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The field of soft robotics has inspired recent mechanical engineering and materials science
innovations to enable shape-shifting systems to be developed. This paper presents the design
and analysis of a novel thermally tunable composite, namely, a flexible open-cell foam coated

in wax that can achieve significant ranges of
stiffness, strength, and volume. Experimental
results were compared to a proposed model for
predicting the bulk compression modulus of the
composites. Additionally, preliminary studies
indicate that the composites exhibit self-healing
properties, in which heating between loading
cycles can mend wax that has been plastically
deformed, for example, by cracking or delami-

nating from the foam.

Robotic systems traditionally rely on rigid components to
accomplish their objectives. This can impose significant
constraints and limitations which are readily evident in
applications in complex, confined environments such as
search and rescue operations, or those requiring high
degrees of manoeuvrability, manipulability, or conform-
ability. One way to address this weakness is to replace
traditionally rigid elements with more compliant ones.[*~!
This solution, however, presents a new set of challenges. In
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order to perform useful work on the environment, robotic
systems need to be able to exert substantial forces on their
surroundings, which is a non-trivial requirement for pliable
structures. In addition, fully compliant systems contain an
enormous number of degrees of freedom, which can make
precise control difficult.

To exploit the advantages afforded by mechanical
compliance while maintaining both the simplicity and
the ability to exert adequate forces typically associated
with rigid components, we propose to develop continu-
ously deformable structures with locally controllable
stiffness. By locally and actively switching components
between soft and rigid states, complex configurations can
be achieved using only a few actuators. This concept differs
from the traditional approach in which local control is
typically achieved by utilizing one actuator per degree of
freedom.[2457]

There are various phase-change and smart materials
capable of transitioning between hard and soft states and
thus that are suitable for soft robotics applications. For
instance, suspensions such as magnetorheological (MR) and
electrorheological (ER) fluids can be actuated by fields and
made to switch from solid-like (high yield stress) to fluid-
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like (low yield stress) states.***! While these suspensions

have found use in damping mechanisms in automotive and
some robotic applications, their properties are highly
strain-rate-dependent, yielding relatively low strengths,
and stiffnesses under quasi-static conditions. Similarly,
granular media can bemade to transition betweenrigid and
compliant states by jamming and unjamming[>~4¢7%]

In this letter, we explore a novel soft material for soft
robotic applications: thermally tunable, self-healing wax-
coated composites. Figure 1 presents examples of how
such wax-coated cellular solids might be used as a
robotic locking joint or a shape-shifting scaffold, respec-
tively. Similar ideas have been proposed on the use of
wax-coated fabrics as self-healing membranes for robotic
applications.*® The backbone of our wax-coated compo-
sites can be a cellular solid in the form of, for example, a
disordered random skeleton or ordered lattice structures
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Figure 1. a) A wax-filled, open-cell polyurethane foam beam
(diameter 10mm) used as an articulated joint. Copper wire
wound around the perimeter of the beam is used as a
resistive heating element to locally control the temperature of
the wax. (left) The rigid beam at room temperature and (right)
after 3.3 W of power was applied to the heating element for 70s.
The wax melts and causes the beam to bend due to applied tip
load (100g). b) Two 3D-printed soft, flexible scaffolds; “1” is
maintained in a rigid, bent position after being coated in
liquid wax and cooled to rigidify in the shown configuration;

2" is uncoated and remains compliant (here, it collapses under a
wrench).
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similar in geometry to micro-frames, trusses, and other
ordered structures.*>*] Accordingly, two types of cellular
solid samples were studied: a commercial polyurethane
foam and an in-house 3D-printed lattice. We characterize
the effective moduli of these cellular-solid composites
and demonstrate multiple advantageous features over
other tunable-stiffness mechanisms: wax-coated cellular
solids are capable of considerable volumetric and shape
changes; they can regain their original shape even after
large deformations (due to the reversible buckling behavior
of local structures in a soft cellular solid); constitutive
materials are inexpensive and commercially available;
and their self-healing capabilities allow for multiple and
cyclical use. Finally, we propose a minimal model, that is,
compared with experimental data.

The idealized cubic lattice structures, with 3 x 3 x 3 or
4 x 4 x 4 unit cells, were 3D-printed out of a UV-curable
flexible acrylic using the Connex500 from Stratasys/Objet
Geometries!*”) Ltd. Struts were 6 mm long with 1mm
diameter circular cross sections. Both the polyurethane
foams and the printed lattices were coated in a thermally
responsive batik wax selected for its desirable wetting
properties and low melting temperature (see Supporting
Information for sample preparation details). Wax was
selected as the thermally active component because it wets
alargerange of materials and transitions between solid and
liquid states at relatively low temperatures,'**7** allowing
energy efficient transformations between morphable and
rigid configurations. Images of uncoated and coated cross
sections of various samples are shown in Figure 2a—e. The
wax coatings are not uniform; rather, the wax tends to
accumulate at vertices in the regular lattice (see Figure 2b,d,
e) while irregular clumps of wax are suspended within the
polyurethane foam (evident in Figure 2a). The accumula-
tion at edges occurs due to capillary effects during the
coating process.

To probe the stiffness of the materials, we conducted
compression tests on both the polyurethane foam
(Figure 3a) as well as printed lattice composites
(Figure 3b) in both uncoated and coated states see
Supporting Information for experimental details). Analysis
of the stress versus strain curves for the coated polyure-
thane foams reflect weakening in the material, as indicated
by negative slopes immediately following the yield point at
strains of approximately 0.02, possibly due to localized
failure caused by wax cracking or delaminating from the
foam struts. Surprisingly, the relative difference between
the steady plateau stress and the yield stress was not as
significant for the coated polyurethane foams as for the
coated printed lattices. This suggests that the coated
polyurethane foams retained much of their strength even
after the weakening regime. While this might have to do
with the difference in deformation mechanisms—such as
strut bending for polyurethane versus strut bucking for the
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Figure 2. a) microscope images of a (left) uncoated and (right) coated polyurethane foam; b) photos of a (left) uncoated and (right) coated
3D-printed lattice; c) schematic of a cross-section of a wax-coated printed lattice; d) microscope images of cross-sectional views of a wax-
coated printed lattice strut embedded in epoxy; e) microscope images of vertices in the uncoated, single-coated and double-coated 3D-
printed lattices; and f) the uncoated cellular structure and the representative volume element (RVE) used in finite element (FEM)

simulations.
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Figure 3. Average engineering stress versus engineering strain response curves for a) polyurethane foams and b) 3D-printed lattices, where
the error bars depict the standard deviation of stress at a given strain over a series of experiments; the dotted curve represents the FEM-
simulated response for the uncoated RVE with periodic boundary conditions; c) experimentally measured moduli from 3D-printed lattices
compared to analytical predictions from Equations (1) and (2), where the gray regions depict the variation in S over a range of f values; each
data point represents one experiment; d) simulated buckling of the RVE at small (3%) and large (25%) strain showing areas of stress
concentration (red).

printed lattices—it is most likely due to the fact coated
polyurethanes are not ideal, open-cell cellular solids. The
relatively large clumps of solid wax occupying cells and
adhering to struts of the polyurethane foam could affect the
material response of a typical cellular solid even at small
strains and regularise the stress response.

For the printed lattices, uncoated samples yielded at
strains of approximately 0.02, at which the vertical struts
started to buckle. Owing to the relative proportions of the
struts (with a 1:6 diameter-to-length aspect ratio), and
because the printed material is soft compared to typical
structural materials, the buckling response of the uncoated
structures was not typical of beams that experience a
sudden buckling instability, often characterized by a steep
negative slope following the yield point. In contrast to
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the uncoated lattices, the wax-coated ones exhibited an
intermediate plateau region after the yield point, followed
by a dramatic weakening in the material at strains of
approximately 0.07. A possible explanation for this
difference is that the wax coating yielded beyond a critical
stress and underwent plastic deformation, possibly by
cracking or delaminating. This is supported by the FEM
calculations shown in Figure 3d (see Supporting Informa-
tion for more details): the high stress regions (near the
vertices in red) correspond primarily to regions where the
wax connects adjacent struts by forming a capillary bridge.
Under high strain, the delamination of the wax from the
strut is expected to reduce the strength in accordance with
our experimental observations. High stress concentrations
also correspond to areas where elastic energy is locally
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stored in the strained state during compression. When
the structure is unloaded, this energy can contribute to the
wax coating fracturing as well as delaminating at these
critical regions. Advanced imaging tools, such as an X-ray
computed tomography scanner, would be required to
differentiate the failure mechanisms in such cases.

To obtain theoretical predictions of the effective elastic
modulus of coated composites, we considered two canoni-
cal models: Case I in which strut bending is the dominant
mode of deformation (as in the polyurethane foams), and
Case II in which strut buckling is the dominant mode of
deformation (as in the printed lattices). Case I is more
common, as the node-strut structures of most open-cell
foams are formed randomly so that an applied load on the
bulk material causes transverse loads to be applied to
individual struts. Case II occurs when an applied load is
predominantly transferred axially through struts along the
direction of the load as is the case in our printed lattices.

Since the wax coatings were sufficiently thin, the
composite struts for both foams and lattices can be
approximated as slender beams. The effective density of
the uncoated cellular solid, o', predicted by classical cellular
solids theory scalesas p' ~ p(t/¢)?, where pis the density of
the uncoated strut material, t the uncoated strut thickness, ¢
the strut length, and the constant of proportionality
depends on the geometry of the foam.?>2"1 If the uncoated
cellular solid undergoes a strain ¢ in response to an applied
bulk stress o, the effective modulus E = o/c = CE, (t/0)",
where E is the effective elastic modulus of a strut, and nand
C are empirical constants that depend on unit cell
geometry.??) The volume fraction of the uncoated strut
material relative to the uncoated cellular solid, ¢, and the
volume fraction of the coating material relative to the
coated cellular solid, ¢, are related by ¢ + f¢, ~ (t./0)*, f
being the fraction of the coating material, that is, uniformly
coating the struts, and t. is the thickness of the coated
strut. Note that f=1 if all of the struts in the unit cell
are uniformly coated; f < 1 if there are clumps of coating
material inside cells.

For deformations dominated by strut-bending (Case I),
approximating the strut as a slender cylinder of radius r
and elastic modulus E laminated uniformly with material
of thickness 7.~ and elastic modulus E, yields the effective
elastic modulus E, = [Er* + E.(r* — r*)]/(rc)*. Recasting the
expression for the strut radius in terms of volume fractions,
(re/1)> =f(¢./¢) +1 and using the value n=4 as is
appropriate for bending-dominated geometries,!?22%2°]
we obtain the effective elastic modulus of the coated solid,

*

%: (Co%) [1 +% (2f¢

crg-ens w

When buckling due to compression dominates (Case II),
we approximate the modulus Ej, using the rule of mixtures
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E, = (¢E+ fo.Ec)/ (¢ + f¢.), and use n =2 to obtain

Ecde

%: (Co) {1 +fE d)} = (C¢)Ss. (2)

For both Cases I and II, the elastic modulus of the
composite (coated) cellular solid can be written as the
elastic modulus of the uncoated cellular solid multiplied
by a scaling factor, S, which is denoted in square brackets
in Equations (1) and (2), respectively.

Figure 3c compares theoretical and experimental
scaling factors for printed lattices. Theoretical values were
calculated using independently measured parameter
values of E=0.67+0.04 MPa and ¢=0.076 +£0.002. To
determine f, circular cross sections of single-coated struts
were prepared using arazor blade to slice thin samples from
the mid-lengths of struts, which were then visualized under
amicroscope. This value of fwas also used for double-coated
structures because it was difficult to reliably extract the
mid-length cross sectional data of double-coated struts due
to the variability in cross sections. In Figure 3c, theoretical
predictions were based on a range of measured values for
f=0.25+0.07, and an average wax compressive modulus
of E.=96.5 MPa (Supporting Information includes experi-
mental methods for how E, ¢, f, and E. were measured).

There are no free parameters used in Figure 3c, and all
material and geometric quantities were measured inde-
pendently. We expect that any discrepancy between
theoretical and experimental values of S was dominated
by errors in approximating f. Although the value of f
estimated from the single-coated lattices was also used
for the double-coated lattices, Figure 2e suggests that f for
the double-coated lattices is smaller, as a larger portion of
the wax coating is concentrated at the strut vertices.

In Figure 3c, it is interesting to note that some
experimental data points are well-aligned with Case I
and some with Case II, suggesting that both modes of
deformation may be present in our samples. This is further
supported by the simulated deformation states of the
lattice structures in Figure 3d, which exhibit a combination
of bending and buckling.

While qualitative trends in the polyurethane measure-
ments matched the theoretical predictions of Case I,
quantitative comparisons proved to be challenging owing
to the complexity of the wax coating structures. As is
evident from the images in Figure 2a, the morphology of the
wax is quite complex and cannot be adequately captured by
a slender beam approximation. However, although printed
lattices afford more controllable sample preparation for
the purposes of our studies, polyurethane foams as a
commercially available material represent a more practical
option for real-world applications.

A prime requirement for robotic applications is the
ability to resist fatigue and fluctuations in environmental
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Figure 4. a) Effective elastic modulus versus temperature of coated and uncoated 3D-printed lattices, where error bars represent the
standard deviations over a series of experiments, and the gray region encompasses data points excluded from the fitted curves to indicate a
threshold in the temperature-dependent properties of the uncoated 3D-printed lattice; the two curves are drawn as dotted lines for
temperatures greater than the wax melting temperature, 71°C; beyond this point, the data should converge to the uncoated values; b)
engineering stress versus engineering strain for coated 3D-printed lattices; a unique sample was tested at each temperature; c) cyclic force
versus displacement for a single coated 3D-printed lattice, where the sample was heated to 70 °C and then allowed to cool to 25 °C before

Tests 3 and 5.

conditions. To investigate these properties the coated and
uncoated lattices were subject to compression tests under
repeated loading and varying temperatures ranging from 0
to 70°C (see Supporting Information for experimental
details). Rheometry tests conducted on the wax indicated
that the wax has a melting temperature of 71 °C. Although
the effective modulus of the uncoated structures remained
constant between 25 and 70 °C, below a critical tempera-
ture, T, even the uncoated material exhibited a strong
temperature dependence. As anticipated, the yield stress
and stiffness of the wax-coated structures decreased with
increasing temperature as the wax softened (see Figure 4a),
suggesting that optimal operating conditions (i.e., con-
ditions that maximize the modulus change between the
soft and rigid states) occur just above T..

In addition to exhibiting thermally tunable stiffness,
the composites we studied are also capable of self-healing.
A wax-coated structure loses its structural stiffness if the
wax plastically deforms (e.g, by cracking), but these
damaged composites can be restored to their original
states via reheating, allowing the wax to soften, and
mend itself. To determine the healing capabilities of
these composites, cyclic compression tests were conducted
on a single sample of a 4 x 4 x 4 wax-coated lattice that
was heated between tests (see Figure 4c). The tests
were conducted at 25°C during each compression cycle
(Supporting Information include experimental details).
Each force versus displacement curve is accompanied by
a number label to indicate the order of the compression
tests (where “1” indicates the first experiment). The sample
was notheated immediately prior to Tests 2 and 4, while the
sample was heated to 60 °C, and then allowed to cool to
25°C, before Tests 3 and 5. Although “healed” samples
never fully recover their initial strength (indicated in Test 1)
due to rupture, rearrangement of the coatings and plastic
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deformations and dissipation,*42¢2”) much of the sample’s

original structural properties can be restored even after
several operating cycles. These promising preliminary
studies suggest a new, fruitful line of research to determine
optimal healing parameters such as heating temperature
and duration.

To conclude, we have developed and tested a novel class
of soft, compliant composites: wax-coated polyurethane
foams and 3D-printed lattices. While the former might be
more practical for real-world applications due to their
commercial availability, the latter were studied in greater
detail because they afforded more controlled sample
preparation methods for the purposes of these initial
studies. Results indicate that this novel class of composites
can exhibit a variety of desirable characteristics including
large changes in volume, shape, and modulus over a range
of easily attainable temperatures, and robust self-healing
properties, making these composites a promising novel
premise for soft robotic applications.
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