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SOFT ROBOTS

Upgrading and extending the life cycle of soft robots
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Soft robotics hardware, with numerous applications ranging from health care to exploration of unstructured
environments, suffers from limited life cycles, which lead to waste generation and poor sustainability. Soft robots
combine soft or hybrid components via complex assembly and disassembly workflows, which complicate the repair
of broken components, hinder upgradability, and ultimately reduce their life spans. In this work, an advanced
extrusion-based additive manufacturing process, in situ free-form liquid three-dimensional printing (iFL3DP),
was developed to facilitate functional upgrades and repairs in soft robots. A yield-stress hydrogel—a type of ma-
terial that can maintain its shape until sufficient stress is applied—was first printed directly onto the robot surface,
serving as a support for printing new components. This technique enabled the fabrication of advanced compo-
nents with seamless integration onto already assembled robots. These components could combine multiple
materials with intricate geometries, including overhangs and high-aspect ratio shapes, that are considerably
challenging to manufacture and integrate via traditional methods such as casting. This approach was successfully
applied to upgrade an existing soft robot by adding three advanced functionalities: whisker-like sensors for tactile
feedback, a grasping mechanism, and a multifunctional passive whisker array. This study showcases the easy
repairability of features, new and old, substantially extending the robot'’s life span. This workflow has potential to

enhance the sustainable development of soft robots.

INTRODUCTION

Soft robotics, a rapidly evolving field in robotics research, is charac-
terized by its incorporation of soft and compliant materials into
novel robotic frameworks. Such integration has led to considerable
advancements in terms of functionality, actuation, and robustness
(1, 2), finding applications across various sectors, from health care
and wearables (3, 4) to exploration in unstructured environments
(5-7) and tasks in human-centric contexts (8-10). As soft robotics
technologies become more prevalent in daily applications, an em-
phasis on sustainability and life cycle management is increasingly
pertinent (11, 12).

Although there is substantial research on materials sourced from
renewable resources (13-15), the domain of life cycle management
in soft robotics remains underexplored. This can be attributed to the
relatively early stage of development in this field, with a prevailing
focus on developing new materials, sensors, actuators, and control
mechanisms (16). Furthermore, the inherent complexity of soft ro-
bots, which combine soft bodies with rigid components like motors
and electronic systems (6, 17-20), presents a challenge for easy as-
sembly, disassembly, and, consequently, repairs (21, 22).

Preliminary approaches in this domain have considered modu-
larity as a means to simplify rearrangements and repairs (23-26)
and research into efficient and cost-effective methods for recycling
prevailing nonbiodegradable materials, such as room-temperature
vulcanized (RTV) silicones (27). Another promising strategy is the
postproduction enhancement of capabilities, a concept previously
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investigated in electronic device domains (28-30). Although prom-
ising, this approach requires rethinking the manufacturing process
to seamlessly incorporate diverse components across the lifetime of
the product (28). Developing more integrated workflows facilitating
the incorporation of additional capabilities could substantially con-
tribute to development of this approach.

Additive manufacturing (AM) has emerged as a potential solu-
tion to reduce environmental footprint (31-33), offering benefits
such as minimized waste, optimized material use, and decentralized
production (33). However, despite a large range of AM technologies,
the lack of compatibility between different AM technologies and the
limited range of processable materials per technology still limit
broad influence (34), explaining why AM adoption in soft robots is
still in its infancy (35, 36).

Recent advances in AM, such as direct ink writing (DIW) (37),
embedded three-dimensional printing (e3DP) (19, 38), or free-form
liquid 3D printing (FL3DP) (39-41), have shown promise in manu-
facturing functional multimaterial structures. Specifically, FL3DP
has notably widened the range of processable materials and print-
able geometries (39-41). The use of a yield-stress gel as temporary
support enables the extrusion of inks with low viscosities or long
solidification kinetics as well as the manufacture of overhangs or
high-aspect ratio structures and enhances the robustness of multi-
material components (40). However, in the current approach, the
gel is placed in a container in which objects can be printed, thus
limiting the available workspace.

In this study, the printability of the support gel by DIW was ex-
plored and leveraged to enable the local deposition of a custom gel
volume, where needed, followed by the FL3DP of functional soft
components within. This strategy, called “in situ FL3DP” (iFL3DP),
was explored to upgrade the functionalities of an existing soft robot
by printing advanced functional components directly on the old ro-
bot’s surface. The aim of the present work is twofold: to expand the
capabilities of an old robot through the seamless integration of
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additional capabilities and to prolong the useful robot life span by
facilitating component upgrades and repairs. To illustrate the pos-
sibilities enabled by iFL3DP, we used a batoid-inspired underactu-
ated swimming robot developed in previous studies (19, 42) as a test
bed. The first generation was able to swim autonomously using pre-
programmed flapper actuation but lacked onboard sensors, which
hindered any type of closed-loop control. As a result, the integration
of three additional and essential components was explored: tactile
sensing via long whiskers for obstacle detection and texture sensing,
actuated hooks to carry payloads and perch on docking platforms,
and passive thermal sensing and sample collection via an array of
short whiskers. These functionalities were chosen because they offer
a distinct improvement of the robot’s capabilities regarding environ-
ment interactions and require intricate geometries with multimate-
rial structures that are challenging to manufacture using traditional
casting methods. The components were added directly on the skin
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of the old robot via iFL3DP, resulting in strong and robust adhesion.
The modularity of these additions enabled easy repairs or replace-
ments of damaged components, thus further prolonging the life
span of the robot. Overall, these results illustrate the capability of
iFL3DP to facilitate the integration of advanced components on
existing devices, upgrade existing capabilities, and contribute to the
sustainable development of soft robots.

RESULTS

iFL3DP

The use of iIFL3DP for upgrading or repairing soft robotic devices is
illustrated in Fig. 1A, where two scenarios are highlighted. First, for
an already in-use “generation 1” robot, iFL3DP enables integration
of multimaterial components directly on the robot’s skin, even on
uneven surfaces (see Fig. 1A). This approach is applicable for
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Fig. 1. Upgrading and life extension of soft robots. (A) Workflow chart showing how iFL3DP can be used for upgrades and repairs during the robot’s life span through
two scenarios. (B) Upgrading a soft batoid-like swimming robot through the addition of (i) passive temperature sensing, (ii) actuated hooks for perching and payload
carrying, and (iii) tactile sensors for obstacle detection and seafloor bathymetry analysis. (C) lllustration of the internal structure of the batoid-like robot and the hardware
modifications required from a generation 1 design to enable electrical connections for new components. (D) lllustration of the iFL3DP process to enable fabrication and

direct integration of additional components.
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upgrading robots already manufactured, on the condition that these
upgrades are compatible with the existing robot’s hardware (for ex-
ample, generation 1 electrical circuits or power systems).

Incorporating more advanced upgrades taking advantage of iF-
L3DP can be envisioned during the product development phase,
before the robot’s fabrication. In this second scenario (see Fig. 1A),
a generation 2 robot’s design can be iterated from a generation 1
robot to accommodate more advanced hardware modifications,
such as new electrical connections or computing capabilities re-
quired for actuation and sensing. The generation 2 robot can then be
fabricated using iFL3DP to integrate additional functionalities an-
ticipated in the design phase by printing multimaterial components
with intricate geometries directly on the robot’s skin. Furthermore,
iFL3DP facilitates repairs of any component susceptible to wear and
tear once the robot is deployed and in use, given that the damaged
component can be easily reprinted on the robot. iFL3DP consider-
ably reduces the volume of support needed compared with tradi-
tional FL3DP, without posing substantial restrictions on working
space or increasing postprocessing time. Regarding postprocessing,
a simple wash-off with a gentle flow of water enables cleaning of the
components in a couple of minutes (see movie S1) given that the
hydrogel does not interact with the polymerization of the elastomer.

A batoid-like soft robot introduced in earlier studies (19, 42) was
used to explore both scenarios. Starting from a generation 1 founda-
tional design—the original robot—limited to preprogrammed au-
tonomous swimming, the objective was to enhance the capabilities
of the robot through the addition of three key components illus-
trated in Fig. 1B, with a distinct emphasis on repairability. For the
first component, illustrating the first scenario, a temperature-sensitive
array of whiskers was added on the curved dorsal area of the robot
[Fig. 1B (i)]. The array was composed of a dense distribution of
high-aspect ratio whiskers serving a dual purpose: to collect bio-
logical samples captured by the array and to function as a tempera-
ture indicator detectable by external devices. This design was chosen to
illustrate the capability to integrate high-aspect ratio structures in a
straightforward manner, even on curved surfaces, using iIFL3DP. Being
entirely passive, this addition did not require any electronics or power
modifications and was instantly operational after printing on the
generation 1 robot.

The subsequent components illustrated the second scenario.
First, a pair of thermally actuated hooks, situated on the robot’s ven-
tral region, was fabricated to enable low-power tasks, such as dock-
ing and payload carrying [Fig. 1B (ii)]. Two hook-like whiskers were
printed on a soft membrane placed on top of a chamber filled with a
low-boiling point liquid. The liquid volume change, controlled by
joule heating of a nichrome wire, led to the deformation of the
membrane and opening of the hooks. The third component con-
sisted of two catfish barbel-like whiskers mounted on resistive sen-
sors, strategically positioned on the frontal part of the robot [Fig. 1B
(iii)]. The primary function of these whiskers was to enable tactile
feedback, facilitating obstacle avoidance and seabed texture analysis.

As illustrated in Fig. 1C, these two components required internal
hardware modifications to the generation 1 robot, including modifi-
cations of the onboard electronics and the installation of electrical
connections for both joule heating and sensing. This led to the de-
velopment of a generation 2 batoid robot, which was then used as a
robotic base on which the three new components were integrated
using iFL3DP. More information on the modifications to the inter-
nal robotic system is provided in fig. S1, and the new functionalities
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provided by the additional features are listed in table S1. It should be
noted that the components’ multimaterial composition, which
blended elastomers of varying moduli, liquids, conductive wires,
and intricate geometries on uneven surfaces, would pose substantial
challenges to conventional soft robotics manufacturing methods
such as casting or molding, as illustrated in fig. S2.

Once designed, the components could be 3D printed directly
on the robot’s surface using iFL3DP, streamlining the integration
process by minimizing manufacturing steps, such as separate fab-
rication of sensors, assembly, and integration steps. As illustrated
in Fig. 1D, the required volume of gel was deposited on the sur-
face, followed by extrusion of the inks. This characteristic enables
a drastic decrease in the support gel volume required compared
with traditional FL3DP, where robots or components would typi-
cally be fully immersed in the support gel. Here, a nanoclay-
based hydrogel similar to the one reported in (40) was used as a
support (5 wt % Laponite XLG dispersed in deionized water; see
Materials and Methods). Furthermore, these hydrogels do not
cause environmental harm.

Robotic platform design

The batoid robot used in this study had a design similar to the one
described in (19) and (42). Briefly, two fins made of soft silicone
rubber (Ecoflex 00-30, Smooth-On, noted EF30) were actuated by
two lepidotrichia-inspired flappers (43) linked to servomotors, which
were controlled by an onboard microcontroller (42). The robot’s
speed and heading depended on the preprogrammed flapping fre-
quency and amplitude of each fin, with instructions relayed via
wireless Bluetooth communication. The robot was designed to be
neutrally buoyant, with all electronic components enclosed in a
thermoplastic hull. This hull was encapsulated by an elastomeric
skin to guarantee waterproofing (for details, refer to Materials and
Methods and fig. S1).

Fabrication process of the thermochromic whisker array
Figure 2 shows the workflow to fabricate each component via
iFL3DP. Geometry details of the various new whisker features are
shown in Fig. 2A. A schematic view of the batoid robot with three
new components is shown in Fig. 2B, with the associated manufac-
turing sequence shown in Fig. 2 (C to E). A thermochromic whisker
array was added to the robot’s dorsal area. This array was composed
of 38 whiskers, arranged in five rows, each standing at a 12-mm
height with a base diameter of 2 mm [Fig. 2A (i)]. These dimensions,
~25% of the robot’s height, were chosen to illustrate the manufactur-
ing of high-aspect ratio whiskers while also limiting drag. The whis-
kers were made of a stiff silicone (Smooth-Sil 960, noted SS960,
elastic modulus Ejgy = 1.9 MPa) mixed with thermochromic pig-
ments (Hali thermochromic pigment) set to transition from red to
green when the external temperature exceeds 31°C.

The fabrication sequence for the thermochromic whisker array is
shown in Fig. 2C and movie S1. The first step involved the confor-
mal printing of a thin layer of EF30 onto the robot’s middorsal re-
gion (for a detailed methodology on conformal printing atop curved
interfaces, refer to fig. $3). This layer served as an anchoring adhe-
sive to secure the whiskers to the old robot’s skin. More information
on the adhesion strength of printed layers cured on elastomeric bases
can be found in the “T peel test” section of Supplementary Text (see
fig. S4). The support gel was then printed on the surface (total height
of ~20 mm), followed by extrusion of the whiskers. After curing
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Fig. 2. iFL3DP workflow for three new functional components. (A) Geometrical parameters of (i) thermochromic whiskers, (i) hook-like whiskers, and (iii) tactile whis-
ker sensors. Red arrows show the needle paths during printing. (B) Schematic of batoid with three new functional components. (C) Fabrication steps for the thermochro-
mic whisker array: (i) dorsal area of the batoid, (i) DIW of an Ecoflex 00-30 (EF30) layer serving as a graft layer, (iii) DIW of the support hydrogel on top of the graft layer, and
(iv) FL3DP of whiskers. (D) Fabrication of the hook-like whisker actuators: (i) DIW of Smooth-Sil 960 (55960) cavity walls, (ii) DIW of the support hydrogel, (iii) DIW of a
cavity top EF30 layer, (iv) DIW of the support hydrogel, and (v) FL3DP of SS960 hooks. (E) Fabrication of the tactile whisker sensors: (i) DIW of an EF30 layer, (ii) e3DP of the
carbon grease strain gauge, (iii) DIW of the support hydrogel, and (iv) FL3DP of SS960 whiskers. (F) Effect of printing parameters on whisker dimensions (tactile whisker
sensor and hook-like whisker); 16- and 19-G needles have inner diameters of 1.35 and 0.81 mm, respectively. The error bars in the graph denote the SD from three readings
taken along the length of the whiskers. (G) Effect of printing parameters on whisker dimensions (thermochromic whisker); a 20-G needle has an internal diameter of

0.66 mm. The error bars in the graph denote the SD from three readings taken along the length of the whiskers.

(typically ~16 hours at room temperature or ~2 hours at 60°C), the
support was washed off.

Fabrication process of the hook-like whisker actuator
The actuator design incorporated two hook-like whiskers, each
measuring 12 mm in height and 1 mm in diameter and made from
stiff SS960 to provide enough mechanical resistance [see Fig. 2A
(ii)]. Like for the thermochromic array, these dimensions were cho-
sen to limit the increase in the robot envelope while providing
enough length to carry payloads or to dock on landing platforms.
The whiskers were anchored on a soft membrane positioned atop an
~2.4-ml cavity. The whiskers’ aperture was controlled by changing
the temperature of a low-boiling point liquid (Novec 71IPA engi-
neering fluid, boiling temperature of 54°C) via joule heating of a
nichrome wire connected to the robot’s battery and controlled by a
double latch relay (Omron G6SK-2; see fig. S5).

The iFL3DP process of the hook-like whisker actuator is shown
in Fig. 2D and movie S2. First, a 20-cm-long nichrome wire
was coiled inside the old robot’s ventral region to provide optimal
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contact surface area with the liquid. Although the wire was placed
manually for the robot presented in this study, automation of the
wire placement was also demonstrated using automated fiber em-
bedding technology (44) and is reported in fig. S6. Next, SS960
was printed via DIW to form the cavity walls enveloping the ni-
chrome wire, with dimensions of 34 mm by 14 mm by 5 mm
(Iength, width, and height, respectively) [see Fig. 2D (i)]. The
hydrogel was then printed via DIW to fill up the cavity, followed
by the printing of a 1-mm-thick membrane of EF30 on top of the
cavity via DIW. Next, an ~15-mm-height support hydrogel was ex-
truded on top of the membrane [Fig. 2D (iv)], followed by extru-
sion of the two hook whiskers via FL3DP. After curing, the support
hydrogel was washed off, and the cavity was drained and filled
with the low-boiling point liquid using a syringe. The use of the
low-boiling point fluid as a support hydrogel was not possible
without affecting the phase-change property of the liquid, con-
trary to a previous work where a functional dielectric liquid could
be modified to be used as a support for the FL3DP of hydraulically
enhanced dielectric elastomer actuators (41).
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Fabrication process of the tactile whisker sensors

Tactile capabilities were introduced through the integration of two
obliquely positioned whiskers on both the left and right flanks of
the robot’s anterior ventral section, as illustrated in Fig. 2E. The
whiskers were 40 mm long, corresponding to ~20% of the robot’s
total body length, similar to the Japanese goatfish (45). This length
was chosen to provide enough clearance from the ventral region
(~25 mm) to feel seabed textures without crashing against them and
to only detect close obstacles. The whiskers were made of stiff SS960
to better transfer mechanical stimuli felt on the whiskers to the
strain gauges located at their bases. The dynamic responses of these
whiskers were registered by two strain sensors located at the base of
each whisker (carbon grease-based strain gauges). The location of
these sensors, labeled L1 and L2 for the left lateral and left posterior
and R1 and R2 for the right lateral and right posterior, is shown in
Fig. 2E. Each sensor interfaced with the robot’s internal electronic
framework via wires running parallel to the robot’s central axis (see
Fig. 1C). Whisker movements triggered resistance changes in the
embedded sensors, which led to voltage changes that were recorded
on an onboard secure digital (SD) card (see fig. S1).

The four steps of the iFL3DP workflow are illustrated in Fig. 2E
and movie S3. First, an EF30 layer was printed on the robot’s surface,
setting the stage for whisker integration. Next, the strain sensors were
embed-3D printed in the freshly printed layer using carbon grease.
These sensors were connected to the robot’s circuitry via wire contacts
incorporated into the robot skin. A support hydrogel was then printed
on top of the uncured EF30 layer, reaching a height of ~50 mm with
an approximate volume of 75 cm”. Last, the whiskers made of $5960
were fabricated via FL3DP with a 30° angle. After curing, the support
was washed off, and the whisker sensors were operational.

iFL3DP of high-aspect ratio whisker-like structures

Central to iFL3DP was the initial printing of a yield-stress hydro-
gel. This gel’s rheological properties inherently allowed for DIW:
Flowing like a liquid during extrusion, the gel solidified instantly at
rest once extruded. Laponite-based hydrogels were chosen in this
study because of their ease of preparation and rapid transition be-
tween gel and liquid states (40). An in-depth investigation of the
influence of Laponite concentration on rheological properties and
printability is provided in the “Rheological properties and print-
ability of the support bath” section of Supplementary Text. A strong
correlation between the composition of the gel and its stability
against gravity was observed. Printed rectangular volumes with as-
pect ratios of up to 2.5 were reachable at a 6 wt % concentration.
For the remainder of the study, support hydrogels with a 5 wt %
concentration were used.

Before the iFL3DP of whiskers, a fresh thin layer of silicone rub-
ber was extruded on the robot’s skin to be used as a graft to bond
whiskers to the skin. The support hydrogel was then extruded onto
the desired section of the robot’s surface to enable iFL3DP of the
whiskers. Various customizations of features, achievable by tweak-
ing the needle trajectory, speed, and input pressure, can easily be
explored with iFL3DP. Here, the whisker printing process com-
prised three main phases: A slower extrusion speed was used to en-
sure a robust thicker base embedded in the anchoring layer; a
uniform speed was then adopted to maintain consistent whisker
thickness; and extrusion stopped while needle motion continued,
leading to the formation of a tapering whisker tip.
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Two elastomeric inks were used: a pure SS960 formulation for
the tactile whisker sensors and hook-like whiskers and a variant of
$S960 mixed with thermochromic pigments specifically for the
thermochromic whiskers (see Materials and Methods for compo-
sitions). The incorporation of thermochromic pigments modified
the rheological characteristics of the S§960 ink. Consequently, the
effects of different printing parameters on the whisker’s diameter
for both ink formulations were explored. The findings are shown
in Fig. 2 (F and G) and detailed in the “Rheological properties and
printability of the inks” section of Supplementary Text, along with
a characterization of the minimum resolution achievable. On the
basis of these outcomes, the optimal extrusion speed and needle
diameter were selected and detailed in Materials and Methods.

Characterization of the tactile whisker sensors

The strain gauges were first characterized using both dynamic and
static whisker experiments. As shown in Fig. 3A, the robot was po-
sitioned inside a water tank, and a 2-mm-diameter rod was moved
horizontally to contact the whisker. The resulting voltage changes
for each strain gauge (due to changes in resistance) were recorded
using a digital multimeter (Keithley DMM 6500). The rod’s speed
and displacement were controlled using a linear stage (Zaber X-
BLQ1045-E01).

The dynamic behavior of the strain gauge was investigated by ex-
citing the whisker at its midpoint to induce a 10-mm displacement
at 50 mm s, This procedure was repeated over 100 cycles, with the
relative change in resistance (AR/Ry) for the left posterior (L2) gauge
plotted in Fig. 3B. The graph showed a consistent sensor response
across 100 cycles. Each rod contact resulted in a pronounced resis-
tance surge (see close-up in inset), averaging 0.060 + 0.014. The cor-
relation between impact velocity and AR/R, was further investigated
and is reported in fig. S9. Increasing speeds led to larger amplitude
changes from ~0.03 to ~0.075 but stabilized beyond 50 mm s~ [~0.3
body lengths (BL) s7h.

The strain gauge’s response to static stimuli was also investigated.
The whisker was similarly excited at its midpoint, inducing a 10-mm
displacement at 50 mm s, but the rod remained in position for
30 s. The AR/R, for both L1 and L2 sensors during a single impact
is plotted in Fig. 3C. Both gauges registered resistance spikes during
the stimulus’s onset and cessation. Over the 30-s duration, the pos-
terior gauge decreased beneath the baseline, whereas the lateral
gauge stabilized above the baseline, suggesting that the posterior
gauge compressed as the lateral gauge extended. This static cyclic be-
havior was repeated over 25 cycles and was found to be consistently
repeatable (see fig. S9).

Last, sensor responses during the robot’s swimming motions
were evaluated to establish baseline patterns caused by the fin flap-
ping. Free swimming experiments were conducted in water at vary-
ing speeds of 0.1, 0.2, and 0.4 BL s™' (for a 40° flapping amplitude
and frequencies of 0.5, 1.0, and 1.5 Hz, respectively). The output
voltages for the left whisker sensors (L1 and L2) were recorded by
the microcontroller, stored on an onboard SD card, and collected via
wireless Bluetooth. The voltages for the three frequencies are reported
as a function of time in Fig. 3D. Discernible voltage peaks, syn-
chronized with the flapping frequency, confirmed the effective
capture of fin movements. The posterior gauge registered a higher
output, likely because of its proximity to the flapper (as seen in Fig.
2E). Comparable patterns were also noted in air. These observations
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Fig. 3. Tactile whisker sensor characterization. (A) Experimental setup for the characterization of the strain gauges. The horizontal motions of a 2-mm-diameter steel
rod were controlled to excite the whiskers in both dynamic and static experiments. Scale bar, 10 mm. (B) Resistance changes on the posterior left gauge due to dynamic
cyclic loading. The average and SD in (AR/R,) were calculated from 100 cycles. (C) Resistance changes on the posterior and lateral left gauges due to static cyclic loading.
(D) Output voltage of both lateral and posterior left gauges during robot free swimming at (i) 0.5 Hz, (ii) 1.0 Hz, and (iii) 1.5 Hz.

are detailed and reported in fig. S9, along with the characterization
of the repeatability of signal sensor.

Whisker sensor applications

Obstacle detection

The reliability of the sensor signals facilitated the detection of vari-
ous mechanical stimuli, such as unanticipated obstacles, prompting
the robot to maneuver away from the obstacle. An algorithm was
used to identify deviations in sensor outputs beyond a designated
threshold when compared against a moving average. If identified,
then the algorithm marked the deviation as a peak (46) and initiated
a predetermined behavior, thus enabling obstacle detection and
avoidance (see Fig. 4, A to C, and Materials and Methods).

The robot’s new obstacle detection capabilities were evaluated
during free swimming experiments using custom-made obstruc-
tions. A state machine behavior, detailed in Fig. 4A, was defined as
follows: The robot’s default state was to swim rectilinearly flapping
both fins at 1 Hz with the same amplitude; if an anomaly was regis-
tered on the left whisker, then the robot’s state changed to a right-
ward movement by deactivating the right fin and accelerating the
left fin flapping to 1.5 Hz; after a preset duration of 4 s, the robot
state switched back to linear motion using original settings of 1 Hz
for both fins.

Movie S4 shows the robot’s ability to detect and avoid an obsta-
cle. Figure 4B shows snapshots of the various states. The output volt-
ages versus time from all four strain gauges are shown in Fig. 4C. The
left whisker contact with the object at time #; was identified, induc-
ing sharp variations in L1 and L2 outputs, triggering the algorithm
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to modify the flapping frequencies. The flapping frequencies before
t1, after t, (the time at which the linear movement resumes), and
between t; and t, were reflected in the voltage output of each gauge.
Bathymetry

Bathymetry feedback, or the ability to identify various seabed to-
pologies, is useful in underwater navigation, in particular when to-
pology maps already exist. A simulated seabed comprising three
zones with pebbles of different dimensions was used for the experi-
ments: white cobbles with average diameters of 100 to 120 mm,
black coarse gravel with average diameters of 20 to 40 mm, and red-
white fine gravel with average diameters of 6 to 8 mm (47). The up-
graded robot was attached to a linear stage (Zaber X-BLQ1045-E01)
and towed at a steady speed of 10 mm s~ over the simulated seabed
surface at an elevation that allowed contact between the tactile whis-
kers and the pebbles (see Fig. 4D and movie S5). Outputs from L2
and R2, shown in Fig. 4E, exhibited sharp fluctuations at distinct
frequencies corresponding to the varying pebble sizes. The intervals
between these voltage fluctuations could be used to infer the size
range of the pebbles. For instance, in Fig 4E, intervals of 11, 2.5, and
0.9 s at a moving speed of 10 mm s~ equated to distances of 110, 25,
and 9 mm, respectively, mirroring the size brackets of the respective
pebble categories.

These variations were characteristic of the whisker’s stick-slip dy-
namics: The whisker entered in contact with a pebble, clung briefly
(causing a gradual voltage increase), and then detached, soon touching
the next pebble (causing a sharp voltage drop). Such tactile events
mimic those used by insects and mammals to discern textures
(48) and were further analyzed on regulated textures (see fig. S9).
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Fig. 4. Whisker sensor applications. (A) State machine diagram for obstacle detection and avoidance behavior. (B) Snapshots from movie S4 illustrating the sequence
of events during obstacle detection. Scale bar, 20 mm. (C) Voltage outputs from the four strain gauges during obstacle detection. (D) Front view of a batoid-like robot
being towed over the artificial seafloor made of different pebble sizes. Scale bar, 20 mm. (E) Voltage outputs of the posterior sensors during surface scan.

Additional runs conducted for bathymetry and obstacle detection
can be seen in fig. S10.

Hook-like whisker actuator

Characterization

Finite element analysis (FEA) was first conducted using Abaqus to
refine the design features of the chamber and the hook-like whis-
kers (see Fig. 5A). A chamber with dimensions of 10 mm by 7 mm
by 5 mm was filled with a low-boiling point liquid. For simplifica-
tion purposes, a smaller chamber was used to limit computation
time, and ethanol was chosen as a liquid model because density
and volumetric temperature coefficients are well documented. Two
hook-like whiskers were positioned on the top membrane (see Fig.
2A for dimensions). The cavity walls and the two whiskers were
modeled using SS960 properties, and the soft top membrane was
modeled using EF30 properties. Both materials were modeled as
neo-Hookean hyperelastic materials (see Materials and Methods for
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more details). The simulation was conducted by changing the tem-
perature of the internal fluid from 25 to 90°C, resulting in mem-
brane deformation leading to the opening of the whiskers (see Fig.
5A). The FEA studies qualitatively matched experimental observa-
tions and confirmed the suitability of the geometric design choices.
A series of experiments was then conducted to correlate the heat-
ing capacity of the nichrome wire with actuation time. With the cur-
rent being fixed by the battery (0.35 A at 4.20 V), the heating was
controlled by on/off cycles. The effect of actuation duration on the
opening angle of the hook-like whiskers was then assessed by apply-
ing 5-s on/1-s off cycles on the nichrome wire and recording the
deformation of the membrane (see fig. S11 for more information).
As seen in Fig. 5B, an angle of 51° was achieved in a span of 60 s.
Application: Perching
The hook-like whiskers allowed the upgraded robot to land on a
designated perching site (see movie S6). A sequential breakdown is
shown in Fig. 5C, where the robot approached and anchored to a
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Fig. 5. Hook-like whisker actuator. (A) FEA of the membrane deformation when heating at 90°C an ethanol-like liquid placed within the cavity. Membrane deformations
lead to the opening of the hook-like whiskers. The results match well with the experimental observations shown in the images below. (B) Plot showing the increase in
hook-like whisker opening angle versus actuation time. The error bars denote the SD over three runs. (C) Sequence of events during landing on a perching site: (i) global
side view, (ii) global front view, and (iii) close-up view. Scale bars, 100, 20, and 5 mm, respectively. (D) Sequence of events showing the upgraded robot taking off from the
perching site: (i) global front view and (ii) close-up view. Scale bars, 40 and 10 mm, respectively. (E) Sequence of events during payload dropping at a target location. Scale

bar, 50 mm.

perching structure consisting of slender 1-mm-diameter rods (see
fig. S12 for perching site design information). This new capability
enabled various important features that were not possible with the
old robot structure. In particular, energy conservation behaviors
while perched were now possible during periods when the robot
remained submerged. To unperch, the upgraded robot could effort-
lessly lift off from the perching structure by first turning on the cur-
rent for 60 s, causing the hooks to open, and subsequently engaging
fin flapping at 1 Hz to propel its body away from the perch (see Fig.
5D and movie S7).

Application: Payload carrier

The hook-like actuator could also be used to carry and deploy pay-
loads. The opening of the hook whiskers can be seen in movie S8.
Figure 5E shows snapshots from movie S9 where the upgraded ro-
bot carried a 2.5-g payload, nestled between the two hook whiskers,
and subsequently released it at a designated location demarked by
a blue ring. The robot reached the location, flapping at a frequency
of 1 Hz. Subsequently, heating was initiated for the release of the
payload. The hooks could support loads up to 7.5 g, equivalent to
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roughly 2.1% of the batoid’s body weight. Future works will explore
diverse actuation mechanisms, aiming to enhance the payload type
and bearing capacity.

Passive thermal sensing and sample collection

The robot’s multifunctionality was further enhanced by equipping
it with thermochromic whiskers, enabling a visual representation
of environmental temperature variations beyond 31°C. As shown
in Fig. 6A and movie S10, the color of the whiskers changed within
seconds from a red color in cold water (20°C) under an ice slab to
a green tone when the upgraded robot entered a warm water re-
gion (38°C).

Beyond serving as thermal indicator, the passive whisker array
shaped as a brush could also be used for sample collection. As shown
in Fig. 6B and movie S11, the upgraded robot easily collected a spec-
imen of bladderwort (Utricularia gibba L.) placed along its trajec-
tory inside the water tank. The sample collection did not require
complex controls, highlighting the versatility and potential of the
passive whisker array for environmental studies. iFL3DP enabled
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repairs, whereas alternative repair pro-
cesses such as casting are limited to sim-
ple geometries. The iFL3DP robot repair
workflow is illustrated in Fig. 7. Various
damages that can occur to the batoid ro-
bot are depicted in Fig. 7A. Although the
specific repair approach may vary de-
pending on the type of damage, three
general steps were typically involved:
inspection and damage removal, re-
printing with iFL3DP, and postprinting
cleanup. Two real-life repair scenarios
encountered in this study illustrated the
efficacy of this workflow.

IF=>131°C

Fig. 6. Applications of the passive whisker array. (A) Temperature indication through visual feedback: A slab of ice
was placed in water, under which the batoid was held for about 10 s, turning the thermochromic whiskers red. The
whiskers turned back to a green color when the batoid moved into warm water. Scale bar, 20 mm. (B) Sequence of

events during bladderwort sample collection. Scale bar, 50 mm.

easy customization of the bristled array depending on the desired
application as well as a smooth integration of the new features
along curved surfaces, preventing undesired casting, adhesive, or
parting lines that could lead to unwanted flow separation when the
vehicle maneuvers.

Robot repairs using iFL3DP

During its operational life span, the batoid robot could endure vari-
ous forms of wear and tear, ranging from skin tears and whisker
damage to diminished strain gauge sensitivity or potential leaks, as
listed in Fig. 7. Peel tests and plucking tests were conducted to assess
the resistance of the new components grafted on the robot’s skin us-
ing iFL3DP. Interfacial toughnesses above 1.0 kj m™* were measured
by conducting peel test experiments between fresh layers of silicone
grafted on cured silicone layers (see fig. S4). These values, well above
tendon and bone examples (~0.8 kJ m™2) (49), showed a strong re-
sistance to tear. In addition, plucking forces of ~14 N were measured
for 4-mm-diameter whiskers, showing a strong adhesion (see fig.
S13 for more details).

The use of RTV silicones to integrate new devices led to high
robustness to damage. Despite this robustness, addressing hard-
ware damage efficiently is still paramount to extend a robot’s op-
erational longevity and to minimize its environmental footprint.
Here, iFL3DP provided an integrated platform for on-the-spot robot
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As shown in Fig. 7B, the first scenario
consisted of the replacement of a deteri-
orated whisker (for example, severed
or discolored) on the dorsal array. The
faulty whisker along with its base was ex-
cised, resulting in a 4-mm-sided square
cavity that was 2 mm deep. A graft layer
was first printed to cover the cavity. Sub-
sequently, a support bath was deposited
to form a 7 mm-by-7 mm square base
with a height of 12 mm, enabling the ex-
trusion of a new thermochromic whis-
ker using iFL3DP.

The second scenario shown in Fig.
7C addressed a malfunctioning tactile
whisker. In this case, the whisker was re-
moved with its strain gauge and graft
layer, creating a vacant 12 mm-by-12 mm
patch on the robots skin. A new graft
layer and strain gauge were printed on
the vacant patch, followed by the deposi-
tion of a support bath, covering an area of 50 mm-by-30 mm with
a height of 50 mm. Last, a tactile whisker was printed, and the
support bath was washed off after the materials were cured.

Application of iFL3DP to other soft robots

Beyond soft robots for underwater applications and silicone-based
soft robots, iIFL3DP was also applicable to a broad range of soft ro-
bots, from pneunet actuators to crawling robots and even soft robots
based on different materials such as textiles. The main applicability
condition was to use materials that are both processable by iFL3DP
and compatible with the robot surfaces. Broadly, five categories of
materials commonly used in soft robots could be distinguished, all
compatible with iFL3DP a priori: RTV silicone rubbers, ultraviolet
(UV) curable resins, fabrics or textiles, thermoplastic polyurethanes
(TPUs) or thermoplastic elastomers, and hydrogels.

A few examples of using iFL3DP on other robots were devel-
oped as proof of concept and are reported in Fig. 8 and movie S13
to illustrate the versatility of the method. First, a slant whisker ar-
ray was printed on a fabric glove to demonstrate the feasibility of
adding features to textile-based robotic components. Then, a whis-
ker sensor was printed on a rubber caterpillar toy, and nail-like
appendages were printed on a TPU pneunet. Last, a pneumatic
finger was repaired by printing a silicone membrane on its surface.
More information related to these applications is provided in the
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Fig. 7. Repairing a robot using iFL3DP. (A) lllustration of different types of damages that could occur on the batoid robot: the tearing of the skin, a faulty thermochromic
whisker, a rupture of the cavity membrane or the damage of a hook in the actuator, or a faulty strain gauge or the breakage of a whisker from sensor. Scale bars, 10 mm.
(B and C) lllustration of the six steps required for repairing the faulty thermochromic whisker and the damaged whisker sensor, respectively.

“Applicability of iFL3DP to other soft robots” section of Supple-
mentary Text.

DISCUSSION

In this study, an AM approach, iFL3DP, was introduced. This ap-
proach facilitated the manufacture of multimaterial functional com-
ponents directly on a preexisting soft robot and in situ repairs
without the physical limitations associated with traditional AM pro-
cesses, especially by substantially reducing required working spaces
and postprocessing time. A comparison of trade-offs between vari-
ous free-form fabrication technologies and iFL3DP is reported in
table S6, showing advantages in terms of design free-form, multima-
terial capabilities, space requirements, and postprocessing times.
By comparison, jetting-based methods and vat polymerization offer
higher resolutions with instant curing but a material library restricted
to UV curable polymers and longer postprocessing times. How-
ever, the more recent vision-controlled jetting method substantially
improved the multimaterial capabilities of these technologies with
greater automation enabled by vision control (50).

The advantages of this method were demonstrated through the
upgrade of an existing bioinspired swimming robot, in which three
new components were seamlessly added despite challenging multi-
material structures: tactile sensing, hook-like actuators, and a ther-
mal sensing array. These components presented highly complex
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geometries involving multiple materials (elastomers, conductive
ink, and wires) that are challenging to fabricate using traditional
manufacturing approaches used in soft robotics, such as casting and
molding. In addition, the repair capabilities afforded by iFL3DP can
prolong a robots life span, underscoring its importance for sustain-
able efforts in soft and hybrid robotics. Overall, iFL3DP is a versatile
and integrated fabrication approach that has the potential to reach
one-step fabrication and maintenance of soft robots (51).

The components developed in this work underscored the manu-
facturing capabilities of iFL3DP. Further developments could be
explored in future works to improve the performance of these compo-
nents. For example, implementing machine learning and enhancing
onboard computational capabilities is required to improve the robot’s
autonomous reaction to obstacles and bathymetry during free swim-
ming (52, 53). In addition, a thermal actuation mechanism was used
for the hook-like actuator, but other mechanisms can be explored to
provide faster response times and larger payload capacities.

Considering the underwater applications explored in this work,
using iFL3DP directly underwater would be an exciting possibility.
Preliminary experiments, reported in fig. S15, demonstrate the pos-
sibility of depositing silicone and support hydrogels underwater,
thus enabling the fabrication of whiskers or other features. However,
further research beyond the scope of this work is required to inves-
tigate the scope and influence of iFL3DP on printed structures in
liquid environments.
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Fig. 8. Examples showing the applicability of iFL3DP on different types of robot materials and structures. (A) An array of slant whiskers was printed inside the sup-
port bath on a fabric glove, enabling easy flipping of paper sheets. (B) Two antennas along with strain gauges were added to the curved surface of a soft caterpillar, en-
abling touch detection with light-emitting diode lighting using a Bluno Nano microcontroller. (C) Overhanging and vertical nail-like appendages were printed on a
pneunet made of TPU, enabling grasping of delicate objects such as marshmallows. (D) Repairs were conducted on a ruptured membrane of a pneumatic finger: (i) The
ruptured membrane was trimmed to access the cavity beneath; (ii) the cavity was filled with support bath; and (iii) the membrane was printed on the surface of the

printed support. The finger could bend again upon application of negative pressure. Scale bars, 10 mm [(A) to

Last, iFL3DP expands AM capabilities and can be seamlessly
applied on a wide range of soft robots or object surfaces without
requiring extensive effort in designing molds and engineering
casting steps for each and every robot. However, resolutions reach-
able by iFL3DP techniques are limited by the ink stability inside
the support, through a mechanism similar to Rayleigh-Plateau in-
stability (54). As detailed in (54), a minimum stable feature size, I¢,
can be estimated from the interfacial tension y between the sup-
port material and the ink and the support’s yield stress o, through
the following relationship: I, =y /6. For features smaller than I,
the interfacial tension between the support and the inks leads to
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D).

breakup of printed structures. In a previous work where elastomeric
shells were printed inside vegetable oil-based supports, resolutions
up to 300 pm were observed (41). For elastomeric inks printed in-
side Laponite-based supports, resolutions of ~100 pm were ob-
served in the present work (see also fig. S8 for more information).
To increase the resolution, other techniques, such as light-based AM
techniques, could be considered to separately fabricate components
before assembly on the robot. In addition, existing AM hardware
and software still involve several labor-intensive processes, such as
careful robot positioning, complex G-code generation in the case of
uneven surfaces, and materials preparation. Enhancing hardware
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capabilities with computer vision, laser-based scanners, and ad-
vanced slicing software will improve automation, notably via better
assessment of the surface topologies and adjustment of printing pa-
rameters accordingly. These advances will further streamline the
integration of iFL3DP into soft robot production workflows.

MATERIALS AND METHODS

Robot’s design

The batoid robot was made of two main components: a thermoplas-
tic shell that houses all the required electronics and actuation and an
elastomeric skin (Ecoflex 00-30, Smooth-On) with two enlarged
pectoral fins actuated by two lepidotrichia-inspired flappers. The
electronics comprised a Li power source [903450 lithium polymer
battery (3.7 V, 1500 mA hour), UNICELL, Singapore], a Bluno Nano
board that has an ATmega328 microcontroller, and a Bluetooth low
energy chip (TT CC2540) that facilitated wireless programming and
data transmission through low-power Bluetooth 4.0 technology.
The shell and flappers were 3D printed in acrylonitrile styrene acry-
late (ASA). More information on the robot internal components is
given in fig. S1.

Materials

Ecoflex 00-30, Smooth-Sil 960, SLO-JO, THI-VEX, silicone thinner,
and Silc Pig pigments were purchased from Smooth-On Inc. The con-
ductive grease (846 carbon conductive grease) was purchased from
MG Chemicals, Canada. Laponite XLG was purchased from BYK
Chemicals, Germany. Thermochromic pigment was obtained from
Hali Industrial Co. Ltd., China. The pigment used was a double-color
thermochromic pigment that changed from red to green at a transi-
tion temperature of 31°C.

Laponite bath

The support hydrogel was prepared by adding 5 wt % Laponite XLG
to deionized water (18.2 megohms cm) and stirring the mixture at
60°C for 2 hours. After a setting time of 24 hours, the bath was trans-
ferred to 30-cm’ syringes and mixed in a planetary mixer (ARE-310,
THINKY) for 2 min at 2000 rpm, followed by defoaming for 2 min
at 2200 rpm.

Rheological characterization

The rheological properties of the inks and support hydrogels were
characterized using a controlled stress rheometer (Discovery HR-2
hybrid rheometer, TA Instruments). A 40-mm parallel plate geom-
etry was used with a gap set to 100 pm. The viscoelastic region of the
support was first checked via a frequency sweep conducted from
0.01 to 300 radians s™'. The flow ramp measurements for studying
the shear thinning behavior were carried out at a frequency of 1 Hz
within the stress range of 0.01 to 2000 Pa at 25°C under a closed-
loop temperature control for 60 s. The oscillatory stress sweeps of
samples in the linear viscoelastic region were performed in the
range of 0.1 to 2000 radians s with a frequency of 1 Hz to measure
G’ and G".

3D printing platform

Printing was conducted on a modified 3D printer (System 30M,
Hyrel Inc.), which provided a multipurpose three-axis motion sys-
tem. The fluid extrusion was carried out using a pneumatic fluid
dispensing system (Ultimus V, Nordson EFD; Westlake, OH), with
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disposable 30-ml Luer-tipped syringes attached to the 3D printer
with a custom-made adapter. The robot was fixed on the printer bed
with a custom-made fixture 3D printed in ASA shown in fig. S16.
G-code to deposit the support hydrogel and to print the functional
components was generated using Python codes. To adapt to the ro-
bot’s surface, G-code was generated on the basis of geometry from
the robot computer-aided design files.

Robot’s skin formulation

The skin was made of Ecoflex 00-30, prepared by mixing part A and
part B in a 1:1 ratio. Part B was modified beforehand with 1 wt % of
the curing retardant SLO-JO. After manual premixing, the mixture
was further modified by adding 1 wt % of silicone thinner. The purple
color was obtained by mixing 0.025, 0.05, and 0.01 wt % of Silc Pig
red, blue, and white pigments, respectively. The mixture was mixed
in a planetary mixer (ARE-500, THINKY) for 2 min at 1000 rpm
followed by defoaming for 1 min at 2000 rpm. The mixture was
poured into a 3D-printed mold (ASA) to form the skin around the
shells and the flappers. After curing for 24 hours at room tempera-
ture, the robot was unmolded.

Tactile whisker sensor formulation and printing

The graft layer was prepared in a similar way to the skin, using Eco-
flex 00-30. The SLO-JO quantity was increased to 4 wt % of part B,
and the thickener THI-VEX was added to the mixture (4 wt % of
part A). The mixture was loaded in a Luer lock-tip syringe (30 cm?)
and mixed in a planetary mixer (ARE-310, THINKY) for 2 min at
2000 rpm, followed by defoaming for 1 min at 2200 rpm. The graft
layer was printed using a 20-gauge (G) needle (inner diameter of
0.66 mm, length of 50 mm) at 275 kPa and 5 mm s~

The conductive carbon grease was loaded in a Luer lock-tip sy-
ringe (30 cm?), mixed in a planetary mixer (ARE-310, THINKY) for
2 min at 2000 rpm, and defoamed for 1 min at 2200 rpm. The strain
gauges were printed using a stainless steel 21-G needle (inner diam-
eter of 0.60 mm, length of 50 mm) at 500 kPa and 0.8 mm s~".

The ink for the slant tactile whiskers was prepared from SS960,
by mixing part A and part B in a 10:1 weight ratio modified with
THI-VEX (0.05 wt % of part A). The mixture was mixed in a plan-
etary mixer (ARE-310, THINKY) for 30 s at 2000 rpm, and then
defoamed for 90 s at 2200 rpm and transferred into a Luer lock-tip
syringe (30 cm”). The whisker sensors were printed using a stainless
steel 16-G needle (inner diameter of 1.3 mm, length of 50 mm) at
520 kPa.

A 3-mm vertical section was first printed at 0.67 mm s, result-
ing in an overextruded thicker base that better transferred the me-
chanical stimuli to the strain gauges. A 40-mm-long slanted section

was then printed with a 30° angle from the vertical at 0.8 mm s

Hook-like whisker actuator formulation and printing
The ink used for the cavity walls was prepared from SS960 by mixing
part A and part B in a 10:1 weight ratio, modified with THI-VEX
(1 wt % of part A), in a planetary mixer (ARE-310, THINKY) for 30 s
at 2000 rpm, followed by defoaming for 90 s at 2200 rpm. The ink
was then transferred into a Luer lock-tip syringe (30 cm®). The walls
were printed using a stainless steel 14-G needle (inner diameter of
1.7 mm, length of 50 mm) at 480 kPa and 2.5 mm s

The EF30 membrane was prepared by mixing part A and part B
in a 1:1 weight ratio, modified with SLO-JO (4 wt % of part B); THI-
VEX (4 wt % of part A); and a mixture of red, blue, and white Silc
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Pig pigments (0.25 wt % of total weight in a 1:2:4 ratio). The mixture
was loaded in a 30-cm’ syringe and mixed in a planetary mixer
(ARE-310, THINKY) for 2 min at 2000 rpm, followed by defoaming
for 1 min at 2200 rpm. The membrane was printed using a stainless
steel 20-G needle (inner diameter of 0.66 mm, length of 50 mm) at
275kPaand 5mm s

The ink for the hook-like whiskers was prepared with the same
proportions as for the tactile whisker sensors. The hook-like whis-
kers were printed using a stainless steel 19-G needle (inner diameter
of 0.8 mm, length of 50 mm) at 620 kPa. A 4-mm height was first
extruded at 0.67 mm s~ to create a thick base, followed by a vertical
extrusion of 8 mm at 1 mm s, and finished by an extrusion diago-
nally downward over 6 mm to form the hook.

Passive whisker array formulation and printing
The graft layer was prepared in a similar way to that for the graft
layer used for the tactile whisker sensors. The graft layer was printed
using a stainless steel 12-G needle (inner diameter of 2.3 mm, length
of 50 mm) at 82 kPa and 8.3 mm s~

The ink for the thermochromic whiskers was prepared from
SS§960 by mixing part A and part B in a 10:1 weight ratio, modified
with SLO-JO (50 wt % part B), THI-VEX (0.05 wt % part A), and
thermochromic pigment (5 wt % part A). The mixture was then
mixed in a planetary mixer (ARE-310, THINKY) for 30 s at 2000 rpm,
followed by defoaming for 90 s at 2200 rpm. The ink was then trans-
ferred into a syringe (30 cm®), and the whiskers were printed using
a stainless steel 20-G needle (inner diameter of 0.66 mm, length
of 38 mm) at 620 kPa. The whiskers were 9 mm in height with a
2-mm-long initial section printed at 0.5 mm s~", followed by a verti-
cal extrusion at 0.67 mm s~ for 7 mm.

Algorithm for obstacle detection

The algorithm to detect peaks or spikes in a signal is based on sta-
tistical dispersion in the data points. If a new data point is at a dis-
tance greater than a preset threshold value multiplied by the SD
from the moving mean of the signal, then the algorithm identifies
the data point as a peak (46). For example, if the set threshold value
is 3, then a data point that is further away than three times the SD
from the moving mean will be flagged as a peak. An Arduino li-
brary (55) built on this algorithm was used to detect the peak in the
whisker sensor data, caused by an encounter of the whisker with
an obstacle.

Simulation

Simulations for the hook-like whisker actuator were conducted us-
ing Abaqus (Dassault Systémes). A chamber with internal dimen-
sions of 10 mm by 7 mm by 5 mm was modeled as an enclosed 3D
deformable solid delimited by walls of 2-mm thickness. The inter-
nal fluid was modeled using a fluid cavity inside the chamber. The
liquid was modeled to mimic ethanol properties, with a fluid den-
sity of 0.789 g ml™" and a coefficient of volumetric thermal expan-
sion of 0.0011°C™". The cavity walls and the two whiskers atop
the soft membrane were modeled as 3D deformable solids, and a
neo-Hookean model was used to model the hyperelastic properties
of the elastomers: SS960 (C;o = 1782, D; = 0, density of 1.25 in SI
units) was used for the side walls, the bottom membrane, and the
whiskers; EF30 (Cyp = 93, D; = 0, density of 1.07 in SI units) was
used for the top soft membrane. The simulation was conducted
by changing the temperature of the internal fluid, defined as a

Kanhere et al., Sci. Robot. 9, eadn4542 (2024) 4 December 2024

boundary condition, from 25° to 90°C. Mesh elements C3D8RH
were used for the entire model.

Statistical analysis

In Fig. 3B and fig. S9 (B to D), data were recorded over 25, 30, or 100
cycles. Averages and SDs were calculated over the respective total
number of cycles, with error bars representing the SDs. In Figs. 2 (F
and G) and 5B and figs. S4 (D and E), S9A, and S13I, averages and
SDs were calculated from three or four runs conducted, with the
error bars representing the SDs.

In Figs. 3 (Cand D) and 4 (C and E) and figs. S4F, S7 (A to D and
F), S8 (A to C), S9 (E to H), S10 (A to D), S11A, and S13H, the pre-
sented data comprise single runs. These plots served as a platform to
discuss the physical interpretation or sequence of events during the
respective runs.
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Editor’'s summary

As the soft robotics field progresses, advancements in sensors and actuation, along with deterioration, can render
earlier robot generations obsolete, reducing their usable life spans. To promote sustainability in soft robotics, Kanhere
et al. developed an in situ free-form liquid three-dimensional printing strategy that enables upgrades and repairs to
existing robots. A specially formulated gel was printed directly onto the robot’s surface, which served as a support
medium for the direct printing of new features onto various surfaces without the need for a special container. The
technique was used to upgrade a batoid-like soft robot with tactile sensors, a passive whisker array, and actuated
hooks, as well as to repair skin tears and whisker damage, thereby extending the robot’s life span. —Melisa Yashinski

View the article online

https://www.science.org/doi/10.1126/scirobotics.adn4542
Permissions

https://lwww.science.org/help/reprints-and-permissions

Use of this article is subject to the Terms of service

Science Robotics (ISSN 2470-9476) is published by the American Association for the Advancement of Science. 1200 New York Avenue
NW, Washington, DC 20005. The title Science Robotics is a registered trademark of AAAS.

Copyright © 2024 The Authors, some rights reserved; exclusive licensee American Association for the Advancement of Science. No claim
to original U.S. Government Works

920z ‘Gz ARe|Nl uo (noyzbuens)) ABojouyde | pue 8duB 1S Jo A1sieaiun Buoy BuoH ay] e Hi0:eousios mmmy/sdiy woly papeojumoq


https://www.science.org/content/page/terms-service

	Upgrading and extending the life cycle of soft robots with in situ free-form liquid three-dimensional printing
	INTRODUCTION
	RESULTS
	iFL3DP
	Robotic platform design
	Fabrication process of the thermochromic whisker array
	Fabrication process of the hook-like whisker actuator
	Fabrication process of the tactile whisker sensors
	iFL3DP of high–aspect ratio whisker-like structures
	Characterization of the tactile whisker sensors
	Whisker sensor applications
	Obstacle detection
	Bathymetry

	Hook-like whisker actuator
	Characterization
	Application: Perching
	Application: Payload carrier

	Passive thermal sensing and sample collection
	Robot repairs using iFL3DP
	Application of iFL3DP to other soft robots

	DISCUSSION
	MATERIALS AND METHODS
	Robot’s design
	Materials
	Laponite bath
	Rheological characterization
	3D printing platform
	Robot’s skin formulation
	Tactile whisker sensor formulation and printing
	Hook-like whisker actuator formulation and printing
	Passive whisker array formulation and printing
	Algorithm for obstacle detection
	Simulation
	Statistical analysis

	Supplementary Materials
	The PDF file includes:
	Other Supplementary Material for this manuscript includes the following:

	REFERENCES AND NOTES
	Acknowledgments
	AbstractOne-sentence summary: 
	Editor’s summary


