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ABSTRACT
This paper presents an initial step towards a new class of

soft robotics materials, where localized, geometric patterning of
smart materials can exhibit discrete levels of stiffness through
the combinations of smart materials used. This work is in-
spired by a variety of biological systems where actuation is ac-
complished by modulating the local stiffness in conjunction with
muscle contractions. Whereas most biological systems use hy-
drostatic mechanisms to achieve stiffness variability, and many
robotic systems have mimicked this mechanism, this work aims to
use smart materials to achieve this stiffness variability. Here we
present the compositing of the low melting point Field’s metal,
shape memory alloy Nitinol, and a low melting point thermoplas-
tic Polycaprolactone (PCL), composited in simple beam struc-
ture within silicone rubber. The comparison in bending stiff-
nesses at different temperatures, which reside between the ac-
tivation temperatures of the composited smart materials demon-
strates the ability to achieve discrete levels of stiffnesses within
the soft robotic tissue.

INTRODUCTION
Soft robotics and compliant robotic mechanisms have

gained increasing popularity in the past decade within the aca-
demic community. This soft robotics approach is in stark con-
trast to the traditional paradigm of large, heavy, rapidly-moving

∗Address all correspondence to this author.

robotics in isolated environments. The soft-robotic approach has
shown promise because their compliant nature lends itself well to
safety concerns in co-robotics environments and exhibits adapt-
ability and robustness to uncertainty, such as in robotic grasp-
ing. However, this same intrinsic compliance in soft robotics is
also its biggest pitfall — in many scenarios it is unable to ex-
ert necessary forces and control manipulator shape under ex-
ternal loading. However, biological systems abound where the
primary method of actuation is the ability to adjust the stiff-
ness of tissues in conjunction with localized muscle contrac-
tions. These type of actuation methods are widely prevalent in
the muscular hydrostats, catch muscles, and catch connective tis-
sues in cephalopods and echinoderms [1]. This combination of
co-located muscle and adaptive tissue provide these animals with
the ability to squeeze through holes much smaller than their av-
erage body diameter and capture or crush their prey. The primary
focus of this paper is the development of new techniques in the
compositing of existing soft-robotic technologies and carefully
designed geometry of smart material additives to create robotic
components with the ability to switch between acting as soft
robotics or traditional rigid robotics, approaching the extreme ca-
pabilities of their biological counterparts, by presenting multiple
discrete levels of stiffness.

Traditionally, robotic systems have followed the paradigm of
being comprised primarily of rigid structures with relatively few
degrees of freedom and well-characterized motion driven by ac-
tuators directly connected to the rigid links. In recent years, there
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FIGURE 1. Three discrete stiffness levels achieved by composite of Nitinol and PCL rods encased in a silicone rubber matrix.
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FIGURE 2. Three discrete stiffness levels achieved by composite of Nitinol and Field’s metal rods encased in a silicone rubber matrix.

has been an explosion of research in the area of soft robotics, as
they provide the promise of allowing robots and humans to work
and collaborate in the same workspace. However, soft robotics
have inherently limited ability to exert forces and interact with
their surroundings in a meaningful way because of their compli-
ant nature. Hence there is a great need for materials and mecha-
nisms that have the ability to dynamically change between acting
as a soft or a rigid robotic component.

Variable stiffness actuators Many variable stiffness actua-
tors require complex design and machining to achieve a change
of stiffness in even a single degree of freedom [2–4]. These often
involve a high degree of complexity in terms of motors, mech-

anisms, and/or cable routings. Other approaches require high
bandwidth feedback control to render a variable stiffness through
a control system [5,6]. These approaches are usually not scalable
and are more targeted at applications with a distinct drive train,
rather than as material actuators and structures. However, when
amenable these approaches provide the highest fidelity of ren-
dered variable stiffness.

Variable stiffness structures Tensile integrity, or tenseg-
rity, structures were initially used in architecture and artwork,
with the term coined by Buckminster Fuller. It is characterized
by systems of struts and cables where all of the cables have been
prestressed and struts are either in compression or tension, thus
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maintaining the structural integrity of the whole. When applied
to robotic systems, these tensegrity structures are designed such
that the robot can selectively release tension in one or more ca-
bles, resulting in a predictable motion during collapse. Sequen-
tial loading and unloading of the cable generates reproducible
gaits [7,8]. Other researchers are focusing on the valid tensegrity
configurations that result in predictable deformations and their
associated control [9, 10].

Soft Robotic Actuators The majority of soft robotics, both
actuators and systems, are primarily concerned with the problem
of compliance matching to the task of the robotic system [11].
This is often accomplished through fabrication using purely elas-
tomeric materials or with geometrically-complex chambers and
pneumatic controls to deform an elastomer when the cham-
bers are pressurized [12–14]. Previously, other geometric ap-
proaches to compliance were dominated by tendon driven robots
with compliant backbones [15–18]. More recently, origami ap-
proaches to generating compliant mechanisms have also been
employed [19].

Other recent efforts which are similar to the proposed work
involve the combination of heaters and low-melting point met-
als, but these methods are restricted to a very thin geometry and
global heating [20, 21]. Other research using low melting point
metals were focused on creating fabrics and threads with change-
able stiffness [22, 23]. The work presented in this paper is a first
step towards the long term goal of stiffness control in magnitude,
directionality, and spatial resolution. The focus is no longer just
on the method of stiffening, as reviewed by Manti [24], but on
how the compositing of multiple materials can result in multiple
discrete stiffness levels within the same composite, as illustrated
in Fig. 1 and Fig. 2.

MATERIALS AND METHODS
Rods of Nitinol, PCL, and Fields metal are embedded in sili-

cone rubber to form composite beams with variable stiffness due
to the smart behavior of the constituent materials. 3-point bend
tests are conducted on the composite beams and the individual
materials at a range of temperatures spanning all three levels of
discrete stiffness.

Smart Materials
As shown in Table 1, each smart material used in this exper-

iment exhibits a distinct change in stiffness at a specific critical
temperature. This notable change in behavior can be explained
by a change in microstructure or melting of the material. The
critical temperatures and flexural modulus values listed in Table
1 were extracted from data from the 3-point bend test conducted
on each material in this experiment.

TABLE 1. STIFFNESS VARIABILITY OF INDIVIDUAL SMART
MATERIALS.

Material Critical temperature Stiffness variability

Nitinol 55◦C martensite to
austenite

21 GPa to 90 GPa

PCL 58◦C melting temp
(begins softening at
lower temperatures)

275 MPa to 0 MPa

Field’s metal 62◦C melting temp 8.5 GPa to 0 GPa

Nitinol. Nitinol is a nickel-titanium alloy that exhibits the
shape-memory effect. Above the ciritcal temperature, the nitinol
becomes austenitic, making it resistant to deformation. Below
the critical temperature, this shape memory alloy transforms to
a twinned martensite structure. Applying load to the material in
its twinned martensite phase causes elastic deformation followed
by de-twinning of the martensite. This de-twinning process re-
sults in pseudo-plastic deformation up to 7% strain. When the
material is reheated above its critical temperature, it returns to its
initial shape as it transforms to austenite. This unique behavior is
desirable for variable stiffness composites as it offers high stiff-
ness at high temperatures where most materials become softer
or melt. Chemically pickled shape memory Nitinol wire from
Confluent Medical (P/N WSM007500000SE) was used for this
experiment. This particular wire was observed to transform from
martensite to austenite between 45 and 60◦C.

PCL. Polycaprolactone (PCL) is a polyester that melts
around 58◦C with a glass transition temperature of about -60◦C
[25]. Unlike the instantaneous liquification of some materials,
PCL softens gradually over a range of temperatures. It softens
substantially before reaching its melting temperature, and even
after melting completely, PCL remains extremely viscous. This
transformation from a relatively rigid room temperature solid
to a viscous melt at a slightly elevated temperature offers de-
sirable behavior for varying stiffness at relatively low tempera-
tures. FILAMENTS.CA’s 2.85mm Low Temperature PCL Fila-
ment was used for this experiment.

Field’s metal. Field’s metal is a low melting-temperature
eutectic alloy that melts uniformly at 62◦C. It is comprised of
51% indium, 32.5% bismuth, and 16.5% tin by weight. Field’s
metal is relatively soft compared to other metals with an elastic
modulus only about an eighth that of aluminum at room temper-
ature. It’s low melting temperature lends itself to stiffness vari-

3 Copyright c© 2018 by ASME



ability within a reasonable temperature range. Bismuth Indium
Tin ingot Field’s metal (stock number 46895) from Rotometals
was used for this experiment.

Test sample preparation

FIGURE 3. Preparation of the Nitinol/Field’s metal composite.
Field’s metal casting (above left). Field’s metal and Nitinol in mold
(above right). Silicone is poured (bottom left). Nichrome heating ele-
ment is submerged (bottom right).

To prepare the PCL-Nitinol samples used in these samples,
six strands of 2.85mm diameter filament were cut to length,
twisted around each other, and heated to a temperature of just
over 60◦C using a hand held heat gun. The heated strands were
when rolled by hand until the individual strands were not iden-
tifiable, and the nominal diameter was 4mm. The PCL bar and
an identical length of 1.91mm diameter Nitinol were placed in a
mold side by side, and a matrix of Smooth OnTM Dragon Skin
20 was poured into the top of the mold.

A nichrome heating element, used for bulk heating of the
beam, was submerged into the top of the mold, to ensure no pos-
sibility of a short with the Nitinol. After the mold set, a type K
thermocouple was embedded, positioned as close to the PCL and
Nitinol as possible to provide representative measurements.

Preparation of the Field’s metal rods for use in the Niti-
nol/Field’s metal composite samples was completed using a mold
submerged in water which was heated to a temperature just above
the melting point of the Field’s Metal. The process of creating
the composite sample was otherwise identical to the PCL sample
previously described.

Field’s metal and PCL samples, intended for individual ma-
terial testing, were created using the same methods layed out

above, and were not enclosed in silicone. A silione-nichrome
mold was cast for determining the properties of the matrix. A
length of Nitinol was enclosed in a heat shrink exterior with a
nichrome heating element wrapped around the outside, prevent-
ing a short through the Nitinol.

Test processes
3-point bend tests were conducted on individual materials

and composite beams using a Mark-10 Force Test Stand. As
specified in the ISO standard for bend testing metallic materials,
the equipment is fitted with polycarbonate supports and former
of sufficient rigidity for this experiment [26]. The ASTM stan-
dard for bend testing plastic materials specifies a support span of
16 times the height of the testing specimen; the outer supports
are spaced in conformance to the standard [27]. The polycarbon-
ate loading nose attached to the load cell has a 10mm curvature
radius to prevent the Nitinol from deforming at sharp, unrecov-
erable angles. The indenter was set to a travel speed of 5mm/s.

Each sample was tested up to 40mm center deflection to ob-
serve behavior under both plastic and elastic deformation. The
sample temperature, monitored by a K-type thermocouple, was
held constant throughout each test by toggling of the heating ele-
ment. As recommended by ASTM, toe compensation was made
to correct for the taking up of slack at the beginning of each
test [27].

Results and Discussion
Bend testing of the individual materials and composite

beams revealed the stiffness variation and critical temperatures
of each sample. The flexural elastic modulus is calculated from
the equation

E =
mL3

4wh3 (1)

for rectangular beams, or

E =
4mL3

3πd4 (2)

for beams with round cross sections [27]. In both Eqs. 1 and 2,
m represents the slope of the initial linear region of the measured
force-deflection curve; L is the support span and w, h, and d are
the geometric dimensions of the specimens.

Nitinol. As seen in Figure 4, the force required to deform
the pure Nitinol varies significantly with temperature. Although
this overall material strength increases continuously with tem-
perature, the elastic modulus of the Nitinol shown in Figure 5
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exhibits two distinct levels of stiffness with a visible jump be-
tween the two levels at the transition from martensite to austen-
ite. Most Nitinol transitions around 90◦C, but the Nitinol wire
used in this experiment transitions between 45 and 60◦C±5 ◦C.

FIGURE 4. Measured load-deflection relationship for pure Nitinol
rod at different temperatures.

FIGURE 5. Measured flexural elastic modulus of pure Nitinol as a
function of temperature.

Silicone. The Silicone rubber’s contribution to the over-
all stiffness of the composite beams is minimal in comparison
to the rigid smart materials, but its stiffness is analyzed exper-
imentally nevertheless for the sake of improved accuracy. As
seen from Figure 6, the silicone’s stiffness remained constant at

about 350 kPa across the measured range of temperatures. The
minor deviations from the average stiffness can be explained by
instrument uncertainties or slight initial sagging of the silicone
between the outer supports.
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FIGURE 6. Measured flexural elastic modulus of pure Silicone rubber
as a function of temperature.

PCL. The PCL rod became far less rigid at temperatures
above room temperature. As seen in Figure 7, the material soft-
ened significantly even at just 30◦C. The rod was observed to
melt into a viscous liquid at about 60◦C. Since a bend test cannot
be conducted on a material in its liquid state, the flexural elastic
modulus was assumed to be zero at temperatures above 60◦C. A
flexural modulus of 275 MPa was measured at 25◦C. No mea-
surements were taken below room temperature, but the stiffness
is expected to plateau with only a slight increase at temperatures
below 25◦C.
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FIGURE 7. Measured flexural elastic modulus of pure PCL rod as a
function of temperature.
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Field’s metal. The Field’s metal exhibited typical eutec-
tic behavior, showing a sharp melting point around 62◦C. At
25 ◦C, the Field’s metal rod had a measured flexural elastic mod-
ulus of 8.45 GPa. This stiffness can be assumed to be nearly
constant for temperatures between 0 and 62◦C when the metal
is solid. At temperatures above 62◦C, the metal becomes liquid
with an effective modulus of zero.

Nitinol/PCL composite. The combination of the smart
behavior of Nitinol and PCL in the silicone rubber matrix results
in a composite beam with unique, temperature-dependent prop-
erties. The beam stiffness is characterized by its flexural elastic
modulus calculated from bend testing load-deflection data. As
seen in Figure 1, three discrete stiffness levels were observed be-
tween temperatures of 25 and 100◦C.

The highest stiffness for this composite beam is achieved at
temperatures below 40◦C, at which point the PCL is a rigid solid
and the Nitinol is in its martensitic phase. In this region, the flex-
ural elastic modulus was found to be 7.28 MPa when measured at
25 ◦C. Between 40 and 65 ◦C, the composite becomes flexible as
the PCL melts. The Nitinol remains martensitic in this region, al-
lowing large deformation as the microstructure transforms from
twinned to de-twinned martensite. The modulus in this region
was measured to be 2.60 MPa at 60◦C. At temperatures above
65 ◦C, the composite stiffens again as the PCL remains melted
but the Nitinol transforms to austenite. In this medium-stiffness
region, the average flexural modulus was found to be 5.65 MPa.

From the data collected from the composite beam, it is dif-
ficult to determine how rapidly the stiffness falls off as the PCL
melts. However, the general shape of the curve may be inferred
by observation of the softening and melting behavior of the pure
PCL from in Figure 7. Since the Silicone and Nitinol exhibit con-
stant stiffness at the range of temperatures over which the PCL
softens and melts, the stiffness of the composite should decrease
at the same rate as the stiffness of the pure PCL from Figure 7.

A unique twisting behavior was observed in the testing of
the Nitinol/PCL composite above 60◦C. As evidenced in Figure
8, the composite twisted under the applied load of the bend test.
At low temperatures, the parallel rods resist torsion, but above
60 ◦C, the PCL melts and provides no resistance to torsion in the
composite beam. When applied to bulk materials, this feature
could provide directional stability upon localized melting of spe-
cific PCL members.

Nitinol/Field’s metal composite. The smart compos-
ite consisting of Nitinol and Field’s metal rods in the silicone ma-
trix also offers desirable stiffness variability. The Field’s metal
rod provides high stiffness at low temperatures while the Nitinol
rod exhibits high stiffness at high temperatures. In a narrow band
of mid-range temperatures, both materials provide high stiffness
to the composite, causing very high stiffness at mid-range tem-

FIGURE 8. Twisting behavior of Nitinol/PCL composite beam under
loading of bend test above melting temperature of PCL.

peratures. The flexural elastic modulus for the composite was
again gathered from load-deflection data over temperatures rang-
ing from 25 to 95◦C.

At temperatures below 60◦C, the combination of the
martensitic Nitinol and solid Field’s metal produces the medium
stiffness region seen on the left side of the plot in Figure 2 where
the average modulus is 13.25 Mpa. The modulus spikes to 24.2
MPa over a narrow range of temperatures between about 60 and
63 ◦C where the Field’s metal remains solid as the Nitinol be-
comes austenitic. The Field’s metal then melts around 63◦C,
causing a sharp drop in stiffness. The average flexural modu-
lus is 2.22 MPa in this high-temperature region between 65 and
95 ◦C.

Some stiffness variation can be expected within each stiff-
ness region as elastic modulus is known to decrease slightly with
temperature for most materials. This slight decline can be seen in
the low temperature region of the Nitinol/Field’s metal compos-
ite shown in Figure 2. Fitting a curve to measured data allows for
this factor to be easily accounted for when applying smart com-
posites to specific applications. Alternatively, this slight varia-
tion may be neglected in some applications since it is relatively
small compared to the large stiffness jumps at the critical tem-
peratures.

CONCLUSIONS AND FUTURE WORK
Composite beams were constructed with combinations of

Nitinol/PCL and Nitinol/Field’s metal rods positioned in parallel
within a silicone matrix. The resulting composite stiffness was
evidenced through a 3-point bend test conducted on the compos-
ite beam and its individual constituents at a range of tempera-
tures from 25 to 95◦C. Three discrete stiffness levels were ob-
served for each of the composite beams. Twisting behavior was
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observed in the case of the Nitinol/PCL composite as the PCL
melted and allowed rotation about the Nitinol rod. Nearly con-
stant stiffness was observed within each stiffness level wtih only
a slight decrease with temperature as the stretching of the atomic
bonds becomes easier. Heating of the Nitinol/PCL composite
results in a high, low, medium stiffness sequence. The Niti-
nol/Field’s metal composite exhibited medium, high, then low
stiffness as temperature was increased.

In order to develop an effective system for controlling com-
posite smart materials, it is necessary to develop an accurate
model for the composite beam stiffness. Due to the smart be-
havior of each component and their inelastic behavior under
large loads, the composite beam stiffness is a complicated func-
tion of both temperature and applied load. The melting and re-
solidifying of the low melting temperature materials (PCL and
Fields metal) further complicates the model. We seek to develop
a model that characterizes the behavior of the two composite
beams under various temperatures and applied loads.

Tests conducted for this paper examined the behavior of the
materials and composites while held at constant temperatures.
Further experimentation will be conducted to observe the ef-
fects of varying temperature during loading. The samples will be
held at constant deflection within the elastic range while they are
heated continuously. Continuous measurements of the sample
temperature and force on the load cell will reveal a continuous
relationship between the temperature and elastic modulus of the
samples.

So far, the beams have not been retested after deformation of
the Field’s metal or PCL in their solid state. Repeated testing of
the same specimens after melting and re-solidifying of the Field’s
metal and PCL will allow for characterization of this behavior.

In this experiment, tests were conducted on composite
beams comprised of rods with one specific size and shape. How-
ever, customization of the stiffness in each temperature region
may be achieved by modifying the geometry of the individual
rods. This will alter the bending inertia of the individual mate-
rials and allow the magnitude of each discrete stiffness region to
be customized to suit the relevant application. The temperature
stimuli can also be shifted slightly by changing material compo-
sitions and alloying elements. Further research will explore the
effects of extending the composite beam into 3 dimensions by
testing the directional stiffness of composite truss structures.
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