v) roto-

translation, (vi) bending, and (i) translation. Green dots represent the actual tip
position. Red links represent links with fixed heights and blue links represent links
with various heights. b The relative errors between actual and predicted tip posi-
tions increase as the length of the robot increases. The relative errors and the
length of the robot are for all three actuation sequences shown in Supplementary
Movie 5.

As shown in Fig. 8b, the light is initially unfocused due to the
long distance between the fiber and the targets, resulting in lower
intensity. The optical fiber must be positioned closer to the target
locations to achieve focused and high-power light delivery. We

demonstrated this by moving the optical fiber toward three target
locations. As shown in Supplementary Movie 8, the LED light was
deactivated during movement and reactivated once the SHY con-
tinuum robot successfully aligned the optical fiber with the targets.
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Fig. 7 | SHY robotic manipulator performing pick-and-place tasks. Objects (soft
and hard) included in the pick-and-place test are as follows. a A black rice grain.b A
coffee bean. ¢ A pomegranate seed. a-c demonstrate the robot can manipulate

small objects. d A gummy bear. e A tangerine vesicle. f A blueberry. g A salmon roe.
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h A raspberry. d-h demonstrates the robot can delicately grasp and move soft
objects.i An M6 Nut. j A LEGO block. k A letter block. 1 50 g Weight. i-1 Demonstrate
the robot can lift and move objects that are larger than its grasper and heavier than
its own weight.

This simulates laser ablation, where laser light is applied only at the
target locations to avoid undesired photothermal damage to healthy
tissues. As depicted in Fig. 8b, the diameter of the light beam reduces
as the optical fiber approaches the targets, indicating enhanced
focus. This capability holds promise for applications in laser-assisted
surgery, where precise control over the position of the optical fiber is

crucial for the successful delivery of focused laser light and bloodless
tissue ablation®,

Discussion
We have introduced a manufacturing method for millimeter-scale SHY
robots enabled by chemical surface modification of soft PTFE films via
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Fig. 8 | SHY continuum robot performing needle and optical fiber

steering tasks. a The SHY continuum robot (i) successfully guides the needle
toward four target locations (marked with black circular rings) on the tissue
simulator. This in vitro experiment demonstrates robot needle steering and
puncturing capabilities. After puncturing each target location, red dye is injected
into the tissue analog to confirm puncturing (ii-vi). The SHY continuum robot is

10 mm

10 mm

retracted back to its original position after successful injections. b The SHY con-
tinuum robot steers the optical fiber toward three brown ring targets. Initially, the
LED light emitted through the optical fiber is unfocused (i) because of the con-
siderable distance between the fiber tip and the targets. Once the robot reaches the
targets, it successfully delivers focused light precisely, demonstrating its ability to
deliver light therapy in different locations (ii-iv).

H, plasma. Although H, plasma etching of PTFE films has found
applications as a coating layer in various fields, including space, bio-
technology, and microelectronic packaging®, this has not been
applied in creating soft robots using plasma-etched PTFE films. The
introduction of PTFE films for soft robot manufacturing paves the way
for their operation within harsh environments characterized by high
temperatures, humidity, and chemical exposure, such as medical
sterilization. Providing thermal and chemical durability surpassing that
of other soft films, PTFE films can withstand such environmental
conditions. They are capable of withstanding temperatures exceeding
327°C and remain insoluble in most chemicals and solvents. In addi-
tion, unlike bonding silicone films (e.g., PDMS bonding via oxygen
plasma) and thermoplastic films, where the success of bonding is

influenced by factors such as time, temperature, humidity, and
cleanliness, the PTFE film bonding is not sensitive to these ambient
conditions and time constraints.

In this work, we successfully achieved seamless integration of
actuation, sensing, and mechanical control components within the
robot materials using laser precision micromachining, chemical sur-
face modification, and lamination, with minimal manual assembly
steps. Demonstrating the versatility of the proposed fabrication
method, we designed three distinct DOF SHY robotic modules (i.e.,
translational, bending, and roto-translational) and one DOF SHY
robotic gripper. These constitute the building blocks of a robotic
system, providing flexibility and different opportunities in designing
and building full robotic systems, which can be tailored toward specific
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applications and needs, with our approach. Each robotic module
exhibits unique degrees of freedom, which are mechanically encoded
by an exoskeleton-like mechanical structure. Leveraging the capability
for monolithic on-board integration of electrical circuits, we have
seamlessly integrated an ionic resistive sensor into the SHY robots.
This sensor is embedded by installing electrodes within the robots and
utilizing an ionic fluid as a sensing medium. By fabricating SHY robotic
modules at two different scales (5mm and 11.5 mm OD), we demon-
strated the scalability of this fabrication technology and the possibility
of consistently manufacturing millimeter-scale soft robots by mini-
mizing manual assembly procedures. Moreover, as highlighted in
Supplementary Fig. 12, we demonstrated the feasibility of batch fab-
rication by incorporating a total of 15 modules within a single manu-
facturing session (see Supplementary Information). The DPSS laser
precision micromachining system utilized in our manufacturing pro-
cess has a working area of 15 x 15 cm. Therefore, up to =105 scaled-
down (5 mm OD) SHY robotic modules can be manufactured in a single
batch, if desired.

We have characterized the reliability of the proposed fabrication
method with surface characterizations (i.e., contact angle measure-
ments) to verify the successful chemical surface modification of PTFE
films, and by testing the peel strength between PTFE films and our
selected adhesive material. We have performed extensive mechanical
characterizations of each SHY robotic module, including range of
motion, force and torque, power density, and fatigue testing. We have
embedded an ionic resistive sensor within the SHY robotic modules to
self-sense the encoded motion by measuring the change in resistance
across the robot’s body. The ionic resistive sensors exhibit nonlinear
behavior, but they do not display hysteresis as their measurements rely
solely on the expansion state of the SHY robotic modules (i.e., the
distance between the bottom and top conductive plates), not on the
internal pressure. Furthermore, the ionic resistive sensor utilizes a low-
voltage (1V) AC signal and a biocompatible sensing medium to
monitor the configuration of each module. This not only offers a safe
sensing solution but also broadens the range of potential applications,
such as minimally invasive surgery and drug delivery.

Our SHY robotic modules were designed to facilitate easy stacking
in series, allowing for the creation of a continuum robot. Each SHY
robotic module used in the SHY continuum robot has a diameter of
11.5 mm, lies in a flat state of around 1.7 mm in height, and possesses
minimum features in the micrometer scale. As demonstrated in this
paper, we incorporated a side-inlet channel design and guidance slots
to effectively route fluidic lines and sensing lines throughout the robot.
These features ensure proper alignment of fluidic channels and wires,
minimizing interference. In addition, the dedicated fluidic channels
enabled the simultaneous activation of multiple modules, facilitating
complex and coordinated movements in the SHY continuum robot.
Combining these modules in series, we successfully fabricated a pro-
prioceptive SHY continuum robot and demonstrated real-time shape-
sensing functionality through the use of integrated ionic resistive
sensors. While this paper showcases the construction of a continuum
robot using a specific combination (i.e., the aforementioned R-B-T
configuration) of SHY robotic modules, it is important to note that
various other combinations are possible. These combinations can be
chosen based on the desired robot's kinematics.

As highlighted in this paper, various end effectors, including a
grasper, a needle, and an optical fiber, can be compactly integrated.
Using these end effectors, we showcased practical applications of the
SHY continuum robot executing various tasks, i.e., object pick-and-
place, needle steering and tissue puncturing, and optical fiber steering
tasks. The pick-and-place task was achieved by integrating a grasper,
fabricated using the same manufacturing technique. The robot was
able to complete this task with soft and hard objects of various shapes
and sizes, including small food items (a rice grain and a coffee bean),
assembly and fabrication components (a nut), daily objects (a LEGO

block and a letter block from the Scramble Game), and a 50 g weight
(25 times heavier than the robot itself). This demonstrates the poten-
tial of the developed SHY continuum robot manipulator in real-world
scenarios. The needle steering and tissue puncturing task was
demonstrated by integrating a needle into the robot and steering it
toward the targets on the in vitro tissue simulator. The robot then
successfully punctured through the tissue simulator and injected pink
dye. Lastly, the optical fiber steering task was showcased by steering an
optical fiber and delivering focused light toward the targets by pre-
cisely adjusting the distance between the optical fiber and the chosen
location. These demonstrations illustrate the potential of our SHY
robots in different environments and applications, such as in food
handling, manufacturing, and surgery.

As outlined in Supplementary Table 3, our proposed method
provides several advantages compared to other methods. First, our
method allows for the seamless integration of sensors into SHY robots
with diverse degrees of freedom. While many methods detailed in the
table encounter difficulties in sensor integration, those that attempt it
often face constraints such as limited degrees of freedom or the
requirement for a larger footprint to accommodate sensors. In con-
trast, sensors can be monolithically embedded into various designs
and sizes of SHY robots. Furthermore, these modules can be assem-
bled into multiple configurations, providing different degrees of
freedom depending on the specific need. Second, our approach
facilitates batch fabrication, as demonstrated in Supplementary Fig. 12.
The ability to consistently build multiple modules simultaneously is a
significant advantage in soft robotic applications. Other fabrication
approaches present challenges in consistent reproducibility due to
susceptibility to ambient conditions (i.e., temperature and humidity)
and short operating windows™. In contrast, our proposed fabrication
method possesses the benefit of being independent of environmental
conditions and a long operating window, resulting in more reliable and
consistent fabrication outcomes. Regarding mechanical performance,
the SHY robotic modules exhibit comparable or better mechanical
performance to other fluidically actuated soft robots fabricated in a
layer-by-layer fashion. In terms of actuation speed, other soft robots
fabricated through lamination-based methods achieve linear actuation
speeds ranging from 0.42 to 223 mmy/s and bending actuation speeds
ranging from 0.145 to 2.09 rad/s®**%. While the actuation speeds
achieved by these robots are generally comparable, some robots may
achieve faster actuation speeds because they are pneumatically actu-
ated (see Supplementary Table 3). Regarding output force, the SHY
robotic modules exhibit comparable or higher output force con-
sidering the size of the robot (0.04 N/mm?) in comparison to other soft
robots (0.01 ~ 0.05 N/mm?>°>°>%863) This demonstrates the strength of
SHY robots in delivering force in the desired direction, leveraging the
use of a mechanical controller.

Although the proposed SHY robotic technology has shown pro-
mising performance, there are remaining limitations that need to be
addressed in future studies. First, SHY robotic modules require indi-
vidual tubing to actuate each single DOF. The number of actuation
lines can be reduced in the future with quake valves and fluid logic®”.
Next, as demonstrated in Fig. 6b, the relative error generally increases
as the robot expands toward the end of its workspace. This increase in
the relative error is due to the nonlinear behavior of the ionic resistive
sensor, as demonstrated in Fig. 5c-e. To further improve the sensitivity
of the sensor, the volume of the injected fluid could be optimized by
tuning the size and shape of the PTFE soft-foldable actuator because
the change in resistance across electrodes depends on the change in
volume of the injected ionic solution. This fine-tuning of the actuator’s
dimensions could allow for a more linear relationship between the
expansion state and sensor response. In addition, in this study, open-
loop control was used to perform the pick-and-place, needle steering
and tissue puncturing, and optical fiber steering tasks. Since the ionic
resistive sensors embedded in the SHY robots exhibit a nonlinear,
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monotonic response, the sensing modality could be utilized for sensor
feedback in robot position control in the future. By incorporating a
real-time sensor feedback controller, the robot can respond and adapt
to its environment, enabling more sophisticated and autonomous
operation. Finally, the biocompatibility of films could be further
explored. While the materials used in this work (i.e., fiber-reinforced
epoxy laminate, polyimide, acrylic adhesive, and PTFE) are bio-
compatible, the presence of tinned copper films may introduce
concerns®®®, To address this issue, additional exploration of bio-
compatible coatings and conductive materials can be done. Encapsu-
lating the SHY robotic modules with a thin layer of Parylene C can be a
viable solution to provide a biocompatible coating®®. In addition,
replacing the tinned copper films with gold could further enhance
biocompatibility. These considerations would open up even more
possibilities for a wide range of applications where the SHY robots can
autonomously perform tasks with improved precision and adaptability
for various applications.

Methods

Fabrication process

SHY robotic modules are fabricated using a layer-by-layer lamination
technique. Various film materials are prepared by laser machining and
chemical surface modification (via H, plasma) and bonded by heat
pressing (Fig. 2, Supplementary Fig. 3, and Supplementary Movie 2). In
this work, 254 um thick fiber-reinforced epoxy laminate (McMaster
Carr Supply Company) films are used as structural layers for the
robots. Conductive traces and electrodes are created respectively with
50 um thick copper film (McMaster Carr Supply Company). Polyimide
films (CS Hyde Company) of 50 pm thickness are utilized as flexible
joints. Acrylic sheet adhesive films (FR1500, DuPont de Nemours, Inc)
are used to bond each film.

The fabrication process begins with laser precision micro-
machining (Fig. 2a) of various films using a diode-pumped solid-state
(DPSS) ultraviolet (UV) laser (Coherent Matrix 355 nm, 5W, laser pre-
cision micromachining system). After laser processing films, additional
film preparation steps were taken on adhesive, copper, and 25pm
PTFE films (McMaster Carr Supply Company) before fully bonding all
the films together. The shape-engraved adhesive films are selectively
peeled off from the paper backing to bond to specifically selected
locations (Fig. 2b). The copper films were coated with a layer of tin by
submerging the sheet in a liquid tin (421A, MG Chemicals) for 3.5 min
to prevent corrosion of the films (Fig. 2c). The PTFE films were exposed
to H, gas plasma for 5min at 450 W with a reactive ion etcher (790
Series, Plasma-Therm, LLC), where the chamber pressure was main-
tained at 100 mTorr and H, gas was constantly injected at a flow rate of
50 sccm into the chamber (Fig. 2d). Then, the structural layers with
integrated sensors are prepared by bonding the tinned copper films
and structural films.

To embed the ionic resistive sensor within the robot, adhesive
films are transferred to the tinned copper films by aligning them using
alignment pins and heat pressing them for 2 min at 100 “C with 350 kPa
(Fig. 2e). The structural layers and the tinned copper films are then
realigned and laminated for 5 min at 100 *C with 350 kPa to temporarily
cure the layers together (Fig. 2f). Finally, excess tinned copper films are
removed by laser cutting the sacrificial supports on the tinned copper
films (Fig. 2g).

After preparing the necessary films, all the adhesive films are pre-
cured onto rigid or flexible films for 2min at 100°C with 350 kPa
(Fig. 2h). All the films are then aligned using dowel pins, stacked in
order, and laminated for 1.5 h at 200 °C with 350 kPa (Fig. 2i) to fully
cure the adhesive and permanently bond them together. The hybrid
robot modules are then released from the scaffold by laser cutting the
sacrificial supports between the actuator and the scaffold (Fig. 2j). A
microtubing (MREO25, Braintree Scientific, Inc.) with 304 pm inner
diameter is attached to the robot using UV adhesive (NOA73, Norland

Optical Adhesive) with a UV lamp (Sunspot 2, Uvitron International,
Inc.) to provide a fluidic inlet channel (Fig. 2k). Two segments of 36
gauge wires are attached to the robot by soldering directly onto the
electrodes.

Range of motion characterization

The range of motion of the SHY robotic modules was tested by fixing
one end and allowing the other end to move freely with an electro-
magnetic (EM) position tracker (Aurora, Northern Digital Inc.). A syr-
inge pump (Pump 11 Pico Plus Elite, Harvard Apparatus) was used to
infuse and retract fluid into the SHY modules at a constant rate of
0.1 ml/min. The pressure of the actuation fluid was monitored using a
pressure sensor (SSCDANT150PGAAS, Honeywell International, Inc.).

Output force characterization

The output force of the SHY robotic modules was characterized by
measuring force versus pressure curves. The experiment involved
testing the output forces at different expansion states, 0%, 25%, 50%,
and 75% expansion. A syringe pump (Pump 11 Pico Plus Elite, Harvard
Apparatus) was used to pressurize the actuation fluid at a constant
rate of 0.1 ml/min, and pressurized up to 180 kPa. To measure the
exerted force, a force/torque (F/T) sensor (NANO17, ATI Industrial
Automation Inc.) was attached to a robotic arm (URS5e, Universal
Robots) to position the F/T sensor perpendicular to the top surface
of the modules.

Sensor characterization

The output voltage across the fixed resistance resistor (680 kQ for
11.5 mm SHY robotic modules and 470 kQ for 5 mm modules) of the
voltage divider circuit (Supplementary Fig. 9) was measured to char-
acterize the sensor in the SHY robotic modules. In this test, the syringe
pump was used to infuse and retract actuation fluid at a constant rate
of 0.1 ml/min, and the EM position tracker monitored the corre-
sponding configuration of the SHY robotic module. During this test, 1V
peak to peak, 10 kHz sine wave was supplied to the voltage divider
circuit, and the voltage across the fixed resistance resistor of the vol-
tage divider circuit was constantly monitored using RMS to DC sensor
(LTC1968, Analog Devices, Inc.) and ADC (NI USB-6210, National
Instruments Corporation).

Data availability

The SHY continuum robot shape sensing data generated in this study
are available at the public repository https://github.com/HunchanL/
SHY-Robot.git. (https://doi.org/10.5281/zenodo.10937458) All the data
supporting this study are provided in the main text and the Supple-
mentary Information.

Code availability

The code to generate the shape-sensing plot in this study, along with
sample data, is available at the public repository: https://github.com/
HunchanL/SHY-Robot.git. (https://doi.org/10.5281/zenod0.10937458)
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