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Selective Stiffening in Soft Actuators by Triggered Phase
Transition of Hydrogel-Filled Elastomers

Francesco Visentin,* Saravana Prashanth Murali Babu, Fabian Meder, and Barbara Mazzolai*

Nature has inspired a new generation of robots that not only imitate the
behavior of natural systems but also share their adaptability to the environment
and level of compliance due to the materials used to manufacture them, which
are typically made of soft matter. In order to be adaptable and compliant,
these robots need to be able to locally change the mechanical properties of
their soft material-based bodies according to external feedback. In this work,

a soft actuator that embodies a highly controllable thermo-responsive hydrogel
and changes its stiffness on direct stimulation is proposed. At a critical
temperature, this stimulation triggers the reversible transition of the hydrogel,
which locally stiffens the elastomeric containment at the targeted location.

By dividing the actuator into multiple sections, it is possible to control its
macroscopic behavior as a function of the stiffened sections. These properties
are evaluated by arranging three actuators into a gripper configuration used

to grasp objects. The results clearly show that the approach can be used to
develop soft actuators that can modify their mechanical properties on-demand

in order to conform to objects or to exert the required force.

1. Introduction

The idea of robots is no longer only linked to rigid machines
made of hard materials — such as steel or aluminum - that can
be precisely controlled and replicate tasks with a high accu-
racy. A new approach is now rapidly changing the concept of
robots!"? by exploiting soft, elastic, and flexible materials to
adapt to complex unstructured environments.> Thanks to
their compliant structure, these robots can passively conform
to arbitrary geometries,”! safely interact with humans,/®’l and
manipulate fragile objects.®% They can also perform multiple
gaits both on irregular surfaces® ! and in water,*1 and
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perform complex tasks!”"! while with-
standing large deformations without
damage.?” In addition, by mimicking
humans and other living organisms, such
bioinspired robots can be used to study
and verify theories derived from their
observations. 224

Various actuation strategies have already
been used to perform such complex tasks.
However, even when they are arranged cor-
rectly, the actuators alone might not able to
ensure that the robot adapts and deforms
effectively. Materials also play an important
role, for example by reversibly changing
their mechanical properties according to
the external feedback received.

In nature there are several examples
of soft bodies that change their stiffness
in order to adapt to the environment
(Figure 1A). Octopuses, for example, have
a completely soft body with no rigid struc-
tures. However, they can selectively stiffen a section of their body
and change their morphology or exert the required force in order
to perform specific tasks or patterns of movements.?*! Similarly,
plants can locally fill their cells with water to produce turgor
pressure. This enables them to rotate, lift, or move their parts. ¢!
Replicating such a feature in a soft robot opens the way to a new
class of machines that can tune their functionalities and behav-
iors to better adapt to the surroundings.

One of the most effective solutions inspired by this remark-
able property is the use of unidirectional stretchable fibers!?-28!
embedded into a soft structure. These provide controllable and
repeatable motions. However, they do not enable on-demand
tunability since the fibers cannot be reconfigured once
embedded into the structure.

Reconfigurability is possible using low melting point
materials.?”! Shape-memory alloys and polymersi% are good
candidates since they can be precisely embedded and locally
controlled. Alternatively, magneto- and electrorheological
fluids331 provide high forces, however their life-span may be
short due to the continuous deposition of the particles in sus-
pension. Another solution is to use external sources, such as
magnetic or electrostatic fieldsi*#3% or the mechanical lock of
internal components through tensioning wires.[17:3l

A common actuation technique in soft robotics to achieve
variable stiffness is based on jamming, in which materials —
either consisting of particles or sheets — change from being
flexible to a solid-like state by increasing the packing density.
By controlling the level of aggregation of the material (e.g., by
varying the internal pressure of the jamming compartments),
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Figure 1. Variable stiffening for soft actuators. A) Examples from nature of stiffness changing. An octopus can change the configuration of its arm by
combining the contraction of the different muscles (LT: longitudinal muscle, RM: radial muscle, OB: oblique muscle). A plant can change the stiffness
of its cells also by regulating the amount of water it contains. Replicating these functionalities in a soft actuator, increases its adaptability and func-
tionalities. B) The proposed thermo-responsive, hydrogel-filled reinforced layer used in combination with a PneuNet actuator. C) Internal structure of
the reinforced layer containing the PNIPAm hydrogel and a set of zigzag-shaped coils used to trigger the phase change. D) Chemical structure of the
hydrogel (PNIPAm and MBA as cross-linkers) and its thermal behavior. Upon crossing the LCST, the demixing phase transition occurs which transforms

the polymer chains into smaller globules.

a different level of stiffness of an actuator or of a part of a soft
robot is possible.’’1 The main drawback of this jamming-
based approach is the high complexity needed to obtain the
localized stiffening as this requires a complex tubing and valve
system to control each of the compartments.[*?!

To enable soft robots to exhibit locally-controlled mechanical
properties, solutions are needed that enable locally-controlled
and reversible changes in the elastic properties of the robot’s
structural materials. A solution can be found in the works
related to stretchable electronics which use spatioselective
ultraviolet exposure to locally alter the mechanical properties
of pre-treated polymer substrates.>*! The approach allows to
increase the Young’s modulus of the stiffened area more than
100-fold compared to the untreated area. Reversible alteration
of the stiffness can be achieved by selective heating instead of
ultraviolet exposure. Another possible approach is to selectively
changing the mechanical properties of the soft material which
can be programmed to react to external stimuli such as light or
magnetic field.“*#1 While these methods allow for the develop-
ment miniaturized, controllable, soft robots they also require to
have an external source to trigger the different behaviors that
might limit the integrability of the principle in the soft device.
Here, we propose a controllable, soft robotic actuator based on
a hydrogel that can reversibly change its stiffness in response
to thermal stimuli that can be triggered by a simple, embed-
dable heating system. We used a poly(N-isopropylacrylamide)
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(PNIPAm) hydrogel as an inextensible layer of a PneuNet
(pneumatic networks) bending actuator,*®* selectively acti-
vated in response to localized heating (Figures 1B,C). PNIPAm
hydrogels are a well-known class of thermo-responsive mate-
rials that undergo a lower critical solution temperature (LCST)
demixing, coil-to-globule, and phase transition.l® These hydro-
gels exhibit large conformational changes leading to an expan-
sion or contraction of the network as a consequence of external
stimuli. When heated above the LCST, the hydrogen bonds
between the polar groups of the polymer and the water mole-
cules break (Figure 1D). The water is released from the network,
which results in a change from a swollen hydrated state to a
shrunken dehydrated state, losing about 90% of its volume.Pll
In addition to the variation in viscosity, the material changes
from being transparent in the visible light range to highly
turbid.>*3 Due to their particular properties, these materials
are used for a range of applications including drug delivery
systems,?*%] switchable electronics,”® bio-sensors,”*8 actua-
tors,” and responsive surfaces. 601

Through an integrated design and manufacturing process,
straightforward embodiments of these actuators have been
demonstrated creating a “jamming effect” without the need for
additional external pumps. Simply filling the soft body with the
hydrogel, whose properties can be controlled to create selective
stiffening produces a macroscopic stiffness variation control-
ling the mechanical properties in soft robots in situ. Differently

© 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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from the current phase changing soft actuators our approach
does not depend on external sources (i.e., light, laser, or mag-
netic field) but only requires an integrated heating systems that
is used to create selective stiffening to better conform to dif-
ferent-shape objects, or to exert the required force.

To validate the approach, we characterized the mechanical
response of the hydrogel, both alone and when it is used as
filler in a soft structure. We verified the approach by developing
a soft actuator that shows different properties according to the
amount and location of the activated hydrogel, and which can
be used both in a standalone, as a gripper configuration, or in
an underwater application.

2. Results

2.1. Responsive Hydrogel Synthesis and Characterization

The hydrogel was prepared following the protocol in Ref. [53]
using a surfactant-free radical polymerization of the mon-
omer N-isopropylacrylamide (NIPAm) and the cross-linker
N,N’-methylene-bis-acrylamide (MBA) in water (Figure 1C).
Further details are given in the Materials and Methods section.

MBA enables the growth of branched polymer chains from
the NIPAm monomers creating long PNIPAm chains and com-
plex 3D networks. The amount of cross-linker thus changes
the microscopic architecture of the hydrogel, and influences its
macroscopic behavior. A PNIPAm hydrogel with a low amount
of cross-linker swells more and has a low viscosity due to the
lower rigidity of the network.>*%2 We used a 10 wt% concentra-
tion ratio of the monomer, which provided good results for the
proposed application. Figure S1, Supporting Information shows
the calorimetrically determined phase transition and the critical
point of the synthesized hydrogel.

The synthesized hydrogel is viscoelastic with both viscous and
elastic components in its stress response (Figure S2, Supporting
Information). This means that upon application of an external
load, the material first stretches elastically, then starts to flow
and move within the container. Being elastic also means that
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the hydrogel recovers its original state when the external load is
removed. We identified the viscosity and elasticity modules and
found an almost 200-fold increase in the elasticity of the activated
hydrogel (@40 °C, 5.97 x 10* Pa) compared to the non-activated
hydrogel (@27 °C, 3.08 x 10? Pa). Similarly, the phase transition
resulted in a 49-fold increase in the viscosity between the acti-
vated (6.75 X 10° Pa) and non-activated state (1.35 X 10 Pa).

We further validated the mechanical properties of the
hydrogel by performing an indentation test, measuring the
force needed to penetrate 12 mm into 20 mL of PNIPAm
hydrogel at a 5 mm s7! speed either before or after the phase
change of the material. The results showed that for the non-
activated hydrogel, the maximum measured force was 0.10 N,
while in its activated state, the maximum force was 1.08 N.
In fact, the stiffness increased more than 10 times when the
hydrogel was activated (Figure 2A). We evaluated the effect of
hydrogel composition on the heat-induced stiffness variation
by varying the concentration of the monomer (2.5, 5, 10, and
15 wit%) and maintaining a fixed water volume and cross-linker
concentration. (Figure S3, Supporting Information).

To control the phase transition, we investigated various
methods: using an external heat source; direct Joule heating;
and heat transfer obtained by separating the hydrogel from the
Joule heating source with a thin layer (2 mm) of silicone rubber
(Ecoflex 00-30, Smooth-On). As an external source, we used a
heat gun (EOTO202, RS PRO, RS Components Ltd), while for
the joule heating, we applied 0.5 A to a Nichrome wire. The
external heat source was the fastest but the least controllable
solution, since it was not able to accurately focus on a specific
spot and it also increased the temperature of the container
(Movie S1, Supporting Information). Direct Joule heating, on
the other hand, was the most effective since the phase transi-
tion was well localized around the heating coil (Figure 2B).

2.2. Characterization of Hydrogel-Filled Elastomers

Many soft robots are made of soft, hyper-elastic materials (from
below Shore A hardness, 00-10, and up to 80 A) which enable

Figure 2. PNIPAm phase change behavior. A) Indentation test to evaluate the change in properties between the two phases of the hydrogel. When
activated, a force of 1.08 N is required to indent 12 mm of the hydrogel. The same displacement in the non-activated state requires a force more than
10 times lower than 0.10 N. B) Different methods for performing the phase transition. From top to bottom: external heating, direct Joule heating, and
heat transfer by adding a 2 mm layer of silicone rubber between the heating coil and the hydrogel. In all the cases, the status of the hydrogel before
and after the phase transition is shown. The thermal image was acquired in its activated state.
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higher adaptability and flexibility compared to classical rigid-link
robots.[®3l However, the set of possible deformations can be defined
by embedding inextensible components in pre-defined bending
points. To extend the functionalities of such robots localized,
controllable stiffening of the material that the robot is made of is
needed. The particular properties of the PNIPAm hydrogel make
it suitable for use as a tunable, filler material of a soft structure.
We injected the hydrogel as a tunable filler material into con-
tainers of these elastomers. To verify the stiffening properties

www.afm-journal.de

of the PNIPAm hydrogel, and to guide the design parameters
of the actuator, we tested the performance of a cylindrical struc-
ture upon an applied load.

A series of cylindrical soft structures (Ecoflex 00-30A,
Smooth-on) were manufactured with different wall thick-
nesses (1, 2, 3, and 5 mm) (Table S1, Supporting Informa-
tion). Compression tests were performed with a total dis-
placement of 10 mm at a constant speed (0.5 mm s7}). We
then measured the reaction force of the structures when filled
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Figure 3. PNIPAm-filled elastomers as a way to locally control stiffening in soft robots. A) Highlight of the compression tests. By increasing the wall
thickness of the elastic cylinder containing the fillers, the deformation is more controlled and uniform. B) Compression test of the elastic cylinders
with different fillers: air, water, and PNIPAm. Force exerted by a soft cylindrical structure when filled with air, water, or PNIPAm. On average, for all
the cases, the non-activated PNIPAm hydrogel performed 1.7 and 1.2 better than air and water, respectively. When activated, on average it performed
2 and 1.5x better than air and water, respectively. C) Results of the flexural analysis of a soft beam filled with air, water, PNIPAm, or silicone rubber
(Ecoflex 00-30, Smooth-On). As expected, the silicone rubber-filled beam showed the highest resistance to bending (flexural modulus 0.0095 MPa),
but it cannot be controlled. In its non-activated state, PNIPAm hydrogel showed 27% of the flexural modulus of silicone rubber, and an increase of up
to 36% when activated. D) Flexural analysis of the structures as a function of the various fillers. Activated PNIPAm behaves similarly to water and air
until the indentation is half the thickness of the soft bar, then it linearly increases the resistance force. E) The structures at 15 mm indentation during
flexural analysis. The dimension bar is the same size as the indenter (20 mm).
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with the same volume of air, water, and PNIPAm hydrogel
(Figure 3A).

The phase transition in the hydrogel was obtained by Joule
heating using a current of 0.5 A applied for 30 s to a planar,
zigzag coil-shaped flexible Nichrome wire embedded into
the structures. Upon visible phase change, the current was
reduced to 0.3 A for the rest of the experiment. As expected,
the increase in the wall thickness led to an increase in the
resulting force (Figure 3B).

Regarding the filler, air was the least effective material as its
compressibility caused a large variability in measurements. The
use of water as filler provided good results; however, to control
its phase change, the system has to be below melting point
(0 °C), which requires a large amount of energy.

PNIPAm hydrogel always performed better than water and
air due to its intermediate state between solids and liquids.
The resulting forces were in general higher when the hydrogel
was in the activated state compared to the non-activated state.
Considering structures filled with air as a reference, water-
filled structures on average provided a 22% increase in stiff-
ening, non-activated hydrogel-filled structures provided 51.8%,
and activated hydrogel-filled structures provided 69.33%,
respectively. If water-filled structures were considered as a
reference, non-activated hydrogel-filled structures provided
a 22.8% increase in stiffening, and activated hydrogel-filled
structures provided 35.6%, respectively. However, between
the non-activated and activated state of the hydrogel-filled
structures, there is a 76.7% increase in stiffening. Among the
considered cases, structures with a 2 mm wall thickness of
the outer silicone elastomer provided the largest force varia-
tion (86.2%) between the non-activated and activated state of
the PNIPAm hydrogel. We thus used this wall thickness as a
design parameter to manufacture the controllable soft actuator.

We further investigated the effect of the temperature vari-
ation on stiffness of the hydrogel. As in the previous experi-
ments, we applied 0.5 A to the hydrogel upon reaching a
desired temperature. Then we compressed the 3 mm cylinder
with a total displacement of 10 mm at a constant speed
(0.5 mm s™). Results (Figure S4, Supporting Information)
show that by increasing the temperature close to the LCST of
the hydrogel the stiffness of the material gradually increases
providing initially a force of 2.4 N in the non-activated state up
to 3.1 N when heated up to 35.2 °C

In addition to the compression analysis, we tested the perfor-
mance of the different fillers in a standard three-point flexural
test (Figure 3C). This information shows how well the materials
resist bending, which is a fundamental property in the design
of an actuator for soft robotics. The cylindrical shape (Ecoflex
00-30, Smooth-on) is a single structure with a central hollow
chamber with a wall thickness of 2 mm (Table S2, Supporting
Information). We assessed the flexural modulus of the struc-
ture when filled with air, water, PNIPAm hydrogel, and Ecoflex
00-30. In each measurement, the probe performed a total dis-
placement of 15 mm at a constant speed (5 mm s7}).

The results showed that air-, water-, and non-activated
PNIPAm hydrogel-filled structures have a very similar flex-
ural modulus (0.0026 MPa), which is 27% of the modulus of
the pure silicone rubber (0.0095 MPa). In its activated state,
instead, the PNIPAm hydrogel-filled structure showed a sig-

Adv. Funct. Mater. 2021, 2101121 2101121 (5 Of11)

nificantly higher flexural modulus (0.0035 MPa, 36% of silicone
rubber) with a 74% increase in stiffness with respect to the non-
activated case.

PNIPAm-filled structures behaved similarly to the other
fillers (air, water) up to about 50% compression, after which
they had a higher force response (Figure 3D). The results
showed that for a displacement that is lower than half of the
cylinder radius, all structures, except for the fully silicone
rubber-filled structure, have low bending resistance (Figure 3E).

We can thus conclude that the use of the PNIPAm as a filler
does not influence the passive adaptability of its elastic con-
tainer and, when activated, provides high bending resistance
under larger displacement.

2.3. Design and Performance of the Variable Stiffness Actuator

PneuNets are a well-known class of actuators for soft robotics. 8!
They consist in a series of channels and chambers inside an
elastomer which expand towards the least stiff region when
pressurized. By tuning the wall thickness of the base of the
structure, or by adding an inextensible layer, the actuator can
generate a unidirectional, reversible bending motion.

We aimed to expand the functionality of the actuator by
replacing the passive inextensible layer with an active, locally
controllable layer filled with PNIPAm hydrogel-filled PneuNet
base. By locally tuning the stiffness of the material, the overall
behavior of the actuator can be controlled.

The first step consists in the design and manufacture of the
active reinforced layer, which was designed as a pouch made from
two thin layers (thickness, 0.5 mm) of silicone rubber (Ecoflex
00-20, Smooth-On) filled with the hydrogel. In all the cases pre-
sented, the temperature gradient controlling the phase transition
was obtained by Joule heating of incorporated flexible Nichrome
wires embedded into the structures (Figure 4A). External environ-
mental conditions may affect triggering the phase change such as
an increase of the temperature above the LCST of the hydrogel.
Thus, we evaluated the effects of a temperature gradient induced
by external stimuli in both cases when the hydrogel-filled elas-
tomers were directly exposed to different external temperatures
(from 20 to 50 °C) and humidity (30-50-70%). As expected, when
the temperature increases above the LCST, the phase change of
the hydrogel is triggered for both the tested configurations (Movie
S2, Supporting Information). The use of the elastomeric con-
tainer provides a more uniform heating and prevent the loss of
volume of the hydrogel (<1.5%) since the container is sealed and
the released water from the hydrogel remains confined. We also
show that the actuator can be operated under water extending the
possible application ranges.

We manufactured two types of active reinforced layers: (L1)
with a single continuous chamber with three independent
activation sections, and (L2) with three separate chambers
with independent activation sections of the same total length
(Figures S5 and S6, Supporting Information). In both cases,
due to the low LCST of the hydrogel and the small amount of
material used in the active reinforced layer, the phase transition
happened in <20 s after the electrical current had been injected.
However, to ensure a complete stiffening of each section, we
kept the current flowing in the wire for at least 40 s (Movie S3,

© 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 4. Design and performance of the locally controllable soft actuators. A) 3D design of the actuators and the locally controllable reinforced layers
based on PNIPAm hydrogel. B) Block force response of the actuators when pressurized with 10 kPa (top) and 15 kPa (bottom). At a lower pressure, the
reinforced PneuNet (A2) outperforms all the other actuators. By increasing the input pressure (15 kPa), the three-sectioned actuator (A4) shows similar
results to A2 without activation of the sections. However, when the PNIPAm inextensible layer is activated, the actuators exert up to 64% higher forces
than A2. C) Pulling force of the actuators when pressurized to about 15 kPa. Overall, the use of the PNIPAm inextensible layer provides up to 160% higher
resistance to pulling forces compared to the classical textile-based inextensible layer, and up to 271% compared to structures without any inextensible
layer. D) Stiffening as a function of the displacement of A1-4 when all sections of A3 and A4 are active. E) Results of the vertical compression test on the
stiffened actuator, highlighting that the geometry of the inextensible layer plays a key role in absorbing the applied forces. This can be seen in the left panel
by comparing the results for A3 and A4. In the first case, the sequential activation of the sections increases the absorbed forces. In A4 the design of the
reinforced layer leads to a constant absorbed force since the spaces between the chambers act as hinge joints and enable the actuator to fold onto it. When
all the sections of the actuators are activated, with the pressurization of the actuator, the resistance force becomes twice as high as when unpressurized.
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Supporting Information). We estimated that to fully heat a
single section of the L1 takes around 40 s, and the complete
recovery of the original state requires around 42 s. Similarly, to
heat up a section of the L2 requires 35 s, and the recovery pro-
cess takes around 45 s. The values may increase or decrease,
respectively, when more than one section is activated or the ini-
tial temperature of the materials is closer to its LCST value.

Before integrating the reinforced layer, it is important to
have extensive knowledge of its properties in order to assess
its contribution to the global behavior of the actuator. For each
of the proposed designs, we evaluated the effects of the selec-
tive stiffening of the hydrogel-filled elastomers on the force
needed to deform the structure (Figure S7, Supporting Infor-
mation). In all the measurements, we sequentially activated
each of the sections of the reinforced layer and pulled the struc-
ture upwards for 15 mm at a constant speed of 0.7 mm s\ The
results showed that increasing the number of activated sec-
tions resulted in an increase in the resistance force. The values
obtained were very similar for L1 and L2. However, L1 showed
a 25-fold increase comparing the non-activated to the fully acti-
vated state (from 3 to 76 mN) versus an 8.6-fold increase found
in L2 (from 10 to 86 mN). The lower force of L2 might be due to
the natural compliance of L2 in which the spaces between the
chambers act as passive hinge joints.

We then evaluated the performance of the active reinforced
layers when integrated into a soft actuator. To do this, we
designed and manufactured a series of PneuNets with the same
channel and chamber design, and only varying the properties of
the reinforced layer (Figure S8, Supporting Information).

We developed one actuator (A1) with no reinforced layer, and
another actuator (A2) with a thin, textile-based reinforced layer.
By combining Al with each of the two designs of the locally-
controllable reinforced layer (L1 and L2), we obtained two fur-
ther actuators (A3 and A4, respectively). To ensure complete
adhesion between the active reinforced layer and the actuators,
we first manufactured the actuator with the connected, empty
reinforced layer and subsequently filled the chambers with the
hydrogel (Figure S9, Supporting Information).

The first series of experiments was performed to evaluate
the block force produced by the actuation upon pressurization
(Figure 4B). Due to their small size and thin wall (2 mm), a pres-
sure of 10 kPa was sufficient to bend the actuator. Increasing the
pressure to >15 kPa, instead, produced unstable inflation which
caused the chambers to explode. We thus evaluated the perfor-
mance of the actuators using this range of values for the input
pressure. Upon pressurization, as expected, without reinforce-
ment, Al was in the lowest blocking force (9.8 mN). The lack of
an inextensible layer and the fact that all the walls had the same
thickness prevented the pressure from being moved along a
single direction, and instead, the whole actuator expanded. At
10 kPa, A2 showed the best performance. The inextensible layer
constrained the pressure so that the upper elastic walls of the
actuator expanded thus generating a bending motion. However,
when the pressure increased and the controllable inextensible
layer was activated, both A3 and A4 had a greater block force
than A2. In fact, when all the A3 three sections were active,
the actuator provided a 5% higher block force compared to A2.
Correspondingly, A4 also provided 27% and 64% higher block
forces when two and three sections were activated, respectively.
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A second series of experiments was performed to evaluate
the resistance of the actuator when pushed in the opposite
direction to its actuation motion (Figure 4C). As in the previous
case, we measured the resistive force upon pressurization at
10 and 15 kPa while pushing against actuation for 15 mm at a
constant speed of 0.7 mm s7%. Overall, actuators A3 and A4 gave
the best results at higher pressurization. On average, A3 and
A4 showed a 94% higher resistive force than A2, and a 176%
higher resistive force than Al.

When all the sections of the controllable actuators were acti-
vated, the reinforced layer was stiffened, thus preventing the
actuators from bending (Movie S4, Supporting Information).
Consequently, the load cell was only in contact with the actuator
for the last 3-5 mm of displacement (Figure 4D). The lack of
full bending in the fully activated state suggests that the rein-
forced layer not only changes the bending forces but also ena-
bles the soft structure to be maintained in a certain position.

To further prove the stiffening capabilities of the actuators, we
performed the following series of compression tests (Figure 4E,
left panel). The A3 and A4 actuators were placed in a vertical ori-
entation and were compressed from the top downwards with a
given force, while sequentially activating each of their sections.
The results showed that the geometry of the inextensible layer
plays a major role in absorbing the applied forces.

This is clearly demonstrated by the results for A3 which
highlighted that, by increasing the number of active sections,
the measured force increases by almost 50% with respect to
the initial value, reaching up to 0.74 N. In contrast, the results
for A4 showed that the measured force increases only by 3%
compared to the initial value. As expected, this confirmed that
the behavior is mainly related to the geometry of the pouches
and only partially due to the stiffened sections (Movie S5, Sup-
porting Information). However, in order to operate, the actuator
needs to be pressurized and this greatly changes its behavior
(Figure 4E, right panel). As a consequence of pressurization,
the actuator can initially withstand a compression force of only
1.22 and 1.56 N for A3 and A4, respectively, when no section
of the reinforced layer is active. However, when the transition
phase of the hydrogel in all the sections is activated, the forces
increase and reach 2.04 N for A3 and 1.99 N for A4, respectively,
showing an increase in their performance of up to 160%.

2.4. Actuator Demonstration

We demonstrated the locally-controllable actuator as part of a
gripper using it in different configurations to validate the exper-
imental results and the potential of the combination of mate-
rials for future soft robotics applications.

The soft gripper consists of three locally-controllable actuators
(A4 type) at an angle of 120° towards each other (Figure 5A). We
tested the performance of the actuators by comparing the grasping
force in the following cases: i) without activating the reinforced
layer, ii) when the rear two sections are activated, iii) when the front
section is activated, and iv) when all the three sections are activated.
In all the experiments, we performed measurements by posi-
tioning the gripper over the target and pressurizing each actuator
with 15 kPa. We then pulled the gripper to 25 mm upwards at a
constant speed of 0.5 mm s~! and we measured the gripping force.

© 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 5. Performance of the soft actuator. A) Performance of three locally controllable soft actuators in a gripper configuration. B) Gripping force as
a function of displacement shows that, by activating the two rear sections of the locally controllable inextensible layer, the performance of the gripper
improves by more than 100%. C) Performance of the soft actuator in an underwater scenario. By completely stiffening the reinforced layer is it possible
to achieve higher bending that can generate variable thrusts if the proposed method is used in a soft underwater propulsion mechanisms.

The results showed that the use of a single section (front one)
and the full activation of the reinforced layer only led to a min-
imal increase in the gripping force (18.2 N on average). Instead,
by actuating the rear section and the central section together,
there was a 45% increase in gripping force. This configuration
bends the tip of the actuator, which greatly improves the adap-
tation of the gripper to a spherical target, thus increasing the
gripping force (Figure 5B, Movie S6, Supporting Information).

We tested the stiffness changing capabilities of the soft actu-
ator in an underwater scenario to expand the possible applica-
tion opportunities (Figure 5C). Then, we evaluated its perfor-
mance by comparing the displacement that is achieved when
the reinforced layer is activated and when not. In the experi-
ment, the actuator is pressurized (15 kPa) and de-pressurized
in sequence to obtain a recoil motion of the soft actuator
(Video S7). Results show that when activated, the hydrogel
can still create enough stiffens to induce the bending of the
actuator upon pressurization. When compared to previous
results, the functionalities and the stiffening of the hydrogel-
filled layer remain unaltered. However, due to the different den-
sity of the medium, the maximum bending angle is reduced
(from 56° in the air to 32° in water), an issue that can be solved
by increasing the input pressure.
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3. Conclusions

The introduction of soft materials in robotics has led to a new
class of machines that are more compliant and versatile, and
enable a safer interaction with the environment. However, to
further improve their adaptive behavior, these robots need to
be built and actuated with materials that can reversibly change
their elastic properties.

In this work we have presented a novel class of actua-
tors that can tune their properties on demand and thus adapt
their behavior. To achieve this goal, we incorporated a thermo-
responsive hydrogel (i.e., PNIPAm) into a soft elastic body of a
pneumatic actuator to enable triggerable phase transition and
selectively and locally control its stiffness.

We therefore verified the related changes in the actuation
properties as a consequence of the stiffening of the reinforced
layer. The coupling between shape actuation and stiffness
tuning of the actuator occurs only in the activated state when
the stiffness change of the hydrogel layer affects the shape
actuation produced by pressurization. It is not possible to
achieve any deformation by simply stiffening the reinforced
layer or to achieve bending when the hydrogel-filled layer is in
the non-activated state. Similarly, the stiffening of the actuator
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can be only achieved as a combination of the two. As shown
in Figure 4E, when the hydrogel is activated in absence of any
input pressure, the actuator collapses upon compression. Dif-
ferently, when pressurized, the actuator can withstand up to
twice the force which prevents the actuator from collapsing.
When completely stiffened, the actuator had a 160% increase
in performance when compared to a textile-reinforced PneuNet
of the same dimensions. In addition, we found that soft actua-
tors filled with PNIPAm are more effective than those using
other materials, such as water and silicone rubber, since this
hydrogel has a low mass weight, requires low energy to trigger
its reversible phase change, and is locally controllable.

We further evaluated the performance of the PNIPAm-based
actuators using them to actuate a soft gripper an in an under-
water scenario. We evaluated performance of the actuators by
selectively activating the various sections of the PNIPAm-based
in order to adapt their shape to better conform to the object.
By stiffening the rear portion of the actuator and thus forcing
the bending point at the tip level, the gripper produced a
130% higher gripping force compared to its inactivated state.
Similarly, in when used underwater, by actively controlling the
reinforced section of the actuator it was possible to achieve
different, controllable bending thus suggesting the use of the
proposed approach to enable the development of future con-
trollable stiffening and actuation mechanisms for underwater
applications.

The results show that our approach facilitates the develop-
ment of new actuators that can be controlled for partial or total
stiffening and that can create a bending point in continuous
structures to exert the required force for a given task. However,
to further extend the approach to other robotics applications,
the scalability and effectiveness of the PNIPAm-based actuators
need to be investigated in different configurations.

One of the main limitations of the current design is the
method used to trigger the phase change of the hydrogel. We
proved that Joule heating is the most effective method to pro-
vide the localized heating required. However, the use of resis-
tive wires revealed some limitations in the manufacturing
phase and assembly of the actuators. One solution, still under
study, is to replace the wires with an integrated heating system
with similar mechanical properties to the materials used to
manufacture the actuator. Another key aspect to consider is
the effect of the environment on the phase triggering of the
material (Video S2, Supporting Information). For this reason,
to avoid any unwanted effect due to the environment, the pro-
posed solution can be only used in low-temperature environ-
ments (below 40 °C) or in underwater scenarios. Despite this
limitation, we believe that our approach opens the way to a
new generation of soft machines whose properties can be
selectively controlled and thus are better adapted to complex
environments.

4. Experimental Section

Materials:  N-isopropylacrylamide ~ (NIPAm),  N,N’-methylene-bis-
acrylamide (MBA), ammonium persulfate (APS), and N,N,N’,N’-tetrameth
ylethylenediamine (TAMED) were purchased from Sigma-Aldrich. Water in
all the experiments was obtained from a from a Milli-Q water purification
system (Merck).

Adv. Funct. Mater. 2021, 2101121 2101121 (9 Of11)

Synthesis and Fabrication of the Hydrogel: The hydrogel used in this
work was synthesized following the protocol in Ref. [53] In short, to
prepare 25 mL of hydrogel, 2 g of NIPAm were dissolved in 20 mL of
millipore water. Then, 0.2% of MBA was added to the solution and
dissolved by vortexing for a few seconds. After mixing, the monomer
solution was kept on ice for at least 10 min. Initiator APS, 50 mg, was
dissolved in 3 mL of millipore water. After positioning the monomer
solution in the final mold, 1500 pL of APS solution and 150 pL of
the accelerator TEMED were mixed with the monomer solution.
Polymerization was carried out at 4 °C overnight. The resulting hydrogel
was removed from the mold and washed extensively three times in
millipore water.

Rheological Characterization: For the rheological characterization, an
Anton Paar MCR 302 modular compact rheometer was used, equipped with
a double plate of 24.98 mm diameter and a gap of 500 um. The hydrogels
were loaded into the rheometer as hydrogel at T= 25 °C. The samples were
then heated to T = 50 °C (1 °C min™"). The complex shear modulus G*
at each temperature was measured through an oscillatory test with
an amplitude ¥ =0.1% and a frequency w=1rad s™.

Measurements of Thermal Behavior of the Hydrogel: An IR thermal
camera (A325SC, FLIR Systems) was used to measure temperatures
during the material characterization and to verify the correct internal
temperature inside the locally controllable soft actuator.

Measurements of Effects of the External Environment on the Hydrogel:
The same volume of hydrogel was placed in a petri dish and in an
elastomeric container (the reinforced layer of the actuator) in climatic
test chamber (CTS 256, Buch Holm) which was set to cyclically change
the temperature from 20 to 50 °C while keeping constant the humidity
level (set to 30%, 50%, or 70%). The hydrogel was weighted before and
after each test to estimate the weight loss of the material due to the
interaction with the environment.

Mechanical Characterization of the Hydrogel and Other Filler Materials:
All measurements were taken at room temperature (=27 °C). Vertical
indentation tests were performed on the hydrogel and the soft cylindrical
cylinder by using a linear stage (M-111 Compact Micro-Translation Stage,
Pl). A 6-DOF load cell (Nano17, ATI), with the +X axis pointing upward,
was fixed to the slider and used to acquire the measurements. Before
each measurement, the readings of the load cell were offset to provide
a common reference. For all the experiments, measurements were
repeated at least five times.

Indentation Tests on the Hydrogel: Indentation force measurements
were performed on the gel using a circular probe (38.5 mm? surface
area). Before the test, the hydrogel was removed from the fridge (4 °C)
and left at room temperature until the temperature was equilibrated. To
measure the force of the activated hydrogel, it was placed over a hot
plate (50 °C) until the phase transition was reached and then placed
under the load cell.

Indentation Test on the Soft Cylinders: The measurements were performed
using a square probe (40 mm? surface area). All the cylinders were filled
with the same volume of material using a syringe. Due to the thermal
resistivity of the silicone rubber, the phase transition in the hydrogel cannot
be induced by external heating, thus Joule heating was used.

Three-Point Bending Tests: For the measurements, a dedicated setup
was 3D-printed consisting of support pillars and the indenter. The pillars
were firmly attached to the reference surface, and the indenter was
screwed directly to the load cell.

Mechanical Characterization of the Selectively Inextensible Layer and the
Actuators: All the measurements were performed at room temperature
(=27 °C) and were acquired using the same linear stage and 6-DOF load
cell used for the previous characterizations. All force measurements
followed the same protocol: the load cell readings were offset and at
least five repetitions were made.

Block Force of the Actuator: The actuator was fixed at the same
height as the support connected to the load cell (40 mm? surface)
and at a sufficient distance to enable the tip to touch the center of the
support. The force was measured during pressurization. Before each
pressurization (10, 15 kPa), the actuator was depressurized to avoid
errors in the measurements.
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Vertical Pushing of the Actuator: The measurements were taken in
the same configuration as for measuring the blocking force. The linear
stage was then moved downwards by 15 mm and the actuator was left
to follow its movement by gravity while measuring the force. Force
measurements were offset again before the start of the experiment.

Stiffening Force of the Actuator: The actuator was fixed vertically
under the load cell in a configuration in which only the lower part of the
actuator was in contact with the probe (square probe, 40 mm? surface
area). Then, after offsetting its measurements, the load cell was moved
vertically towards the actuator and the force was measured.

Vertical Pushing of the Controllable Inextensible Layer: The controllable
inextensible layers were fixed at the same height as the support
connected to the load cell (40 mm? surface) and at a sufficient distance
to enable the tip of the inextensible layers to touch the border of the
support. Before performing the measurements of the activated section,
the layers were each Joule heated for 60 s.

Grasping Test: For the grasping test, a gripper was fabricated with
three fingers oriented at 120° from each other. Each finger consisted of a
PneuNet actuator (A1) with a locally controllable inextensible layer (L2).
Actuation was performed by a single channel connected to a compressor.
The internal pressure of the actuators was measured, and an external
measuring board was used to maintain the exact pressure in the system.
As a target, a small spherical object (35 mm in diameter) fixed to a
100 N load cell (Zwick/Roell) was used. When in position, the various
sections of the inextensible layer were activated and then the actuator
was pressurized. The gripper was fixed to a static measurement device
(2005, Zwick/Roell), which was used to move the gripper upwards and
to measure the gripping force. Measurements for all the configurations
were taken at least five times.

Data and Image Processing: All the data acquired during the
experiments were stored in CSV format. To process the data, a series
of MATLAB (MATLAB 2019a, MathWorks Inc.) scripts was developed to
extract and process the numerical data acquired.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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