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Abstract

Within the field of robotics, stiffness tuning technologies have potential for a variety of applications—perhaps
most notably for robotic grasping. Many stiffness tuning grippers have been developed that can grasp fragile or
irregularly shaped objects without causing damage and while still accommodating large loads. In addition to
limiting gripper deformation when lifting an object, increasing gripper stiffness after contact formation im-
proves load sharing at the interface and enhances adhesion. In this study, we present a novel stiffness and
adhesion tuning gripper, enabled by the thermally induced phase change of a thermoplastic composite material
embedded within a silicone contact pad. The gripper operates by bringing the pad into contact with an object
while in its heated, soft state, and then allowing the pad to cool and stiffen to form a strong adhesive bond
before lifting the object. Pull-off tests conducted using the gripper show that transitioning from a soft to stiff
state during grasping enables up to 6 Xincrease in adhesion strength. Additionally, a finite element model is
developed to simulate the behavior of the gripper. Finally, pick-and-place demonstrations are performed, which
highlight the gripper’s ability to delicately grasp objects of various shapes, sizes, and weights.

Keywords: soft gripper, stiffness modulation, adhesion-based grasping, thermoplastic composite, tunable adhesion

Introduction these materials are stiff at room temperature (Young’s modulus
>10MPa), and they soften as their temperature increases, ulti-
S TIFFNESS TUNING—THE ABILITY of a material or system mately undergoing a phase change that results in a soft “‘melt”
to transition between a soft conformable state and a rigid  state. Previously, several robotic grippers have been devel-
load-bearing state—is an aspect of robotics that has received  oped using LMPPs as an enabling material, including multi-
considerable attention in recent years. This is especially true  fingered grippers with stiffness tuning ligaments or goints
within the field of soft robotics, where many different ap- made of conductive propylene-based elastomer (cPBE)* and
proaches have been developed to enable stiffness tuning for  acrylate-based thermoplastic polymer,”® as well as silicone
various applications.' ™ Generally, these approaches can be  posts with stiffness tuning cores made of cPBE,*® which en-
grouped into one of four different categories: (1) granular abled tunable adhesion. However, while these grippers dem-
jamming*®; (2) electro- and maignetorheological materials”'%;  onstrated the potential of LMPPs to aid in robotic grasping,
(3) shape memory polymers''™"; and (4) low melting point their ability to effectively grasp a wide range of objects was
materials, for example, waxes,lg’19 polyrners,zo_27 and metal limited. The goal of this research was to introduce an LMPP-
alloys.”® ! While the references provided above are generally ~ based materials architecture and gripper design that allows for
relevant to this article, they represent only a fraction of all the more versatile soft robot grasping.
research on stiffness tuning for soft robotics; for a more thor- The gripper described in this article (Fig. 1) achieves
ough review, consult other sources.' tunable adhesion by controlling the stiffness of a “‘contact
The work presented in this article focuses on the use of a  pad,” consisting of a stiffness tuning element embedded
low melting point polymer (LMPP) for robotic grasping ap-  within a silicone matrix, similarly to the device developed by
plications. The stiffness tuning principle of LMPPs is simple: ~ Tatari er al.?® During grasping, the gripper is able to establish

'Robotics Institute, Carnegie Mellon University, Pittsburgh, Pennsylvania, USA.
“Department of Mechanical Engineering and Applied Mechanics, University of Pennsylvania, Philadelphia, Pennsylvania, USA.
3Department of Mechanical Engineering, Carnegie Mellon University, Pittsburgh, Pennsylvania, USA.

1



Downloaded by PENN LIBRARY UNIVERSITY from www.liebertpub.com at 04/26/21. For personal use only.

Gripper

Stiffness-
Tuning Element

FIG. 1. (A) Fully integrated robotic system, with gripper
mounted to robot arm. (B) Gripper with contact pad attached.
(C) Contact pad containing a stiffness tuning element com-
posed of a carbon-filled PCL composite and serpentine copper
heater. PCL, polycaprolactone. Color images are available
online.

large contact areas by bringing the pad into contact with
objects while the pad is in its soft conformable state. Before
lifting an object, the contact pad is stiffened, which enables
improved load sharing at the contact interface, and therefore,
enhanced adhesion, as shown by Tatari et al.*® Thus, the
stiffness tuning capabilities of the gripper enable two of the
primary factors required for strong adhesive bonding: large
contact areas and a high level of load sharing at the contact
interface. When the gripper is required to release an object, it
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simply returns the contact pad to its soft state, leading to
reduced load sharing and accordingly reduced adhesion
strength.

The general adhesion mechanism that this gripper relies upon
is ““dry adhesion,” which is enabled by the van der Waals forces
that form when its silicone exterior comes into contact with
other solid objects.”> A number of other robotic grippers have
been developed that rely upon dry adhesion, many of which are
inspired by the fibrillar structure of gecko’s feet.”***> How-
ever, except for the stiffness tuning posts developed by Tatari
et al.”® none of these grippers leverage stiffness change to
control adhesion strength. Additionally, our gripper is distinct
from the gripper developed by Tatari ef al. due to its ability to
conform to a variety of surface geometries. We also note that
various robotic grippers have been developed that rely upon
other adhesion-based mechanisms, including electroadhesion,36
tackiness-based adhesion,?” and adhesion induced by magnetic
fields.® For a more comprehensive review of adhesion-based
grasping, the reader should consult other sources.**

In the following sections, we investigate the hypothesis that
an LMPP-based stiffness tuning element can be used in a soft
robotic gripper to enable adhesion-based grasping that is both
adaptive (meaning the geometry of the gripper can match
the geometry of the object being grasped) and controllable
(meaning the force capacity of the gripper can be modulated).
In adhesion-based grasping, the maximum adhesion force
(also referred to as pull-off force) between the gripper and a
target object determines the load capacity of the gripper. As a
result, pull-off force is often used as a metric for evaluating
the efficacy of adhesion-based grippers.'®>*3%404 Tg test the
effectiveness of our gripper and help guide its future design,
we conduct experiments to measure pull-off force as a func-
tion of various parameters. Additionally, a finite element
model is developed to simulate the behavior of the gripper.
Finally, the gripper is used for pick-and-place demonstrations
with various objects.

Methodology
Material selection, synthesis, and characterization

The LMPP chosen as the stiffness tuning element for this
gripper was a thermoplastic composite consisting of poly-
caprolactone (PCL) loaded with carbon black. The process
for fabricating the composite is described in detail by Rich
et al.*’ Qualitative testing revealed that the most favorable
composition was an 80:20 ratio of PCL (Perstorp AB) to
carbon black (Alfa Aesar) by weight. The selected PCL had a
molecular weight of 88.4 kg/mol (CAPA 6800).

Qualitative testing indicated that as the composite’s load-
ing fraction of carbon black increases, its stiffness at room
temperature increases while its ductility decreases. Similarly,
reductions in the molecular weight of PCL lead to increased
stiffness and reduced ductility. These results are consistent
with those reported in a detailed characterization by Rich
et al.*’ We desired a composite that was maximally stiff at
room temperature without being susceptible to fracture, and
we found that the composite described above met these re-
quirements. An additional consideration was the viscosity of
the composite in its melt state. Our tests showed that viscosity
increases with molecular weight of the polymer and loading
fraction of carbon black (also consistent with results reported
by Rich er al.*”). We required that the viscosity would be high
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FIG. 2. Results from DMA test of PCL composite with
PCL of molecular weight 88.4kg/mol and 20% loading
fraction of carbon black. DMA, dynamic mechanical analysis.
Color images are available online.

enough that the composite would maintain structure in its
melt state to support the embedded heater (described in
subsequent sections). This requirement was also satisfied by
the selected composition.

To characterize the stiffness tuning capabilities of the
composite, we conducted a dynamic mechanical analysis
(DMA) test with tensile loading. Results are shown in Fig-
ure 2. Testing revealed that the composite is mechanically
stiff below ~ 50°C, undergoes a phase change between 50°C
and 67°C, and is soft above ~67°C. Here, the storage mod-
ulus serves as a proxy for the Young modulus. The maximum
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switching ratio (i.e., the ratio of the moduli between stiff and
soft states) for the composite is ~ 300 x, which is sufficiently
high for most stiffness tuning applications.'*

Gripper design

The composite is loaded with carbon black, making it
electrically conductive. Therefore, it is possible to heat the
composite via Joule heating by attaching electrodes and run-
ning electric current directly through the composite.”” An
ability to heat the composite is necessary because increasing
temperature enables phase change. However, during prelimi-
nary testing, we found this method of direct Joule heating to be
unreliable. The primary issue with direct Joule heating was that
any variations in the cross section of the composite would
result in the formation of “‘hot spots,”” or areas of localized
heating. This is because the resistance of the composite at any
location is inversely proportional to its cross-sectional area.
Thus, in locations where the cross-sectional area was smaller
than the nominal cross-sectional area, the resistance of the
composite was high, resulting in a greater generation of ther-
mal energy for the same amount of current. The problem with
this localized heating was that it would not allow the composite
to bend uniformly when subjected to external forces and
therefore did not meet the requirements for our application.

To apply uniform heat to the composite, we developed
flexible resistance heaters by cutting serpentine copper tra-
ces, following the process established by Bartlett e al.** and
Markvicka et al.** This process is depicted in Figure 3A.
First, a 70 um thick layer of flexible copper-clad polyimide
(Pyralux FR8510R; DuPont) was laminated onto a poly-
dimethylsiloxane (PDMS) bed (10:1 Sylgard 184; Dow
Corning) with a rigid aluminum backing and cut using an
ultraviolet laser (ProtoLaser U3; LPKF), as described in the

Silicone Top
«— Layer

Silicone Bottom
Layer

PCL Composite Flexible Heater

FIG. 3. (A) Fabrication process: (i) Copper-clad polyimide is laminated to a PDMS bed, with polyimide facing upward. (ii)
Copper-clad polyimide is machined by ultraviolet laser. (iii) Excess copper-clad polyimide is removed from the PDMS bed,
leaving only the serpentine traces. Traces are then laminated to VHB tape and removed from the bed. (iv) Traces and VHB
tape (i.e., flexible heater) are placed on top of the composite, with copper facing upward, and adhered to the surface using a
hand iron. Wires are then soldered to connection points on the traces. (v) Stiffness tuning element is placed inside the mold, on
top of a 500 um thick layer of silicone. Mold is filled with silicone and placed in a 70°C oven to cure for 30 min. (vi) Mold is
removed from the oven and the contact pad is separated from the mold. (B) Exploded view of contact pad. Thickness of the
bottom layer of silicone is 500 um. Thickness of the composite is 1.5 mm. Thickness of the fop layer of silicone is 1 mm. Total
thickness of the contact pad is 3 mm. PDMS, polydimethylsiloxane. Color images are available online.
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study of Markvicka et al.** The width of the resulting traces

was 0.6 mm. Then, a 51 um thick layer of adhesive transfer
tape (VHB F9460PC; 3M) was laminated to the traces, and
the traces and tape were pulled away from the PDMS bed as a
single unit, which we refer to as a flexible heater. The heater
was then placed on top of a 70 x40 mm, 1.5 mm thick rect-
angular piece of PCL composite, and was adhered to the
composite using a hand iron. Thus, by running electric cur-
rent through the heater’s copper traces, heat is generated,
which is then distributed through the composite via thermal
conduction. The result is that the entire composite can be
heated to a nearly uniform temperature. Together, the flexible
heater and PCL composite form the stiffness tuning element
of the gripper.

After soldering wires to the flexible heater, the stiffness
tuning element is embedded in a silicone matrix. The result is
a ‘“‘contact pad,” as shown in Figures 1C and 3B. The first
step of this process is creating a primary mold for the silicone
matrix, as shown in Figure 3A. This mold is made of Vero-
White (Stratasys) and is fabricated using an Objet 3D printer
(Stratasys). A separate mold is also fabricated using the same
material, which enables casting of a 70 x40 mm layer of
silicone (Dragon Skin 10; Smooth-On) with a thickness of
500 pum. This layer of silicone is placed at the bottom of the
primary mold and serves as the interface between the contact
pad and target objects. It is important that this layer is cast in
a dedicated mold to ensure consistent thickness since its
thickness will impact the overall adhesion strength of the
contact pad.?® Next, a thin layer of uncured silicone (Dragon
Skin 10) is poured into the mold, and the stiffness tuning
element is placed on top and pressed into contact with the
cured layer of silicone beneath. Pouring uncured silicone into
the mold before inserting the stiffness tuning element helps to
ensure that any cavities on the bottom surface of the com-
posite are filled with silicone, which prevents the formation
of air pockets between the composite and the silicone matrix.
Finally, the rest of the mold is filled with silicone, and the
mold is placed in an oven set to 70°C and left to cure for
30 min. The mold is then removed from the oven, and the
contact pad is separated from the mold and left to cool.

Embedding the stiffness tuning element in a silicone matrix
is important for several reasons. First, the silicone matrix helps
the stiffness tuning element to maintain its structure. This is
necessary because the PCL composite does not exhibit an
elastic restoring force in its soft state. A helpful analogy is that
the consistency of the composite in its soft state is similar to that
of peanut butter. Thus, any deformation to the composite will
be maintained in the absence of external forces. This charac-
teristic is problematic because uniform heating of the com-
posite is dependent on the composite maintaining its original
dimensions. Embedding the stiffness tuning element in a sili-
cone matrix solves this problem since the original shape can be
restored by the elasticity of the silicone. An additional benefit
of the silicone matrix is that it allows for the stiffness tuning
element to be easily attached to an external structure. Finally,
the silicone matrix allows for greater adhesion than could be
achieved with just the composite since the particular silicone
used (i.e., Dragon Skin 10) is softer than the composite and
therefore allows for more conformal contact.

To control the temperature of the contact pad, a thermistor
(10 kQ NTC; Uxcell) was embedded between the silicone
matrix and the stiffness tuning element (Fig. 1C). This was
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achieved by cutting a slit in the silicone matrix, then inserting
the thermistor and sealing the slit with a flexible adhesive
(Sil-Poxy; Smooth-On). The thermistor is used to measure the
temperature of the stiffness tuning element, and the temper-
ature is used as feedback for a proportional controller run by a
microcontroller (Arduino Uno). The proportional controller
restricts the flow of current to the flexible heater to maintain a
desired setpoint temperature. Although the temperature at
which the composite reaches its soft state is Tior, & 67°C (as
shown in Fig. 2), testing revealed that the thermistor reading at
which this transition occurred was Ty ~ 48°C. So, the set-
point of the proportional controller was established at 50°C.
Correspondingly, it was determined that the thermistor read-
ing at which the composite stiffens is Ty &~ 35°C.

The time scale of the transition between the stiff and soft
states of the contact pad was determined by running a heating
test three times. The test started with the contact pad in its stiff
state at room temperature (21°C). Power was then supplied to
the heater at 9.0V, drawing ~1.9 A (17 W), and the contact
pad was heated until it reached its setpoint temperature 7o =
50°C. Then, power was removed from the heater, and the pad
was allowed to passively cool until the thermistor reading re-
turned to room temperature. During these tests, the average
time required for the contact pad to heat from room tempera-
ture to its setpoint temperature was 3.3 min (7 e, =0.15°C/s).
The average time required to cool from the setpoint tempera-
ture to Tyyr & 35°C was 4.5 min (T ;oo =0.055°C/s).

The effectiveness of the contact pad in adhering to objects
of various shapes and sizes is dependent on its ability to
conform to surfaces in its soft state. So, when designing a
gripper with an integrated contact pad, the priority was to
enable the contact pad to conform to objects with minimal
constraints. The result was the design shown in Figure 1B.
This gripper is a modified version of the PhantomX Parallel
AX-12 Gripper (Interbotix). The parts were fabricated from
VeroWhite using an Objet 3D printer. The primary modifi-
cation to the original gripper design was the addition of
fastening structures on the gripper jaws, which could be used
to secure the contact pad to the gripper. The gripper was then
mounted to a four degree of freedom (DOF) robotic arm
(uArm; UFactory), as shown in Figure 1A.

This gripper works by modulating the distance between its
jaws when the contact pad is in its soft state. At the beginning
of a grasp cycle, the contact pad is in its default, flat shape. As
the contact pad transitions to its soft state, it sags slightly due
to gravity. Moving the gripper jaws toward each other causes
the pad to buckle and deform toward the ground. The robot
arm then moves the gripper downward until the pad is
brought into contact with the target object. Once sufficient
contact has been established between the pad and the object,
the gripper stops moving and power is removed from the
flexible heater. The contact pad is then allowed to cool until it
reaches its stiff state, at which point the gripper is lifted back
up with the object in its grasp.

Experimental setup

To evaluate the effectiveness of the gripper, pull-off
tests'®**334! were conducted using a materials testing machine
(Instron 5969). During the tests, the gripper was attached to
at 10N load cell that was mounted to the crosshead of the
Instron, and an acrylic substrate was fixed in place directly
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below. Each individual test started with the contact pad in its
stiff state and flat shape. The pad was then heated to Ty, =50°C,
and the gripper jaws were moved toward each other to cause
the pad to buckle, resulting in a curved shape. In this curved
shape, the contact pad is deflected downward, with the bottom
several millimeters above the surface of the acrylic substrate.
Next, the Instron crosshead was lowered at 0.167 mm/s until
reaching a predetermined height. The contact pad was then
allowed to rest on the substrate for 5min before the Instron
crosshead began retracting upward at 0.167 mm/s. The test
ended when the crosshead returned to its starting height. During
the test, the Instron records force measurements from the load
cell, as well as time stamps and the position of the crosshead.
This testing procedure is depicted in Figure 4A and B. Footage
of the testing procedure is also available in Supplementary
Video S1 and S2. One concern with the testing procedure was
the potential accumulation of dust or dirt on the gripper’s
surface, which could cause a decrease in adhesion strength.44
As a result, the contact pad and acrylic substrate were cleaned
before each trial to ensure consistent adhesion across testing.
Throughout pull-off testing, several parameters were
chosen to be varied systematically. These parameters in-
cluded the geometry and state of the contact pad, and the

geometry of the acrylic substrate. The geometry of the con-
tact pad was controlled by varying the distance between the
gripper jaws and the resting height of the Instron crosshead.
These parameters are represented by the variables S and H,
respectively, as depicted in Figure 4D. Note that, when
varying S and H, the contact area between the contact pad and
the substrate does not remain constant. The state of the
contact pad before retraction (Fig. 4A, B, Step 5) was either
state =soft or state=stiff. In the case of state =soft, the
contact pad was kept at T =50°C throughout the entire trial.
In the case of state=stiff, power was removed from the
flexible heater after the Instron crosshead stopped moving
downward (Fig. 4A, Step 3). The contact pad was then al-
lowed to cool during the 5 min resting period, such that its
temperature was below Ty & 35°C once the crosshead be-
gan pulling upward. The geometry of the acrylic substrate
was varied between flat and cylindrical. A minimum three
tests were conducted for each unique parameter combination.

Finite element model

To gain insight into the mechanics of the gripper, a finite
element model was developed to simulate its deformation
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FIG. 4. (A) Pull-off testing procedure for state =stiff: (1) Initially, the contact pad is in its soft state, with the bottom edge
several millimeters above the acrylic substrate. Then, the Instron crosshead begins moving downward. (2) Contact pad
comes into contact with the substrate. (3) The crosshead reaches its resting height and stops moving. (4) Contact pad is
allowed to rest on the substrate for 5min. During this time, stress relaxation occurs due to the viscoelasticity of the
composite. (5) Crosshead begins retracting. (6) The pad loses contact with the substrate. Afterward, the crosshead continues
moving upward until it reaches its starting height. (B) Pull-off testing procedure for state =soft. This is identical to the stiff
state procedure except for heating of the contact pad. The plots and images shown correspond to tests with parameters,
S=46mm and H=17.5mm on a flat substrate. (C) State=stiff and state =soft loading cycles overlaid. (D) Parameters
controlling contact pad geometry. S is the distance between the gripper’s jaws and H is the distance between the bottom of
the gripper jaws and the top of the acrylic substrate. Color images are available online.
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and adhesion. Finite element analysis (FEA) was conducted
using ABAQUS/Standard (ABAQUS 2018). The system was
modeled as a two-dimensional beam under plane strain
conditions and consisting of a stiffness-tunable core between
two soft outer layers, as shown in Figure 5A. The initial
length of the beam is S;=98 mm and the thickness of the
bottom, center, and top layers are #; =0.5 mm, t,=1.5 mm,
and f3=1mm, respectively. Here, S corresponds to the
sum of the initial parallel jaw separation S, as shown in
Figure 4D, and double the distance between the location of
applied clamping force and the corresponding inside par-
allel jaw surface. The soft outer layers were assumed to
be linear elastic with Young’s modulus E;=0.09 MPa,
Poisson’s ratio v;=0.49, and density p,=1.07 g/cm>, rep-
resentative of Dragon Skin 10. The core was assumed to be
linear elastic with Young’s modulus and Poisson’s ratio
defined as E.*°"=2MPa and v.*°"=0.49 for the soft state
and E.S =500 MPa and v.*"" = 0.45 for the stiff state, and
constant density p.=1.145 g/crn3 . The material properties
used for the core are representative of PCL, with Young’s
moduli corresponding to the soft and stiff state storage
moduli of the PCL composite that was characterized through
DMA, as shown in Figure 2.

Simulations were conducted using a structured mesh con-
sisting of plane strain eight-node hybrid biquadratic elements
(CPE8SH). Only half of the beam was modeled, with a sym-
metry condition along x;=0 and a clamped condition along
x1 =5{/2, as shown in Figure SA, meaning that the edge nodes
displace uniformly. Additionally, a surface-to-surface contact
interaction with a “hard” contact pressure—overclosure rela-
tionship and frictionless behavior was specified between the
beam and an analytical rigid surface. The simulations were

A Es Vs, ps t3 Z
Ec » Ve pc tz ;
ST /2
B .

FIG. 5. (A) Finite element schematic of the initial flat
state. (B) Finite element deformation process showing (i)
the initial flat state, (ii) application of gravity, (iii) com-
pression, and (iv) contact formation. Color images are
available online.
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conducted in three stages consisting of (1) deformation and
contact formation, (2) soft-to-stiff transition, and (3) retraction.

During the first stage of the simulations, the beam was
deformed and brought into contact with an analytical rigid
surface through displacement of the clamped edge. This
process involved four substages including (1) initial flat
state, (2) application of gravity, (3) compression, and (4)
contact formation. The complete deformation process is
depicted in Figure 5B. First, the displacement components
of the clamped edge were fixed and gravity was activated
with a gravitational acceleration g=9.807 m/s>. The ap-
plication of gravity was necessary to introduce an asym-
metry in the beam deflection so that it would buckle in the
appropriate direction. Second, the clamped edge was dis-
placed inward to induce buckling while establishing the
desired parallel jaw separation S. Third, with an analytical
rigid surface positioned into point contact with the buck-
led beam, the clamped edge was displaced downward to
form the contact while establishing the desired clamping
height H. Subsequently, the normal displacement of the
nodes in contact was fixed with a displacement boundary
condition, allowing for the removal of the specified contact
interaction.

After achieving the deformed configuration corresponding
to the desired values of S and H, the material properties of the
core were changed from Eg . and veon t0 Egipe and v
Meanwhile, the reference configuration of the core elements
was set equal to the current/deformed configuration to ef-
fectively remove the existing strain.

For the final stage of the simulations, the clamped edge
was displaced upward by some small ¢ and the corresponding
load—displacement curve was used to determine the compli-
ance of the system. This was performed both before and after
stiffening the core to evaluate results for state = soft as well as
state = stiff, respectively. For an elastic layer adhered to a
rigid substrate, the normal adhesion force capacity scales
with the critical energz release rate G., contact area A, and
system compliance C,* expressed as:

GA

F.o .
C

(D

This general scaling law allows for an estimate of the ratio
of stiff to soft pull-off forces for a set of S and H values
through an assessment of the change in system compliance.
While G, depends on the surface energies of the contacting
surfaces, the value remains constant between the soft and stiff
states since the outer Dragon Skin layer remains unchanged.
Furthermore, while A varies with S and H, it remains constant
between the soft and stiff states for a given set of S and H
values. Therefore, by considering the ratio of stiff to soft pull-
off forces, we avoid the need to assume a value for G, and the
effect of modulating C through stiffening the core can be
examined directly.

Results and Discussion
Pull-off testing

Results from pull-off testing are shown in Figures 6 and 7.
For convenience, we consider results from tests with a flat
substrate separately from those with a cylindrical substrate.
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FIG. 7. Pull-off test results for the cylindrical substrate: (A) Superimposed loading cycles from consecutive trials with
parameters state =stiff, =51 mm, H=—18 mm. (B) Superimposed loading cycles from consecutive trials with parameters
state=soft, S=51 mm, H=-18 mm. (C) Representative photograph, S=51 mm, H=-5mm. (D) Averaged results, S held

constant at 51 mm. Color images are available online.

Beginning with the flat substrate results shown in Figure 6,
it is evident that pull-off force increases when the contact
pad is in its stiff state, rather than its soft state, before retraction.
The increase in pull-off force as a result of this stiffness
change was ~2-6x, depending on gripper geometry. This
finding is consistent with the results of other studies that
explored stiffness modulation for tunable adhesion.'®2°

We also see that the pull-off forces corresponding to soft
state tests are approximately constant regardless of gripper
geometry. This result can be explained by the fact that the
deformed shape corresponding to some combination of S and
H values before retraction is not maintained during retraction
without a stiffening of the core to “lock in” the shape. In-
stead, as the Instron crosshead is retracted, the nonadhered
regions of the contact pad straighten and the pad gradually
peels from the substrate. Still, the clamping distance S will
affect the peeling angle and thus the peel strength. However,
this did not result in any significant change in pull-off force.

However, varying S and H did have a significant influence
on pull-off force during stiff state tests. In the stiff state, the

deformed shape before retraction is locked in. Furthermore,
unlike in the soft state, the contact area between the gripper
and the substrate just before pull-off is virtually the same as
the original contact area. Without peeling, the pull-off force
is governed by the contact area and the normal adhesion
strength, which is influenced by load sharing on the interface.
In general, stiffer materials allow for improved load sharing
and, thus, adhesion enhancement. Similarly, the gripper ge-
ometry can affect the stress distribution on the interface,
which can result in changes in pull-off force. The results
show that the pull-off force increases with decreasing H (for
§'=46 mm) and with decreasing S, mainly due to increases in
contact area. For § =37 mm, the pull-off force decreases with
decreasing H. In this case, the contact area decreases, so the
increase in pull-off force could possibly be attributed to a
change in the interfacial stress distribution resulting from the
change in geometry. However, these results are based on a
limited amount of data, and more testing will be required to
arrive at a definitive conclusion regarding the impact of § and
H on pull-off force.
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When analyzing results from tests with the cylindrical
substrate in Figure 7, it is evident that the trend of increased
pull-off force for stiff versus soft state tests still holds. As
with the flat substrate, we observe that as S is held constant
and H increases, the pull-off force decreases. The magnitudes
of the pull-off force are also similar to what was observed
with the flat substrate.

One possible source of uncertainty from the pull-off test-
ing is that the contact pad was prone to experiencing small
amounts of plastic deformation during testing. We believe that
this was due to the fact that the flexible heater did not cover the
entire area of the composite’s surface (Fig. 3A). Consequently,
the edges of the composite (not covered by the heater) were not
always raised to the same temperature as the rest of the com-
posite, which prevented them from fully softening and caused
them to retain a small amount of curvature as the contact pad
was continuously stretched (flattened) and compressed
(curved) over the course of many loading cycles.

Compatrison of FEA and experimental results

Using the finite element model described in the Finite
Element Model section, the gripper’s deformed profile after
contact formation was examined for several combinations of
S and H. Generally, the predicted profiles show good agree-
ment with the experimental profiles, as exemplified by the
profiles shown in Figure 8.

To estimate the ratio of stiff to soft pull-off forces, the system
compliance was determined for sets of S and H values in both
the stiff and soft states. For all combinations of S and H con-
sidered, use of Equation (1) yielded a stiff to soft pull-off force
ratios ranging from ~8 to 13, as shown in Supplementary
Figure S1. From a compliance perspective, and considering the
250 x increase in the Young modulus of the core material upon
stiffening, the theoretical maximum stiff to soft pull-off force
ratio is expected to be in the range of ~ +/250. This suggests a
16 X increase in pull-off force, which is comparable to the range
predicted by FEA. These predicted ratios are larger than those

H=19mm

Log. Strain
+59e-01
| +5.0e-01
+4.0e-01
+3.0e-01
+2.0e-01
+99e-02
+85e-05

37 mm

S=

Log. Strain
[ +34e-01
+2.8e-01
+23e-01
-+1.7e-01
-+ 1.1e-01

+5.6e-02
+91e-04

46 mm

S=

given by the experimental data, which shows up to a 6 Xin-
crease in pull-off force from stiffening the core. The difference
between the FEA prediction and the experimental results could
be attributed to time-dependent effects, plastic deformations of
the PCL core, and misalignment between the gripper and
substrate in the experiments that would reduce the measured
pull-off force, which are not captured by the FEA.

Pick-and-place demonstrations

In addition to pull-off testing, the gripper’s efficacy was
also evaluated based on pick-and-place demonstrations con-
ducted with various objects. Objects successfully grasped and
released included a playing card (1.62 g), a silicon wafer (9.38 g),
a small tomato (25.3 g), and a juice can (36.6 g), as shown in
Figure 9. Footage of these pick-and-place demonstrations is
available in Supplementary Video S3-S6. See Supplementary
Figure S2 for a block diagram detailing the control sequence for
pick-and-place tasks.

In general, we found that this gripper excels at grasping flat
smooth objects, which can be challenging for other grippers
that grasp objects via force closure. It was even capable of
lifting a small dinner plate weighing 147 g (1.44 N), corre-
sponding to 78% of the maximum pull-off force measured
during pull-off testing (see Supplementary Video S7). The
gripper is also capable of grasping objects with convex sur-
faces of various shapes and sizes, including a tomato and a
juice can, as shown in Figure 9. Although this capability is
generally limited to objects with simple rounded surfaces, it
serves to demonstrate the gripper’s versatility. After grasp-
ing, each of the objects was released and returned to near its
original location by simply heating the contact pad and al-
lowing the object to drop due to the decreased adhesion force.

In addition to flat and convex objects, the gripper geometry
can be controlled before contact to allow for conformation
to concave objects. To demonstrate this, the finite element
model was used to predict the deformed gripper geometry
when decreasing S before contact. As shown in Supplementary

H=175mm

FIG. 8. Deformed profiles of the
contact pad before retraction. Pre-
dictions from FEA with logarithmic
maximum principal strain contours
are shown in the left column, and
experimental results are shown in
the right column. FEA, finite ele-
ment analysis. Color images are
available online.
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FIG. 9. Grasping various objects: (A) Playing card, 1.62 g. (B) Silicon wafer, 9.38 g. (C) Small tomato, 25.3 g. (D) Juice

can, 36.6 g. Color images are available online.

Figure S3, the radius of curvature and span of the bottom of the
gripper can be significantly reduced by decreasing S. Therefore,
the gripper can accommodate a range of concave objects, which
is limited by the combination of object curvature and depth.
Additionally, the peel angle will be smaller when grasping a
concave object compared with a flat object and will continue to
decrease with increasing object curvature. Since pull-off force
increases with decreasing peel angle as suggested by the Kendall
equation,*® we expect the load capacity of the gripper to increase
when grasping concave objects.

The gripper also showed promise in handling fragile
objects—such as a silicon wafer and a tomato—without
causing any damage to them. This capability is a result of the
low modulus of the gripper during contact formation (0.09 MPa
for the outer Dragon Skin 10 layer and 2 MPa for the softened
PCL core) and the ability to form large contact areas. This
results in low contact pressures that prevent object damage.
The mean contact pressure exerted by the gripper can be esti-
mated from the experimental data by dividing the preload
(measured at Step 3 in Fig. 4A, B) by the contact area, which
can be estimated using photographs from the experiments.
Using this approach, we found that the largest mean contact
pressure exerted by the gripper on the cylindrical substrate was
1 kPa (see Supplementary Table S1 for additional data relating
to estimation of contact pressures). For grasping of round
fragile objects such as fruits and vegetables, this pressure is
well below the threshold for causing damage. For example, a
study by Pettersson er al.'® found that strawberries could
withstand up to 6 kPa without bruising.

Taken as a whole, these pick-and-place demonstrations
are a validation of the gripper’s applicability toward real-
world tasks. Although there are several classes of objects
which the gripper cannot reliably grasp—including those
with rough or wet surfaces (which are problematic for many
grippers that rely upon dry adhesion) or complex surface
geometries—it exhibits an impressive degree of versatility
given its simplicity. Importantly, because of the gripper’s
simplicity—specifically the fact that it requires only a
single servo motor for actuation and a 9 V power supply to
power the flexible heater—it can be easily integrated with
most robotic systems, including the small uArm robot that
was used for these demonstrations.

Limitations

While the gripper developed for this study has demon-
strated its ability to successfully grasp and release various

objects, it does have some limitations. First is the gripper’s
cycle time. Since the gripper’s stiffness tuning capability is
dependent on a thermally induced phase change, the amount
of time required to perform a successful grasp is relatively
large. Quantitatively, the gripper requires on average 3.3 min
to heat from room temperature to Ty, =50°C and 4.5 min to
cool to Ty;er=35°C (as established in the Material Selection,
Synthesis, and Characterization Section), resulting in an
overall cycle time of 8.8 min to grasp a single object. This
issue is common among stiffness tuning technologies that
rely upon thermal activation. However, there are several
steps that could be taken in future work to reduce this cycle
time. One solution is to load the contact pad’s silicone
matrix with liquid metal to increase its thermal conduc-
tivity, as established by Bartlett et al.*’ Another solution
is to implement ‘‘vascular’ cooling by running cold fluid
through the contact pad while it cools, as demonstrated in
multiple studies.'’?%*® Additionally, the PCL composite
could be replaced with a material with a lower melting point
and higher thermal conductivity.

Another limitation of the current gripper is that it is not
always successful in releasing objects after grasping. In
principle, when the gripper is ready to release an object, the
contact pad can be heated to Ty =50°C to reduce the adhe-
sion strength. However, if the object is too light such that its
weight is not sufficient to overcome the minimum adhesion
strength, the object will not be released. In the case of light
objects, it is useful to control S and H so as to form only the
minimum amount of contact area required to lift the object.
Then, if the object will not release, the distance between
gripper jaws can be modulated to help facilitate peeling and
object detachment, although this is not always successful.
Once the contact pad is fully softened, the minimum adhe-
sion strength ultimately depends on the surface energy of the
contacting surfaces. Therefore, if release of very light objects
is desired, a material with lower surface energy can be used
for the outer surface of the contact pad.

Conclusion

This research focused on the development of a novel soft
robotic gripper that relies upon stiffness and adhesion tuning
capabilities enabled by controlling the temperature of a
thermoplastic composite embedded in a soft contact pad.
Pull-off tests performed using the gripper showed that stiff-
ness tuning leads to enhanced adhesion and provided insight
into the effect of gripper geometry and substrate geometry on
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adhesion strength. A finite element model was also developed
to simulate the gripping procedure, which provided insight
into the deformation and adhesion mechanics of the system.
Finally, the gripper was integrated with a four DOF robotic
arm and used to successfully grasp and release objects of
various shapes, weights, and sizes.

Overall, this work demonstrates the efficacy of a stiffness
tuning gripper for adaptive and controllable adhesion-based
grasping. Our gripper represents an important milestone to-
ward the development of a practical and versatile gripper
enabled by stiffness and adhesion tuning capabilities. In future
work, we hope to address some of the major limitations of the
gripper, including its large cycle time and inconsistency in
releasing objects, described in the Limitations section. There
are also several possible extensions to this work, which we
believe are promising. These include enabling magnetic ac-
tuation of the composite by loading it with magnetic particles;
applying kirigami principles* to achieve enhanced adhesion;
and using polymer-based stiffness tuning elements for dif-
ferent applications, such as endoscopic surgery.
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