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Abstract

Akin to the natural tissues, soft artificial muscles possess a life cycle limited by aging and degradation phenomena. Here, we propose a reju-
venation method aimed at silicone-ethanol soft composite actuators, in which ethanol escape occurs during prolonged actuation, thus com-
promising their performance. The rejuvenation is achieved by immersion of the material-actuator in ethanol, allowing its diffusion into the
silicone-based material until saturation. Repeatable rejuvenation of a soft robot, based on the soft material-actuator, resulted in retention
of up to 100% of its functionality. Thus, we suggest that this method may be used for the rejuvenation of soft artificial muscles and mate-

rial-actuators.

Introduction

Growing demand for robots working alongside humans
requires significant improvements to the human-robot inter-
face, which is presently limited by rigid components of the con-
ventional robotic systems. Incorporating soft materials into
robot design may provide the much-needed compliance, allow-
ing nature-like environment-adaptive soft robots to be engi-
neered. The key challenge in soft-material robotics presently
stems from the lack of materials combining actuation and
sensing as an inherent responsive property.l'! Most of the
existing soft actuation solutions, exerting both high stress and
high strain,®! are based either on hydraulic and pneumatic de-
vices, inflating and deflating elastomer bladders [fluidic elastomer
actuators (FEA),P®! pneumatic artificial muscles (PAM),P "]
or on dielectric elastomer actuators (DEAs)].['>*

Unlike rigid robotic systems, FEAs and PAMs are able to
withstand mechanical impacts.['>) However, as they are prone
to physical damage, such as perforations and cuts, their inflat-
ing ability is limited and their actuation functionality is com-
promised.!'>'*] Purely elastomeric pneumatic channels were
reported to weaken during repeated inflating even in the
absence of punctures.!'” This shortcoming has led to the dev-
elopment of bio-inspired self-healing solutions, allowing
punctures to be sealed, thereby extending the actuator function-
ality.!'®] Self-healing methods for these soft actuators include,
among others, blending of uncured silicone matrix with polyar-
amid fibers,!'”! shaping Diels—Adler polymers into inflatable
chambers,!'®! and incorporating excess UV-curable resin into
3D-printed hydraulic elastomer actuators.['*]

DEAs are also prone to physical damage, whereby small
externally introduced or manufacturing-related defects may
lead to failure. In these actuators, high voltages (typically
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exceeding 1 kV) are utilized to induce an electromechanical
response in an elastomeric membrane, which is sandwiched
between two compliant electrodes. This makes them prone to
failure by dielectric breakdown, especially at the defect loca-
tions. The demand for solutions extending the DEA life cycles
has led to the development of fault-tolerant electrodes, such as
those fabricated by spray-coating of dielectrics by single-
walled carbon nanotubes, limiting damage to local material
degradation."®! In addition to fault-tolerant compliant elec-
trodes, self-healing material systems for DEAs include,
among others, self-healing silicone elastomers resistant to
both physical and electrical damage by reassembly of ionic
bonds,!"® and a two-phase dielectric layer made of silicone
sponge filled with silicone oil for self-healing of physically-
damaged regions.!'”) Recently reported hydraulically amplified
self-healing electrostatic actuators'*”) utilize liquid dielectrics
and locally generate hydraulic pressure via electrostatic forces,
allowing self-healing and extension of functionality following
dielectric breakdown.

Despite the described advances, neither hydraulic/pneu-
matic nor dielectric elastomer actuation solutions are optimal
for soft robotic applications. FEAs and PAMs require compres-
sors and pressure-regulation equipment, which tend to be rigid
and are prohibitively large in size. On the other hand, DEAs
require high voltage converters and are subject to safety limita-
tions.?!! Recently, we reported on the development of soft,
robust, self-contained composite material-actuator, exhibiting
high actuation stress along with very high actuation strain'*)
This material consists of silicone rubber matrix throughout
which ethanol is distributed in micron-scale pockets. The mate-
rial may be electrically actuated through Joule heating of a
resistive wire at a voltage as low as 8§ V. The material was
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characterized and operative recommendations for its applica-
tion as soft material-actuator and artificial muscle were formu-
lated.”?) One of the key drawbacks of this material is its
degradation through escape of ethanol. Owing to the demand
for a simple technique that would extend the soft material-actu-
ator life cycle after ethanol depletion, we propose a method for
its rejuvenation and extension of its functionality by saturation
with ethanol through immersion. As a part of this investigation,
we studied the saturation kinetics, and determined the immer-
sion duration that would lead to full saturation for actuators
of different radii. We also assessed the effect of the proposed
rejuvenation method on the mechanical properties and actua-
tion performance of the material-actuator. The rejuvenation
method was successfully applied on a soft robot developed spe-
cifically for this study, which was actuated under extreme con-
ditions and its performance compared with that of an untreated
robot.

Materials and methods

Materials

Platinum-catalyzed two-part silicone rubber Ecoflex 00-50
(Smooth-On, PA, USA) was used as a matrix material (80
vol%), whereby 20 vol% ethanol (>99.5% pure; Sigma
Aldrich, MO, USA) was utilized as an active phase change
material. The material-actuator preparation process described
in® was applied. Briefly, specimens for the mechanical testing
were prepared by casting the mixed composite material in
molds of 50 mm length and 20 mm diameter with preinstalled
double-coiled Ni—Cr resistive wire [Fig. 1(a)], after which the
mold lid was closed. After 3 h, the mold lid was opened and
the ready-specimen was removed. The cast specimen was
inserted into a braided mash sleeving of 25.4 mm diameter,
and two plastic zip ties were placed close to the composite
specimen edges to ensure that it is firmly harnessed inside
the net, thus preventing undesirable axial expansion during
actuation. This procedure was described in detail in.!**?! Four
specimens were prepared for each type of testing.

Imaging

Micro-CT (Mediso, Boston MA), a small-animal computer
tomography (CT) scanner with an image resolution of 100 pm,
was used for x-ray CT of the internal structure of the actuator
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material. The images in the Fig. 6 show cross-section of the
top view at the mid-height level of the soft robot specimen.
These images reflect the structure of the entire specimen
volume.

Saturation experiments

For the saturation experiments, cylindrical specimens [of 50
mm length and 20 mm diameter, shown Fig. 1(a)] were
exhausted by cyclic actuation to 15% axial contraction!**! in
the Instron Dynamight 8841 hydraulic axial test machine
(MA, USA), until no further actuation ability was detected.
In this context, “exhausting” refers to prolonged actuation
that results in ethanol depletion from the silicone-ethanol mate-
rial-actuator leading to complete cessation of actuation. The
specimens were subsequently immersed in ethanol within a
closed plastic container for a required time. At each measuring
time point, a batch of specimens was extracted from the con-
tainer, held for 10 s in the air to allow evaporation of excess
dripping ethanol, and its mass was measured using precise
scales (Prime Scales, Ontario, CA; model PS B203, maximal
weight 200 g, accuracy +0.001 g). Soft robot specimen exhaus-
tion tests were conducted using actuation in severe conditions,
achieved by prolonged holding times (10 min) at the robot’s
highest bi-morph bent position, possible for the specific run.
Soft material saturation was performed by immersing robots
in ethanol within a closed container for 24 h.

Mechanical testing

Instron Dynamight 8841 hydraulic axial test machine (MA,
USA,; load capacity 125 N) served as the mechanical properties
evaluation apparatus. Mechanical tests were performed on
specimens actuated using 15 V voltage and 1 A current. The
ability of the artificial muscle to reach 15% axial contraction
was tested and the contraction (under a constant force of 2 N)
was plotted as a function of the experiment duration.

Soft robot

Soft walker robot [Figs. 1(b) and 1(c)] was designed for use in
the actuator material rejuvenation tests. The robot was fabri-
cated by casting the actuator material into a plastic mold with
a thin cloth layer placed at the bottom. The non-stretchable
green cloth provides flexibility and allows bi-morph bending
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Figure 1. Soft material-actuator and soft robot designed for the rejuvenation experiments. (a) Cylindrical soft material-actuator (radius 1 cm); (b) soft robot,

top view; (c) soft robot, isometric view.

https://doi.org/10.1557/mrc.2018.30 Published online by Cambridge University Press

MRS COMMUNICATIONS - VOLUME 8 - ISSUE 2 - www.mrs.org/mrc M 557


https://doi.org/10.1557/mrc.2018.30

mrs fCommunications

W0

1.0 1.0
0.9+ 0.9+
0.8 0.8
0.7 0.74
¥ 0.6+ 8 0.64
=05+ < 054
G 0.5
0.4 0.4
0.3 0.3
0.2 0.2
011 01] . CaIcu!ated
e Experimental
00+———T—7——T T T 00+ 7T T T T
0 20 40 60 80 100 120 140 160 0 5 10 15 20 25 30 35 40 45 50 55
(a) Time (h) (b) Time (h)

Figure 2. Saturation profile of ethanol in the cylinder-shaped soft material-actuator. (a) Calculated profiles for various cylinder radii; (b) the calculated and

experimental data for r=1cm.

of the robot at actuation. The robot has three Ni—Cr spirals, dis-
tributed between its front, middle, and back to provide
electrically-driven (Joule) heating using 15V, 1 A, supplied
by three distinct power supplies.

Results and discussion

Immersing the material—actuator in ethanol facilitated the diffu-
sion of the latter into silicone rubber. Since, during immersion,
the amount of ethanol in silicone continuously increases, the
diffusion process may be described as a non-steady state
mass transfer, given by Fick’s second law:

2
% __ pSilicone C
ot — ~Ethanol a2 ’

where Djilicone denotes coefficient of diffusion of ethanol in sil-

icone. According to the data reported in pertinent litera-
ture, 234 DE{l}:gﬁgf =4510"° cm?s. Comyn®! used the
well-known Crank’s solution®® to describe sorption of small
molecules in polymers. In this model, polymer film of a 2/
thickness was immersed in a liquid penetrant bath, and the
ratio of the penetrant concentration C, in the polymer at each
time point ¢ to the saturation concentration C,, was given.
Diffusion of dye into the cylindrical fiber of radius » was
described as a non-steady state mass transfer, and was
described by the following equation:*” 2!

G

1 — (0.692[exp(—5.785D1/r*]

00

+0.190[exp(—30.5Dt/r*] + 0.0775[exp(—74.9Dt/1*]
+0.0415[exp(—139Dt/r*] + 0.0258[exp(—223D¢t/r*] + ...)

Diffusion of dye in a fiber is similar to our case of ethanol
diffusion in a silicone cylinder. Thus, using this equation and
the known Dilicone value, we calculated the saturation profiles
for silicone cylinders of various radii, and compared the find-
ings with the experimental results obtained for a cylinder of
radius #=1 cm.
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Figure 2(a) shows that, as expected, as the cylinder radius
increases, so does the time required for full silicone saturation
with ethanol (C/C., = 1). Figure 2(b) shows a good agreement
between the experimental data pertaining to the immersion of a
cylindrical material-actuator specimen of 1 cm radius in etha-
nol and the calculated data for the same radius, confirming
the validity of the model. Time to full saturation (100%) and
that required for 99% saturation (C/Cy, =0.99), derived from
the graph plotted in Fig. 2(a) for cylinders of different radii,
is shown in Table I. It may be seen that the cylinder radius is
proportional to the square root of the saturation time, which
varies from 0.77 h for a cylinder of 0.1 cm radius, to about
173.65 h for a 1.5 cm radius material. It is also evident that
the pre-asymptotic part of all the curves in Fig. 2(a), ranging
from 99% to 100% saturation, constituted about 40% of the
total saturation time. While the practical difference between
99% and 100% saturation may be minimal, using 99% target
in application design may result in significant time and resource
savings.

In order to test the saturation effect on the mechanical prop-
erties of the material-actuator, rejuvenation experiments were
performed on cylindrical actuators of 1 cm radius. Material—
actuator specimens were prepared in a configuration of the arti-
ficial muscle®?*! and axial contraction of 15% was induced in
each one.”?! Fig. 3 shows a sharp peak for a new specimen,

Table 1. Time required for 100% (G/C =1) and 99% (C/C., =0.99)
saturation for various cylinder radii.

Cylinder Time to 100% Time to 99% saturation

radius (cm) saturation (G/C =1), (G/C4=0.99), (h)
(h)

01 0.77 0.44

0.5 19.29 11.75

1 77.18 44.69

1.5 173.65 100.55
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Figure 3. Axial contraction cycle of new, exhausted, and rejuvenated soft
artificial muscle.

indicating that the target 15% contraction was achieved in
about 100s, similar to the results reported in.'”) However,
when a specimen was exhausted by prolonged cyclic actuation,
it could not attain the required 15% contraction. Specifically, it
exhibited a maximal strain of about 11% in about 6 min, result-
ing in non-linear and oscillating contraction — time curve. This
phenomenon may be attributed to ethanol escape from the com-
posite during prolonged actuation.?* After immersing in eth-
anol for 48 h, which was sufficient for attaining 99% saturation
according to Table I, the performance of the rejuvenated mate-
rial-actuator was similar to that of the new specimen. This
experiment demonstrates the beneficial effect of ethanol satura-
tion on mechanical properties of the soft material-actuators.
We applied this rejuvenating method on a soft robot specif-
ically designed for the purpose of the present study. The robot’s
motion is achieved through electrically-actuated bi-morph
bending of soft material comprising its body. The thin cloth
layer placed at its bottom facilitates bi-morph bending (robot
locomotion is shown in Supplementary Video 1). For compar-
ison, the robot was actuated and kept in its maximal bending
position for 10 min, thus creating extreme conditions, whereby
prolonged actuation cycle would markedly increase its temper-
ature, resulting in significant ethanol escape. After actuation,
the robot was immersed in ethanol in a closed container.
Although the robot is not of a cylindrical shape, its design
fits the 0.5 cm radius cylinder model well. Thus, according to
the curve shown in Fig. 2(a) and the data presented in
Table I (>19.29 h), and for the convenience of experimental
periodicity, the robots were immersed in ethanol for 24 h. We
repeated the experiment daily over a 9-day period (whereby
an untreated specimen was compared with the one that was
repeatedly rejuvenated, thus providing data for up to 216 h of
rejuvenation). Figure 4 shows the comparative profile images @ (b)
of the soft robots taken at the maximal bi-morph bending height
(the apex of the arch formed at bending) for both exhausted and Figure 4. Comparative profile images taken at the maximal bi-morph

rejuvenated robots over the 10-day experimental period (new  penging height for both (a) rejuvenated and (b) untreated specimens during
specimen and nine rejuvenation cycles). Comparison between the 216-h rejuvenation experiment period.
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Figure 5. Maximal bi-morph-bent height (relative to that of the new robot) of
the exhausted and the rejuvenated soft robots along the rejuvenation
experiment.

the performance of the rejuvenated and untreated robots is dem-
onstrated also in the Supplementary Video 2. Figure 5 shows
the change in the maximal bi-morph-bent height, relative to
that of the new robot, for the exhausted and the rejuvenated
soft robots over the 10-day experimental period. As can be
seen from the images shown in Fig. 4, the rejuvenated robot
performance was superior to that of the exhausted one at each
measuring time point. The non-rejuvenated robots’ perfor-
mance declined to below 50% after the first exhausting run,
decreasing to below 25% at the end of the 10-day experiment
(Fig. 5). On the other hand, the rejuvenated robots retained
their full performance capability for three rejuvenation cycles,
followed by a decrease to about 75% at the fourth rejuvenation
cycle. Towards the end of the experiment, the performance of
the rejuvenated robots gradually decreased to the asymptotic
value of about 55%.
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The decline in the performance of the rejuvenated robots
may be attributed to the severe conditions of the rejuvenation
experiments and the consequent silicone degradation. During
prolonged actuation, ethanol escapes from the material-actua-
tor and more time is required to achieve the same performance.
As the latter requires longer heating, the resulting heat buildup
leads to material (silicone) degradation with time.**) This
effect is especially pronounced along the Ni—Cr spiral, where
the temperature increase is the greatest. Figure 6 shows the opti-
cal and CT images of the soft robot before [Fig. 6(a)] and after
[Fig. 6(b)] the prolonged actuation experiment. Optical image
of the specimen after 216 h [Fig. 6(b)] shows slight shape
deformation, along with brown stains in the vicinity of the spi-
rals, which is indicative of material burning and can be con-
trasted with white and undeformed specimen prior to the
experiment [Fig. 6(a)]. A large number of voids (appearing
as black dots of circular or irregular shape) and internal defor-
mation are observed on the CT image of the robot actuated
under severe conditions [Fig. 6(b)]. Thus, we suggest that mate-
rial degradation in severe actuation conditions leads to a perfor-
mance decline. The applied rejuvenation method, comprising
of immersing soft material-actuator in ethanol, was shown to
be effective in retaining the actuation performance and keeping
the robot actuated even under extreme conditions. Thus, the
proposed rejuvenation method, whereby the actuator is exposed
to direct contact with ethanol, may facilitate sufficient revival of
the actuation performance after prolonged service. In addition,
this method may be utilized for designing saturation-based self-
healing soft material-actuators.

Conclusions

In the present work, we demonstrated a simple method for per-
formance revival of silicone-based soft-actuator material. The
method is based on ethanol saturation of the actuator material
through immersion. The saturation kinetics curves were devel-
oped for cylindrical actuators of different radii. The calculated
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Figure 6. Soft robot (a) before and (b) at the end of the prolonged (216 h) actuation experiment. Material degradation and voiding (black pores) along the Ni-Cr

spirals may be seen in (b).
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data was compared with the results of saturation experiments,
whereby a cylindrical material-actuator specimen of 1 cm
radius was immersed in ethanol for different time periods.
Not only were the experimental results in good agreement
with the calculated values, but they also allowed determining
the optimal saturation time for actuators of different radii.
When specimens rejuvenated according to the determined sat-
uration times were compared with untreated actuators, they
exhibited superior performance. The validity of the proposed
rejuvenation method was further assessed in practice by com-
paring the actuation ability of the rejuvenated soft robots
under severe actuation conditions with that of untreated robots.
The robots immersed in ethanol showed the ability to retain
their actuation performance at >95% even under extreme ser-
vice conditions. Mild decrease in the performance noted after
three rejuvenation cycles is attributed to the extreme experi-
mental conditions, which induced significant heat build-up
and thus severe material degradation. We thus propose that
soft actuator—material rejuvenation through direct contact
with ethanol may allow sufficient revival of the actuation per-
formance after prolonged service, and may pave the way for
self-healing soft actuator—material.

Supplementary material
The supplementary material for this article can be found at
https:/doi.org/10.1557/mrc.2018.30.
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