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Abstract

Reversible and variable dry adhesion is a promising approach for versatile robotic grasping. Variable stiffness
materials with a modulus that can be tuned using an external stimulus offer a unique approach to realize
dynamic control of adhesion. In this study, an unstructured shape memory polymer (SMP) membrane with
variable stiffness is used to pick-and-place three-dimensional objects. The variable stiffness of the SMP allows
the membrane to conform to and make good contact with objects of various shapes in its soft state and then
achieve high adhesive load capacity by switching to the stiff state. Release of objects is realized by switching to
the soft state. The ratio between the high-adhesion and low-adhesion state is demonstrated to be >2000 on a
curved substrate and ~ 115 on a flat substrate. This gripper exhibits no adhesion in the unactivated state and
maintains adhesion passively once actuation is complete.

Keywords: dry adhesives, switchable adhesion, variable stiffness, robotic gripper

Introduction support structure and utilized the high shear force capacity of
a fibrillar adhesive to grip 3D objects. Song and Sitti® de-
E ND EFFECTORS ARE ESSENTIAL COMPONENTS for allowing  veloped a device in which a gecko inspired fibrillar adhesive
robots to grip and manipulate objects. Dry adhesion- membrane was suspended above a chamber to allow
based grippers that exploit van der Waals forces provide a the membrane to deform to accommodate to the shape of the
promising alternative to friction-based grippers. Since dry object being contacted. Song e al.” subsequently demon-
adhesion prevents two contact surfaces from both sliding and ~ strated that the force capacity of this device could be in-
separating, it can provide gripping forces that act both tan- creased by applying a negative (i.e., vacuum) pressure on the
gential and normal to the surface of an object. Microstructured membrane.
and fibrillar adhesives have been the predominant approach to Although most of the dry adhesion-based grippers to date
date for realizing strong and reversible dry adhesion.' ™ These rely on gecko inspired structures, there are other routes to
adhesives have been most commonly applied to the pick-and-  achieve strong dry adhesion.®'* It has been observed that the
place of planar objects, yet adhesion to three-dimensional (3D)  load capacity of an adhered interface scales with the square
objects is critical in many applications. root of the product of system stiffness and contact area.”'!
Several dry adhesion-based grippers that allow for at- However, high system stiffness and large contact area gen-
tachment to 3D objects have been reported. Hawkes e al.>  erally cannot be achieved simultaneously, since compliance
fabricated gecko inspired fibrillar adhesive films on a bistable is essential for adhesives to reach large contact area.
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Materials with variable stiffness,'>'* which can switch be-

tween a stiff and a soft state in response to a specific stimulus,
provide a unique opportunity to overcome this dilemma.

Shape memory polymers (SMPs) are a class of variable
stiffness materials.'”>~'” Bulk SMPs with unpatterned and
micropatterned surfaces supported by a planar rigid backing
have been used previously to grip macro- and microscale
objects.'>'®2* Other variable stiffness materials such as
jammed granular m21terials,25’26 foams,27 liquid metals,13
wax,”® thermoplastics,”*>® and hydrogels'* have also been
used in pick-and-place applications. Although SMP adhesives
with various surface structures have been engineered to
achieve strong and variable interfacial adhesion, the mechan-
ical design of SMP adhesive systems with high compliance
and conformability has received relatively little attention. The
compliance and conformability of the previous studied SMP
adhesives are limited by the planar rigid backing.

Membranes made of low modulus materials are highly
effective at adapting to and conforming to nonplanar and
deformable objects because of their low axial stiffness and
negligible bending stiffness.>'~*>

In this study, we present a dry adhesion-based SMP gripper
that exploits variable stiffness membrane for adhesion con-
trol (Fig. 1). The gripper is composed of an unstructured flat
variable stiffness SMP membrane, which requires no mi-
crofabrication and can be manufactured using a simple
casting process, supported on a pressure chamber that con-
tains a heater. During use, the SMP membrane is heated,
softens, and is then pressed in to contact with the target
surface. The low modulus of the SMP in the soft state allows
for conformal contact with complex surfaces. After making
contact, the membrane is cooled and stiffens, resulting in
increased load capacity. Release of the object is achieved by
heating the membrane which softens the membrane and re-
duces the load capacity. Through the use of the unstructured
variable stiffness SMP membrane design, the gripper can
adapt to objects with varying 3D shapes, and achieve high
load capacity and adhesion switching ratio compared to
grippers based on elastomer membranes.®’*

Materials and Methods
Fabrication of the SMP adhesive gripper

A cylindrical chamber with a 25.4mm depth, 31.8 mm
outer radius, and 28 mm inner radius was machined out of
aluminum. The chamber has four 9.5 mm diameter holes,
spaced 90° apart in the sidewall of the chamber for the air
inlets and outlets, and an additional 6.4 mm diameter hole for
the heater and the thermocouple wires. A thermocouple
(SA1XL-K-72; Omega Engineering) was bonded to the
backside of a 25.4 mm-radius 31 W circular flexible polyimide
heater (KHRA-2/10; Omega Engineering) using silicone
sealant (8661 Super Silicone Sealant; 3M). The heater and the
thermocouple were connected to a proportional—integral—
derivative controller (CN32PT-330; Omega Engineering) to
monitor and control the temperature. Four silicone foam pillars
with height 25.4mm and diameter S mm (McMaster-Carr)
were bonded to the top of the chamber, and the heater was
bonded to these pillars. The gap around the heater and ther-
mocouple wires was sealed with silicone.

Four flexible tubes were connected to the chamber. Two of
the tubes were connected to valves to regulate the pressure
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within and airflow through the chamber, and the other two
tubes were connected to an air pump (102 W 6624.5 L/h flow
rate; VIVOHOME; Amazon) or a syringe pump (Pump 11
Elite; Harvard Apparatus) depending on the required pres-
sure. The unstructured flat SMP membrane (fabrication of the
SMP membrane is detailed in Supplementary Material) was
bonded to the open side of the chamber with the silicone
sealant.

Adhesion tests

The SMP adhesive gripper was attached to a mounting
block and then fixed in a standard universal testing machine
(MTS Criterion Model 43) fitted with a 50 N load cell (MTS
LSB.501).

Stiff-state pull-off test. The curved testing substrates were
polymethyl methacrylate (PMMA) balls (TAP Plastics) with
radii of 6.35, 12.7, and 25.4mm. The balls were glued to
holders and fixed in the testing machine. A picture of the
adhesion test setup is shown in Supplementary Figure S6. In a
stiff-state pull-off test, the SMP membrane was brought into
contact with the curved substrate at 70°C at a rate of 0.2 mm/s
to a prescribed preload (varied from 2 to 8 N). After stabilizing
the contact for another 10 s, the heater was turned off and the
pump was turned on for 4 min to cool the device. To eliminate
the minor temperature increase due to the heat generated by the
pump, the device was also allowed to sit for another 4 min. In
the cases where the SMP membrane was cooled passively by
the environment (unfilled markers at F,..=2 N in Fig. 2A), the
device was simply allowed to sit for 10 min after the heater was
turned off. After cooling, the device was pulled off at a rate of
0.01 mm/s. The maximum force recorded during pull-off in
each test is denoted as the stiff-state pull-off force.

Stiff-state pull-off test against a flat substrate was con-
ducted in a similar way and is detailed in Supplementary
Material.

Soft-state pull-off test. In the soft-state pull-off tests
against a curved substrate, the membrane was kept at 70°C
using the controller throughout the test. The SMP membrane
was brought into contact with the curved substrate at a rate of
0.2 mm/s to a preload of 5 N. After stabilizing the contact for
another 10 s, the device was pulled off at a rate of 0.01 mm/s.
The maximum force recorded in the pull-off step in each test
is denoted as the soft-state pull-off force. Soft-state pull-off
test against a flat substrate was conducted in a similar way
and is detailed in Supplementary Material.

Results and Discussion
Design of the gripper

Figure 1A shows the design of the SMP adhesive gripper.
An unstructured flat SMP membrane is supported on a rigid
chamber (internal radius of 28 mm), which is connected to a
system that controls the pressure and flow of air through the
chamber. A flexible heater (radius 22.5 mm) supported by
compliant pillars is in contact with the SMP membrane, and a
thermocouple attached to the heater is used for measurement
and control of the temperature. The unstructured flat SMP
membrane is 1.6 mm thick and is made of a thermally re-
sponsive SMP (two-part epoxy, EPON 826 resin, Hexion, and
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FIG. 1. Overview of the SMP adhesive end effector. (A) Schematic of the end effector showing the SMP membrane,
support chamber, and heater. (B) A picture of the SMP adhesive end effector viewed from the membrane side. (C) Principle
of operation of the SMP end effector for picking up and releasing an object. (D) A typical load versus time curve shown for
the SMP end effector picking and releasing a 161 g PMMA sheet. The end effector in its rest state (I) was first heated to
70°C and contacted the object with a preload of 5N (II); after waiting for 10s, the heater was turned off, and an air pump
was turned on for 120 s to convectively cool the SMP membrane and apply a 6.9 kPa pressure to the membrane (III); after
the pump was turned off for 10 s, the object was picked up (IV) and held; then the heater was turned on again for 8 s, and the
object was released (V). PMMA, polymethyl methacrylate; SMP, shape memory polymer.

Jeffamine D230 [poly(propylene glycol)bis (2-aminopropyl)
ether] curing agent; Huntsman Corp.) with a transition tem-
perature of Ty = 60°C."2

When heated sufficiently above the transition temperature
(T=70°C), the SMP softens and the modulus is E,=6.3 MPa.
When sufficiently below the transition temperature (ap-
proximately 7<40°C), the SMP is in its stiff state with
E.=2.1 GPa. If held in a deformed state while cooling, the

deformed shape is locked in after the membrane is cooled
below the transition temperature.'> This SMP has an excel-
lent ability to both retain the deformed temporary shape after
cooling and to recover the original permanent shape after
being reheated above the transition temperature.'* The tran-
sition temperature can be tuned through the SMP formulation
(i.e., mixing ratio of the epoxy monomer and the curing
agent'?), and T,=60°C was chosen to avoid unintended
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FIG. 2. Adhesion characterization of the SMP adhesive gripper. (A) The measured pull-off force in the stiff-state (F,) as a
function of preload (F,.) for tests on curved PMMA substrates with R,=25.4, 12.7, 6.35 mm (open markers at F,.. =2 N are
stiff-state pull-off forces measured with the SMP membrane cooled passively by the environment to reduce vibration during
cooling) (error bar denotes standard deviation of three tests). (B) Measured soft-state pull-off force (F,) on curved PMMA

substrates with R, =25.4, 12.7, 6.35 mm.

actuation as it is higher than the temperatures of typical use
environments but also sufficiently low to allow for relatively
fast heating to the transition temperature.

A picture of the gripper (Fig. 1B) shows the transparent
unstructured flat SMP membrane bonded to an aluminum
chamber and a flexible polyimide heater in contact with the
backside of the membrane. Four tubes are connected to the
chamber, two of which are connected to a pump and the other
two are connected to valves that vent to atmosphere when
open. A total of four ports, rather than the minimum of two,
are used to provide a more uniform airflow over the SMP
membrane during cooling to enhance convection.

Principle of operation

Figure 1C illustrates the principle of operation of the
SMP adhesive gripper, and Figure 1D shows a typical load
versus time curve for pick-and-place of a 161-g PMMA
sheet. When not heated, the SMP membrane is stiff and
cannot easily make conformal contact with other surfaces
(Fig. 1C—I), thus preventing unintentional adhesion.
During use, the SMP membrane is heated to 70°C to soften
the SMP, which takes 29s, and then the membrane is
contacted to the object (Fig. 1C—II). The contact is formed
by displacing the chamber supporting the SMP membrane
to bring the membrane into contact with the object. In
addition, in some cases, such as for contacting nonconvex
objects, the chamber can be pressurized to apply a preload
over the entire membrane. While maintaining the contact,
the SMP membrane is cooled to 30°C by turning the heater
off and flowing air through the chamber which takes 89s
(Fig. 1C—III). Upon cooling and stiffening, higher load ca-
pacity is realized, allowing gripping of various objects
(Fig. 1C—I1V). Importantly, no power is needed for the gripper
to maintain this gripping state.

Objects are released through heating and softening of the
SMP membrane (Fig. 1C—V). The load capacity decreases
with softening of the membrane, and detachment is also
facilitated by the tendency for the SMP to return to its orig-

inal shape when heated. Pressure can also be applied during
the release process to deform the contact and further reduce
the adhesion.

Adhesion characterization

The ability of an adhesion-based gripper to pick up an
object depends on its adhesive force capacity, and this is
characterized by measuring the pull-off force of the gripper
with the SMP in the stiff state. Measurements were per-
formed against curved PMMA substrates with three different
radii of curvatures, R,,. The stiff-state pull-off test was con-
ducted by first heating the SMP membrane to its soft state and
bringing the membrane into contact with the substrate at a
given preload, then cooling to 30°C to stiffen the membrane,
and subsequently displacing the gripper away from the sub-
strate at 0.01 mm/s until pull-off occurs. The slow displace-
ment rate is used to minimize the effect of viscoelasticity (for
completeness, the effect of the displacement rate on the stiff-
state pull-off force is shown in Supplementary Fig. S1A). The
maximum force measured during the pull-off process is de-
noted as the stiff-state force capacity, F..

The measured stiff-state force capacity as a function of pre-
load and substrate curvature is shown in Figure 2A. Higher
adhesion was achieved with higher preload for all the curved
substrates tested—this is different from conventional dry adhe-
sives composed of materials with no shape memory effect where
the adhesion reaches a plateau at a critical preload value.*” For a
material without the shape memory effect, increasing the preload
increases the contact area but it also increases the stored elastic
energy that counteracts adhesion. However, in the case of the
SMP, the deformed shape in the preload step is locked in after
cooling and the contact area is maintained. As a result, the ad-
hesive force capacity increases with increasing preload when
gripping a 3D object such as a curved substrate.

Based on the same argument, the SMP is expected to
maintain higher adhesion performance compared to other
adhesives made of materials that have comparable soft state
modulus but without shape memory effect when the surfaces
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are slightly damaged (e.g., scratched). This is because a
slightly damaged SMP surface can still be heated and pre-
loaded to achieve contact with the object and fix the contact
after cooling, while a slightly damaged nonshape memory
material surface that is preloaded into contact with an object
will have an increased elastic energy penalty.

Generally, for a given preload, higher adhesion is ex-
pected on substrates that are flatter, that is, substrates with
larger radii of curvature. This trend holds for the SMP
gripper when the preload is small (F,, < 5 N); however, for
larger preload (Fp. > 5N), the adhesion on a curved sub-
strate with R,=12.7mm is higher than that on a curved
substrate with Rp=25.4mm (Fig. 2A). The under-
performance of the SMP adhesive gripper on the curved
substrate with R, =25.4 mm at a large preload is believed to
be caused by nonuniform heating of the SMP membrane.
The heater has an effective heating radius of 22.5 mm, so it
is expected that only the center portion of the SMP mem-
brane is heated sufficiently to its soft state to make con-
formal contact. As a result, the contact area and the adhesion
achieved at a high preload on the curved substrate with
R, =25.4mm may be smaller compared to the case where
the membrane is uniformly heated throughout.

It was observed that for small preloads (Fye=2N), the
oscillation of the airflow generated by the pump during
cooling can deteriorate the quality of the contact and reduce
the adhesion. The adhesion in the absence of vibration of the
membrane was characterized by cooling the SMP membrane
passively by the environment, and the corresponding pull-off
forces are included as open markers in Figure 2A. The ab-
sence of vibration during cooling increases the adhesion at
small preloads for all the curved substrates tested, but there is
no discernible difference in the adhesion obtained between
the two cases when the preload is larger (Fp,,. > 2N). This
could potentially be an issue for pick-and-place of fragile
objects where only a small preload can be applied but could
be overcome by improving the uniformity of the flow, for
example, using a compressed air reservoir or a fan rather than
a mechanical pump.

A successful pick-and-place operation also requires the
ability to release objects. The performance of the gripper
on this metric is characterized using soft-state pull-off
tests against the same curved PMMA substrates. In the
soft-state pull-off tests, the SMP membrane is heated up to
its soft state and brought into contact with the substrate,
then pulled off at a speed of 0.01 mm/s while the temper-
ature is maintained (effect of the pull-off speed on the soft-
state pull-off force is shown in Supplementary Fig. S1B).
The measured soft-state pull-off force F, which is the
maximum force obtained during the soft-state pull-off
process, quantitatively describes the ability of the SMP
adhesive gripper to release an object and a smaller force is
more favorable.

The soft-state pull-off forces, shown in Figure 2B, are
independent of preload. The soft-state pull-off force is
~0.045N on the curved substrate with R,=25.4 mm and is
<0.005 N (less than the noise floor of the force sensor) on the
curved substrates with R,=12.7 and 6.35 mm. Thus, the ad-
hesion switching ratio (the ratio of the stiff-state pull-off
force to the soft-state pull-off force) is ~200 on the R,=
25.4 mm substrate and >2000 and >600 on the R, =12.7 and
6.35 mm substrates, respectively.

Analytical modeling

To understand the effect of different design parameters,
notably geometry and material properties, on the adhesion of
the device, a simple analytical membrane model (which ig-
nores bending deformation), adapted from Song et al.,”* that
estimates the adhesion of the device to a curved substrate was
developed. The model is based on idealized assumptions that
are not fully satisfied in the experiment: The SMP is uni-
formly heated to its soft state and completely recovers the
original permanent shape after being heated to the soft state;
it completely fixes the deformed temporary shape after being
cooled to the stiff state. Details of the model are presented in
the Supplementary Material (Supplementary Fig. S2), and the
results are summarized in Supplementary Figures S3-S5.
From Supplementary Figure S4, the calculated stiff-state
pull-off force on a curved substrate using this model is found
to scale with the square root of the preload Fj., work of
adhesion G., modulus switching ratio E./E,, and radius of
curvature of the substrate R, over the range of parameters

investigated:
E;
F. Fprch FRb- (D
T

The calculated stiff-state pull-off force is positively cor-
related to the modulus switching ratio E./E, because of two
effects: (1) a higher stiff-state modulus E, leads to a higher
stiff-state pull-off force because it reduces system compli-
ance, (2) a lower soft-state modulus E; increases the contact
radius achieved during the preload step. Membrane thickness
h is absent from Equation (1) because while a larger mem-
brane thickness reduces compliance and increases the stiff-
state pull-off force, the larger membrane thickness also
reduces the contact radius achieved during preloading. The
pull-off force on a curved substrate in the soft state is found
to scale with the work of adhesion G, and radius of curva-
ture of the substrate R, as shown in Supplementary
Figure S5 and is relatively insensitive to other parameters
over the range investigated:

F, o< GcRy,. )

The soft-state pull-off force is insensitive to membrane
thickness A and soft-state modulus E,. A larger membrane
thickness £ or a larger soft-state modulus E, leads to a higher
membrane stiffness. While a higher membrane stiffness im-
proves the load sharing, it also increases the elastic energy
penalty when conforming to a nonplanar surface. The same
trend was noted by Song er al.*

While both the calculated stiff-state and soft-state pull-off
forces are not affected by the thickness of the membrane A
and the soft-state modulus E; (for a fixed modulus switching
ratio E./E,), thinner membranes and materials with lower soft
state modulus E; result in more compliant membranes in the
soft state and thus can achieve larger contact areas. Within
the assumptions of the model, a larger contact area is pre-
dicted during the preload step, Supplementary Figure S3,
which improves gripping stability (e.g., improved ability to
resist moments applied to the contact and off-axis loads).
Beyond the membrane-level deformations considered in the
model, a lower stiffness membrane also allows better local
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conformal contact. This results in an improved ability to
grasp objects with complex geometries and also may yield
higher effective G, through improved accommodation of
roughness.>°

Effect of pressure on adhesion

Application of pressure inside the chamber in different
steps of the operation provides the opportunity to enhance the
performance of the gripper. Application of a positive pressure
during the preload step can improve the contact area, while
applying a negative pressure during the stiff-state pull-off
step can increase the load capacity. Furthermore, maintaining
a positive pressure during the soft-state pull-off step can re-
duce the adhesion and allow for object release at lower loads.
These benefits are demonstrated through pull-off tests against
a flat PMMA substrate.

If the preload step is conducted simply by displacing the
SMP membrane against the flat substrate, the compressive
preload is primarily concentrated around the edge of the SMP
membrane through the chamber wall, leaving the central
region of the membrane largely unloaded. This nonuniform
preload, as well as possible misalignment and surface
roughness of both surfaces, limits contact of the membrane
and leads to a stiff-state pull-off force of only 0.9 N for a flat
substrate (denoted as “‘Press’ in Fig. 3A). However, a pos-
itive pressure applied after the membrane is displaced to
contact the substrate during the preload step results in better
contact across the full SMP membrane, for example, appli-
cation of 6.9 kPa pressure in the preload step increases the
stiff-state pull-off force to 10.9 N (denoted as ‘6.9 kPa pre-
load” in Fig. 3A). The application of a positive pressure
during preload is especially beneficial for achieving large
contact area to nonconvex objects.

LUO ET AL.

Moreover, a negative pressure can be applied during the
stiff-state pull-off step to increase the load capacity, similar
to Song et al.” After the contact was formed by applying
6.9kPa pressure in the preload step, the membrane was
cooled to its stiff state and then pulled off with a negative
pressure of magnitude 6.9kPa. The negative pressure re-
sulted in a load capacity of 21.2 N (“~6.9 kPa pull-off”’ data
in Fig. 3A). The increased load capacity due to the applied
negative pressure is primarily due to improved load sharin%
across the membrane, similar to that reported by Song et al.
In addition, there is a potential contribution to the adhesion
from suction as noted by Song ef al.”’

Finally, we demonstrate that soft-state pull-off force can be
decreased through application of a positive pressure during
release. A decrease in pull-off force with positive pressure is
expected for the blister configuration based on previous
work.®3® In a soft-state pull-off test against the flat substrate,
the same contact as that in the stiff-state pull-off test was first
generated by applying 6.9 kPa pressure in the preload step,
then different positive pressures were applied during the soft-
state pull-off step to investigate the effect of pressure on the
soft-state pull-off force. The results, summarized in
Figure 3B, show that the soft state adhesion is significantly
reduced when a positive pressure is applied. While the ad-
hesion is expected to monotonically reduce with increasing
pressure for a blister configuration,®*® the pull-off force
observed in experiments increased slightly at the highest
pressure (4.8kPa in Fig. 3B). This is likely due to the
membrane being deformed farther from the heater at high
applied pressures resulting in some cooling and hence stiff-
ening of the membrane.

Figure 3C summarizes the adhesion switching ratio (F./F;)
on the flat substrate as a function of the stiff-state pull-off test
operation procedures (operation procedures ‘‘Press,”
“6.9kPa preload,” and “—6.9kPa pull-off”’ are described

heg——— - B — &
Stiff-state operation
— 20 s § w - ® Press
= = 1.5 L‘:- ® 5.9 kPa preload
W e o 100 {| #-6.9 kPa pull-off
a J -
o S 1 o {
< 10 [ & £ }
= b= S 507 T 1
Q o = a
a & @ a) @
@ ! = é 2
0L — | ol i i ; 0 == :
Press 6.9kPa -6.9 kPa 0 ] 5 3 4 5 0 1 2 3 4 5

preload pull-off Soft-state pull-off pressure (kPa)

Pressure (kPa)

FIG. 3. Use of pressure to enhance SMP adhesive end effector performance. (A) Measured stiff-state pull-off forces (F.)
on a flat PMMA substrate for different operation procedures: Press: (i) the SMP membrane is heated to the soft state and
displaced against the substrate to form contact with no pressure applied in the chamber, (ii) cooled to the stiff state and
pulled off; 6.9 kPa preload: (i) the SMP membrane is heated to the soft state and displaced against the substrate to form
contact, (ii) 6.9 kPa pressure is applied inside the chamber to improve the contact between the membrane and surface, (iii)
cooled to the stiff state and pulled off after removing the 6.9 kPa pressure; —6.9 kPa pull-off: (i) the SMP membrane is
heated to the soft state and displaced against the substrate to form contact, (ii) 6.9 kPa pressure is applied inside the chamber
to enhance contact, (iii) cooled to the stiff state and pulled off with the —6.9 kPa pressure maintained inside the chamber
(error bar denotes standard deviation of three tests). (B) Measured soft-state pull-off force (F,) on a flat PMMA substrate
with different pressures inside the chamber (error bar denotes standard deviation of three tests). (C) Adhesion switching
ratio (F./F;) on a flat PMMA substrate as a function of the stiff-state pull-off test operation procedures (‘‘Press,” 6.9 kPa
preload,” and ““—6.9 kPa pull-off”” shown in A) and the applied pressure during soft-state pull-off test (shown in B).
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FIG. 4. Examples of the SMP adhesive gripper gripping various objects. (A) A 105-g Rubik’s Cube™. (B) A 150-g apple.
(C) A 4-g pen. (D) An array of 24 individual 6.35 mm diameter 0.16-g plastic beads. (E) A 116-g plastic dome with a radius
of curvature of 90 mm. (F) A 10-g silicon wafer. (G) A 14-g double concave lens with diameter 50 mm and focal length
200 mm. (H) A 61-g polydimethylsiloxane block.

above and in the caption of Fig. 3, and the corresponding data
are shown in Fig. 3A) and the applied pressure during soft-
state pull-off test (data shown in Fig. 3B), and a maximum
adhesion switching ratio ~ 115 is achieved on a flat substrate.

Demonstrations

Finally, to demonstrate the gripping ability of the SMP
adhesive gripper, the use of the SMP adhesive gripper to grip
various 3D objects, including convex objects (Fig. 4B, C, D,
E), flat objects (Fig. 4A, F), a concave object (Fig. 4G), and a
deformable object (Fig. 4H), is highlighted in Figure 4 (syringe
pump was used to pressurize the contact with the double con-
cave lens to avoid fluctuation created by the air pump; Fig. 4G).
All the objects are easily released when the SMP membrane
is heated (6.9 kPa pressure was applied in addition to heating
to facilitate the release of the 0.16 plastic beads; Fig. 4D).
Supplementary Videos S1 to S3 show the SMP adhesive
gripper pick-and-place of a 10-g silicon wafer, a 61-g poly-
dimethylsiloxane block and a 14-g double concave lens.

Limitations

While the versatility of the SMP gripper was demon-
strated, there are aspects that should be advanced in future
work. Two key areas for improvement are the response time
and energy consumption of the gripper. Heating of the SMP
membrane was done using a heater placed close to the
membrane, requiring 29 s and 899J to heat the SMP mem-
brane from 19°C to 70°C (thermal characterization is detailed

in Supplementary Material). A heater integrated directly on
the membrane would allow for faster and more uniform
heating and reduce the heat loss due to contact resistance
between the heater and the membrane. This could be realized
by integrating a stretchable heater directly on the membrane
using existing techniques.?!

Compared to heating, cooling generally provides a more
significant constraint on the response time of thermally ac-
tuated devices.”*>**' In the current device, when the mem-
brane is cooled passively through heat conduction, it takes
~290 s for the membrane to cool from 70°C to 30°C. Flowing
air through the chamber at ~ 1.8 L/s reduces the cooling time
by more than 3 to 87s, while introduction of the convec-
tion required an additional 8874 ] of energy (note: this is the
energy consumption of the pump used for cooling in the
demonstration experiment; importantly, this pump was not
selected based on energy efficiency and a more efficient source
for creating air flow could be used). We note that the high
surface area to volume of the membrane geometry requires less
energy consumption for heating for a given available contact
area and allows for faster cooling through convection com-
pared to other thermally actuated devices.'”*****° The cooling
rate of the device and its cooling energy consumption could be
further improved by using a thinner membrane or miniaturizing
the device or introducing more efficient forced convection.

Another limitation of this dry adhesion-based device is that
it is primarily designed to pick-and-place of objects with
smooth surfaces just as many other dry-adhesion based de-
vices® ™ and fails to adhere to surfaces with large amplitude
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fine-scale roughness (e.g., a frosted acrylic sheet), although
its adhesion to rough surfaces could be potentially enhanced
using a different SMP with a lower soft-state modulus to
improve conformability to rough surfaces.

Conclusion

We have demonstrated and characterized a SMP adhesive
gripper that exploits variable stiffness to controllably pick-
and-place 3D objects. This device is composed of an unstruc-
tured variable stiffness SMP membrane bonded to a chamber
that can be pressurized. The SMP membrane is heated to its soft
state and conforms to the object upon contact under preload.
Upon cooling to its stiff state, the contact area achieved during
preloading is maintained, while the adhesive load capacity is
increased due to the increased modulus of the SMP. Note that
in the stiff, high-adhesion state, the SMP is not heated, and
thus, no power is needed to maintain the attachment.

Objects are released by heating the membrane to its soft state,
which allows the interface to detach at comparatively low loads.
The SMP adhesive gripper was demonstrated to have a load
capacity of ~13 N and a switching ratio of >2000 on a curved
substrate with a radius of curvature of 12.7mm and a load
capacity of ~21N and a switching ratio of ~115 on a flat
substrate. The ability to pressurize the chamber allows a preload
to be applied across the membrane surface to make contact to
flat and concave surfaces. Furthermore, pressurization can be
used to increase the load capacity and facilitate release. While
friction-based grippers cannot pick up planar objects and most
dry adhesives only work well on planar objects, the adhesion-
based gripper proposed here can grip a variety of 3D objects.
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