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ABSTRACT: The functions of soft robotics are intimately tied
to their form—channels and voids defined by an elastomeric
superstructure that reversibly stores and releases mechanical
energy to change shape, grip objects, and achieve complex
motions. Here, we demonstrate that covalent polymer
mechanochemistry provides a viable mechanism to convert
the same mechanical potential energy used for actuation in soft
robots into a mechanochromic, covalent chemical response. A
bis-alkene functionalized spiropyran (SP) mechanophore is
cured into a molded poly(dimethylsiloxane) (PDMS) soft robot
walker and gripper. The stresses and strains necessary for SP
activation are compatible with soft robot function. The color
change associated with actuation suggests opportunities for not
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only new color changing or camouflaging strategies, but also the possibility for simultaneous activation of latent chemistry (e.g.,
release of small molecules, change in mechanical properties, activation of catalysts, etc.) in soft robots. In addition,
mechanochromic stress mapping in a functional robotic device might provide a useful design and optimization tool, revealing

spatial and temporal force evolution within the robot in a way that might be coupled to autonomous feedback loops that allow
the robot to regulate its own activity. The demonstration motivates the simultaneous development of new combinations of
mechanophores, materials, and soft, active devices for enhanced functionality.
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B INTRODUCTION

Recent work in soft robotics has inspired a fleet of new
demonstrated capabilities, including starfish-,"* tentacle-,* and
human-hand-like** locomotion;*®” high-strength composite
structures;”” electrical components;”* a heartlike pump;'® and
camouflage.'" All of these functions have been realized using
relatively inexpensive and widely accessible materials. In
contrast to traditional “hard” robots, soft robots are fabricated
from mechanically soft and flexible elastomers. Pneumatic or
hydraulic inflation of elastomeric channels and voids produces
the remarkably complex and nonlinear macroscopic motions of
soft robots. Underlying the macroscopic curls, twists, and
undulations of the soft robot, there exist associated molecular
deformations. The “macroscopic-to-molecular” connection
involved in force transmission provides an opportunity to use
the material as a multipurpose actuator; on the one hand, the
inflation of channels and voids drives the macroscopic actuation
and locomotion traditionally associated with robotics, while, on
the other, the network simultaneously channels macroscopic
tension to discrete network-bound mechanophores (Figure 1),
converting mechanical potential to covalent chemical response.
The nature of the mechanophore can be selected from a
growing menu of options, which to date includes small
molecule release’™'* and acid generation,15 covalent bond
scission leading to color change,'*'*™*! 23
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repair and stress toughening,”* and catalysis.”>*® The addition
of mechanochemical activity therefore has the potential to
enrich soft robotics with changes in physical and/or chemical
properties upon actuation that are similar to mechanisms
widespread in nature (e.g, camouflage, toxin release, damage
sensing and repair, and chemical signaling).

We recently demonstrated a first generation mechanochem-
ical device, in which electroactive elastomeric films are coupled
to mechanochemical activation to create soft displays that
simultaneously change surface topography, color, and fluo-
rescence in response to a remote electric potential.27 Here, we
extend our studies of mechanochemically active soft devices to
silicone elastomer-based soft robots. The methodology exploits
the platinum catalyzed hydrosilylation cure chemistry found in
most commercial silicone kits (e.g, Smooth-On Ecoflex) to
easily incorporate a mechanophore into the covalent network of
the elastomer. Following our earlier work on electro-
mechanochemically active displays, we demonstrate the
concept using the spiropyran mechanophore developed by
Sottos, Moore, and co-workers.'® In response to sufficient
molecular tension (on the order of 200 pN for activation on the
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Figure 1. Schematic diagram of the mechanochemical energy transduction hierarchy used here. (a) The mechanochemical response of a spiropyran
mechanophore is coupled to mechanical deformation of polymer subchains that increase with force. (b) When a bis-functional spiropyran force-
probe (1) is covalently bound to the network, macroscopic deformation couples into the same molecular deformations in (a), producing

macroscopically observable coloration and fluorescence.

time scale of seconds*), spiropyran undergoes a unimolecular
reaction to its extended and conjugated merocyanine form
(Figure 1a).'® The product merocyanine provides a visible
color change and gives rise to a measurable change in
fluorescence. SP activation occurs in areas where the local
strain is highest and, in the context of soft robotics, provides a
useful indication of stresses and strains experienced by the
robot during operation. The response therefore creates not
only a potential camouflaging mechanism, it might also aid in
failure detection and analysis and design optimization.

We focused our initial efforts on pneumatically driven soft
robots. The same platinum catalyzed hydrosilylation reaction
that cures the Ecoflex also incorporates the spiropyran
mechanophore into the network (Figure 1b), leading to a
mechanochemically active Ecoflex polymer that is analogous to
prior work in Sylgard 184.'* The actuation involves biaxial
extension associated with inflation, and so we first assessed
mechanophore activation in simple Ecoflex “balloons.” On the
first inflation, the onset of an observable color change occurs at
a biaxial stretch of £ ~ 0.7. Deflation leads to about 95% shape
recovery and the mechanically triggered color change recedes
to its initial coloration after approximately 10 min (see Figure
S7). Repeating the inflation (Figure 2b) leads to a second
mechanically induced color change that is somewhat less
pronounced than the first (presumably because of hysteresis
associated with the well-known Mullins effect®”™"). Subse-
quent cycles (Figure 2e) have good reproducibility. Thus,
spiropyran-linked Ecoflex seemed to meet the criteria for use in
mechanochemically active soft robots.

We therefore constructed two types of soft robot to test
whether the mechanochemical covalent response was compat-
ible with some standard robot designs and actuation. Shown in
Figure 3 are a three-arm gripper and a five-arm walker. The
molds and dimensions of each robot are provided in the
Supporting Information. As seen in Figure 3, pneumatic
actuation of each type of device leads to gripping motions
(Figure 3a and sequential inflation of legs for walking (Figure
3b, 1—6) that not only provide the desired motions, but also
lead to color change through the desired covalent chemical
reaction. The robots recover their initial form when the
actuating pressure is removed and maintain the color change
for approximately 10 min, as observed in the model balloon
geometry discussed above.

We note that neither the mechanical device performance nor
the mechanochromic response is optimized; rather, these
demonstrations serve as proof-of-principle for the compatibility
of blending the two functions in soft robots. Entirely different
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Figure 2. Inflation of a spiropyran-containing balloon reveals a color
change that persists for several minutes when the balloon is relaxed
(a), but returns upon subsequent inflation (b). Images of the balloon
after 10 min at rest are shown (a, b, inset images). A mechanically
inactive control balloon does not show the characteristic color change
upon inflation (c). UV irradiation of the balloon produces the
characteristic color change, confirming the presence of the molecule
(¢, inset). The color intensity can be tracked with a traditional digital
color camera, and is shown as an increase in red color channel
intensities, where ratio = R/(R + G + B) (d). The characteristic strain
of color onset is shown, plotted against the number of repeated
inflation cycles (e). &€ = (r — Figw)/ T (see the Supporting
Information for additional details and full images with color card).
Scale bar = 7 cm. Photos taken over ~30 s, but no substantial time
dependence is observed (see Figure S12).

device architectures might be engineered in the future,
depending on the relative importance of the physical function
relative to maximizing color change or camouflage. But the
stress-responsive mechanochromism might serve other im-
portant functions as well. For example, we wondered if the
location of most intense response might serve as an indication
of the region of most probable failure. To test that idea, we
fabricated the three-arm gripper shown in Figure 4a. Inflation of
the gripper led to the greatest color change at the figurative
knuckles of the device, but the arms did not experience
identical levels of mechanochromism. Contrast can be further
enhanced via macroscopic fluorescence imaging of the activated
merocyanine, conducted here by exciting the activated
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Figure 3. Three-arm gripping robot (a) and five-arm walking robot (b) are shown. Initial robots (left) are inflated to produce a color change when
network stresses/strains reach a critical value. The color persists for several minutes after the robot is returned to the initial state (right). The inset

numbers indicate the temporal order of the images. Scale bars = S cm.
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Figure 4. Inflation of a three-arm gripper robot reveals more intense
coloration in regions that experience the largest deformations. Shown
are color images before (a), during (b), and after (c) inflation of the
gripper. (d) Fluorescent images of the robot after the deformation
with arrows indicating the “at-risk” regions. Overinflation of the robot
until rupture validates that the indicated regions are “at-risk” of failure
(e). Scale bars = 5 cm.

h\

merocyanine with diffuse green LED light within a rudimentary
“dark room” while imaging through a long-pass filter (addi-
tional details in the Supporting Information). The fluorescent
images reveal localized regions of greater intensity on each arm
(indicated by the arrows in Figures 4d) in both visible color
change and differential fluorescence. That initial color change
obtained in the reversible actuation response of the gripper was
predictive of failure, as subsequent overinflation led to rupture
in the soft robot at the position of prior, highest
mechanochemical response.

Finally, the mechanochemical activity can be used to provide
a mechanism by which a soft robot can sense and report on its
past physical environment. When a robot is inflated beyond the
capacity of a confined space, the external confinement will
disrupt the growing shape of the inflating robot, leading to a
perturbation of the stresses and strains experienced within the
robot. This concept is demonstrated in Figure S. Inflating a
sphere within a room whose walls are pillared generates a
mechanochemical, colorimetric imprint of the surrounding on
the surface of the robot.
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Figure S. Sphere that inflates and has memory of its container. (a)
Initial sphere. (b) Inflation within a “room” with pillars on the walls
leads to colored demarcations that are determined by the topological
constraints of the space (c). Note that (c) is magnified to make the
contrast more visible. Scale bars = 2 cm.

B CONCLUSIONS

The demonstrations provided here show that soft robot
actuation and covalent mechanochemical response are
compatible within the same devices, in that mechanochemical
activation accompanies reversible and repeatable soft robot
actuation. The fact that the two go more or less hand-in-hand
in these demonstrations is encouraging, as the Ecoflex platform
chosen is one that was originally developed because it works
well for only the purpose of mechanical actuation. Future
improvements should be realized by optimizing the material for
the dual purposes of mechanical and molecular actuation
shown here.

While the levels of mechanochromism reported here might
be suitable for a selected set of color-changing or camouflaging
applications, functional mechanochromism in most cases will
likely require both the development of mechanophores with
task-specific “resting” and “active” coloration, as well device
designs that optimize the intensity and distribution of the
mechanochromism in concert with the mechanical function of
the soft robots. Mechanochromism is not the only desirable
covalent chemical response, however, and one can envision
potential applications in which the release of small
molecules'>"* or activation of a catalyst”>*> might be desirable
functions to blend into active, soft robotic devices. Covalent
polymer mechanochemistry has also been used to trigger cross-
linking reactions in response to otherwise destructive forces,**
and the ability to create self-healing behavior in autonomous
soft robots has been noted to be an especially attractive goal,
given susceptibility of soft robots to mechanical damage.””>**
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While many of these responses might currently be more
challenging to realize in PDMS elastomers than spiropyran
activation, we note that in at least two cases (perturbed
catalysis” and retro-cycloaddition'*) the requirements for
activation appear to be quite similar to those for spiropyran.

Along those lines, the potential to sense stress concentrations
and identify at-risk regions for eventual failure might provide a
useful tool for not only optimizing soft robot design, but also
for streamlining their maintenance. PDMS-based soft robots
are an inexpensive and high-throughput technology that
enables design, fabrication, and testing of a prototype in the
span of hours. Multiple iterations of redesign and fabrication to
arrive at the intended function are typically done empirically
and intuitively." Modeling has been used to improve designs
from an understanding of the structure—property relation-
ships.">****” Unlike hard robots, the nonlinear mechanical
properties of a fully fabricated soft robot are difficult to
consistently reproduce and anticipate in FEA software,
especially when comparing an idealized model to the as-
fabricated design. Incorporating a probe within the material
provides a simple and general method to get real-time
information on stress-concentration during normal operation,
and up to failure, in addition to the absence of stress-
concentration, which is equally as informative.

This latter capability is better regarding as a means of data
acquisition and reporting, effectively a mechanism for input
rather than functional output. The demonstration of
mechanochemical imprinting suggests a similar opportunity,
but in this case to probe and report on external physical
environment rather than internal mechanical state. This form of
metrology is similar to that demonstrated recently in
mechanochemical “scales” that assess the weight of an attached
object.”’ While other methods for these types of measurements
already exist, the ability to incorporate them directly into the
functional material component of the device, as well as the
simple visual readout, has some obvious advantages in
fabrication. As mechanophore design moves from proof-of-
concept demonstrations to implementation as functional
components in materials and devices, we therefore imagine
that soft robots will join other device and material platforms as
a target that generates its own set of tailored mechanophores
optimized for that purpose.

B METHODS

Design and Fabrication. Soft robot molds were designed in
Autodesk Inventor (San Rafael, CA) and were 3D printed via fused
deposition modeling on either a Replicator 2X 3D Printer (Makerbot,
New York, NY) or Lulzbot Mini (Lulzbot Loveland, CO) from
natural/color-free ABS filament purchased from the printer
manufacturer. The printed molds were then filed to smooth edges
and to remove any overprint. A bis-alkene derivative of the
mechanochromic molecule spiropyran'* (1, Figure 1) was incorpo-
rated into Ecoflex (Smooth-On, Macungie, PA) as follows. Ecoflex
10—30 prepolymer in a 1:1 ratio of part A:B was thoroughly mixed
with a solution of spiropyran (0.2% w/w) in diethyl ether (10% v/w),
and the entire mixture was degassed for 1 min (35 Torr) before
pouring into the ABS molds. The robots were cured for 2—3 h at 60
°C and were promptly demolded. Fabrication of the mechanically
inactive control balloons followed an identical procedure, substituting
only the spiropyran molecule, as reported previously.'* The 3-arm and
S-arm robots were sealed to Sylgard 184 substrates (2—3 mm
thickness) with Sil-Poxy silicone adhesive (Smooth-On, Macungie,
PA). Individual channel control was achieved through the use of
several push-button style miniature air directional control valves
(McMaster-Carr, part # 62475K12).

Macroscopic Fluorescence Analysis. To obtain fluorescence
images of the robots, a “dark” room was created out of PVC pipe and
general purpose black-out curtains. Within the dark room was
mounted a 36 W RGB LED light panel (www.superbrightLEDs.com,
individual color LED emission maxima centered at 466, 522, and 633
nm). For the fluorescence test, the red LEDs were disabled and the
green and blue LED provided the sole source of illumination (spectral
emission curves can be found in the Supporting Information). Images
were captured with a Canon EOS Rebel XSi camera with a 610 nm
Thorlabs long-pass color filter mounted between the camera and the
robot. Raw images were processed in ImageJ/Fiji to remove
background and to apply the 16-color LUT.
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