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Abstract—Over the past few years, shape memory polymer
(SMP) has been extensively studied in terms of its remarkable
reversible dry adhesive properties and related smart adhesive
applications. However, its exceptional properties have not been
exploited for further opportunities such as pick-and-place
applications, which would otherwise advance the robotic
manipulation. This work explores the use of an SMP to design
an adhesive gripper that picks and places a target solid object
employing the reversible dry adhesion of an SMP. Compared
with other single surface contact grippers including vacuum,
electromagnetic, electroadhesion, and gecko grippers, the SMP
adhesive gripper interacts with not only flat and smooth dry
surfaces but also moderately rough and even wet surfaces for
pick-and-place with high adhesion strength (> 2 atmospheres).
In this work, associated physical mechanisms, SMP adhesive
mechanics, and thermal conditions are studied. In particular,
the numerical and experimental study elucidates that the
optimal compositional and topological SMP design may
substantially enhance its adhesion strength and reversibility,
which leads to a strong grip force simultaneously with a
minimized releasing force. Finally, the versatility and utility of
the SMP adhesive gripper are highlighted through diverse
pick-and-place demonstrations.

I. INTRODUCTION
Robotic grippers have highly been explored for numerous
applications in diverse fields. The aerospace industry requires
gravity-independent or zero-gravity grippers to use in space
[1-2]. Electronics companies need pick-and-place robotic
grippers to assemble devices using surface mounting
technologies [3]. The manufacturing or logistics industry has
also a strong demand for grippers to lift heavy objects or to do
repetitive manipulations that lessen the burden of human
workers [4-6]. Microassembly utilizing grippers have enabled
unique 3-dimensional microelectromechanical systems
(MEMS) which cannot be achieved using other conventional
approaches [7-9].

rough surfaces such as rocks [1,14] although they are not
capable of working for smooth surfaces inherently.
Electromagnetic grippers have a benefit of easy and fast lifting
and releasing [15] if lifting objects are made of ferrous
materials, which is their intrinsic drawback in terms of
material choice. Electroadhesion grippers based on the
electrostatic force are also beneficial for quick pick-and-place
due to their fast response speed [16]. Nevertheless, their
adhesion strength is relatively low unless the voltage is very
high, which is prone to damaging electronic parts on adhering
surfaces. Vacuum grippers are capable of lifting heavy weight
objects and they can also be used for wall-climbing [17-18].
However, they would not work in a vacuum nor for porous
surface objects. More recent gecko grippers do not need any
atmosphere so that it can be used in space [2] and adhere to
surfaces made of any materials [19-20]. Those grippers are
promising but their limited adhesion strength, working only
for dry surfaces and somewhat complicated manufacturing or
operation may suppress their broader adaptation.
In this work, a shape memory polymer (SMP) is employed
to design an adhesive gripper which exploits SMP’s strong,
material-independent, reversible, and dry adhesion to pick and
place flat, smooth or moderately rough surface objects.
Furthermore, since SMP’s dry adhesion is wet-tolerant, the
SMP adhesive gripper is working for wet or submerged
objects as well [21]. These unique adhesive properties of the
SMP adhesive gripper possibly eliminate or mitigate the
challenges involved in other existing grippers. An SMP is a
class of external stimuli-responsive polymer with the shape
memory effect, i.e., the ability to stably fix its deformed or
‘temporary’ shape and fully recover its original or ‘permanent’
shape. In particular, a thermoresponsive SMP undergoes a
substantial change in storage modulus across the glass
transition temperature (Tg) between glassy and rubbery states,
and generally shows a strong shape memory effect upon

To satisfy the aforementioned demands, various
mechanisms for robotic grippers have been introduced. Finger
grippers are simple yet effective when optimized by choosing
the number of fingers and the shape of their gripping motions
with appropriate actuation methods [10-12]. Soft grippers
show favorable performances since they resemble real human
fingers [13]. However, both finger and soft grippers have a
common drawback that the target objects they lift must have
multiple surfaces with acceptable dimensions to be gripped.
Using microspine grippers is a great choice to interact with
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Figure 1 (a) The storage moduli of stiff and soft shape memory polymers
(SMPs) as a function of temperature. (b) Application of the SMP for a
reversible dry adhesive hook.
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thermomechanical loading [21-25]. With applied heat and
pressure, an SMP becomes soft in its rubbery state and makes
a conformal and hermetic contact with dry or wet opposing
surface. After cooled with pressure, the SMP becomes rigid in
its glassy state yet maintains its contact with the opposing
surface which forms a strong dry adhesion. However, once
reheated, the SMP tends to lose its contact and strong
adhesion, resulting in the reversible dry adhesion. Fig. 1
depicts the storage moduli of the SMPs used in this work as a
function of temperature and their use as an adhesive hook that
is recently demonstrated. The storage moduli are measured
using TA instrument Q800 Dynamic Mechanical Analysis.
Over the integrated design of an SMP adhesive gripper by
combining SMP adhesives and a mechanical releasing
mechanism, we also present the mechanics at the adhesive
interface upon compositional and topological variations of the
SMP adhesive. The analysis of temperature associated with
heating and cooling modules of the gripper assists the final
design of the SMP adhesive gripper towards its pick-and-place
demonstration.
II. METHODS
A. Schematics
Fig. 2 shows the computer-aided design (CAD) model and
the photograph of the SMP adhesive gripper which has three
legs and three feet. Legs and feet are connected using ball
joints with maximum swivel angle of 35°. A pin-in-slot joint is
used to connect the middle link and both top and bottom links.
The body is built primarily with machined aluminum and 3D
printed parts. The three feet are all parallelly connected to an
11.1 V, 1200 mAh Lithium Polymer (LiPo) battery (Kinexsis).
Wires between feet and the external lead of the gripper are
concealed inside aluminum frames. Three Peltier modules are
under three feet and utilized for heating/cooling cycles. To
control the Peltier modules by switching electrical polarity and
thus the direction of current flow, 15 ampere maximum
double-pole, double-throw (DPDT) switch with ‘center
position off’ is used.
B. Pick-and-Place Procedure
In the picking step, the SMP is heated up to the rubbery
state. Then the preload is applied and the SMP is cooled down
to the glassy state simultaneously. At this state, the gripper is
attached to the target object and is ready for picking due to the

Figure 2 (a) The CAD drawing and (b) the photograph of an SMP adhesive
gripper. The gripper has a battery and a thermocouple for heating/cooling and
temperature sensing.

strong dry adhesion of the SMP. In the placing step, similarly,
the SMP is heated up to the rubbery state and thus to the weak
adhesion state. With the operator’s manipulation, a releasing
force is applied to peel the SMP. As a result, the gripper is able
to place the target object.
C. Fabrication of SMP
The SMP that is used in this work is prepared based on the
procedure developed elsewhere [22]. First, Poly(Bisphenol
A-co-epichlorohydrin), glycidyl end-capped with a molecular
weight of 1075 g/mol from Sigma-Aldrich, hereafter called
E1075, and diglycidyl ether of bisphenol A epoxy monomer
with a molecular weight of 362 g/mol from Momentive,
hereafter called EPON 826, are preheated in a 110 °C oven.
When they are completely melted, E1075 and EPON 826 are
mixed to make the epoxy monomer. The curing agent
Jeffamine D-230 poly(propylene glycol)bis(2-aminopropyl)
ether with an average molecular weight of about 230 from
Huntsman, hereafter called Jeffamine, is then mixed into the
epoxy monomer. The weight-based mixing ratio of E1075 :
EPON 826 : Jeffamine is 0.940 : 1.000 : 0.837 for the stiff
SMP and 0.334 : 1.000 : 0.707 for the soft SMP. The resulting
SMP precursor is poured on a PTFE tape (Tapecase) covered 3
x 2 inch glass slide and air bubbles inside the mixture are
removed using a pipette. The curing takes place in a hot oven
at 80 °C for 120 minutes. After the SMP is fully cured, it is
easily peeled off from the PTFE tape in its glassy state.
Two types of SMP samples are prepared. The first type
SMP samples are used to quantitatively evaluate their
adhesion strength upon diverse compositional and topological
design variations. For a single SMP sample, a cured stiff SMP
is cut into a 25 mm diameter round shape using Fusion M2
laser cutter from Epilog Laser (Fig. 3a). The other single SMP
can also made of a cured soft SMP in the identical way. For a
dual SMP sample, a cured soft SMP is cut into a 5 mm width
and 25 mm outer diameter ring shape using the laser cutter.
Then a stiff SMP precursor is filled in the center hollow area
and cured (Fig. 3b). The completed SMP sample is finally
attached to a backing aluminum block using Loctite Instant
Mix epoxy. For an SMP sample with release tip, a cured stiff
SMP is cut into a 25 mm diameter round shape. Then a single

Figure 3 (a) Fabrication of a single SMP sample. A stiff SMP is cured and cut
into a 25 mm diameter round shape. (b) Fabrication of a dual SMP sample. A
soft SMP is cured and cut into a ring shape and a stiff SMP precursor is
subsequently filled and cured inside the ring-shaped soft SMP. (c)
Fabrication of an SMP sample with release tip. To form a release tip on a 25
mm diameter SMP sample, a single drop of SMP precursor is placed on the
SMP surface and then cured.
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Figure 6 The free body diagram of the foot of an SMP adhesive gripper. (a)
Forces during preloading. (b) Forces during picking.
Figure 4 The test setup to measure the adhesion strength of an SMP sample.
While an SMP adheres to the target plate, the bucket is filled with water.
Once the SMP fails in adhering to the target plate, its adhesion strength is
recorded.

drop of stiff SMP precursor is placed on the cured stiff SMP
sample using a pipette. As shown in Fig. 3c a release tip is 8.5
mm away from the center and its radius is 5.08 mm with the
maximum height of 0.64 mm.
The second type of SMP samples used for the
pick-and-place demonstration are made by directly pouring
and curing the stiff SMP precursor on aluminum plates. After
curing the plates are attached to Peltier modules.
D. Adhesion Test Setup
The test setup to measure the adhesion strength is shown in
Fig. 4. The backing aluminum block where an SMP is fixed is
connected to a bucket through the pulleys using a fishing wire.
The block has a cartridge heater and a thermocouple inside
which are connected to a temperature controller. To measure
the maximum adhesion of the glassy SMP, the SMP is first
heated to approximately 80 °C and becomes its rubbery state.
Then the preload of 12.67 kg (2.50 atm) is applied on the SMP
to achieve conformal adhesive contact with the acrylic target
plate. During preloading, the heater is off and the SMP is
cooled. After cooling to approximately 30 °C, the SMP turns
out to be the glassy state and water is slowly pumped into the
bucket. To measure the minimum adhesion of the rubbery
SMP, the glassy SMP adhering to the acrylic target plate is
reheated to approximately 80 °C before slowly pumping water
into the bucket. The maximum or minimum adhesion strength
of the glassy or rubbery SMP is recorded when the SMP fails
in adhering to the acrylic target plate by measuring the weight
of water and the bucket.

When using the Peltier module, fins are used to release heat
such that the whole system does not heat up. Otherwise, the
SMP would not be cooled sufficiently.
III. RESULT AND DISCUSSION
A. Picking Mechanism
In the picking step, an SMP is heated and brought down to
a target object and ball joints between legs and feet passively
rotate to achieve a conformal contact. Fig. 6a shows the step
where applying a preload which is the sum of the gripper
weight (FM) and an external force (FE). Since the preload is
critical to adhesive performance [23], it is desirable to have
large FE to meet the below inequality where Ppre is the
minimum preload pressure to ensure reliable adhesive grip.


After cooling, the SMP adheres to the target object and the
gripper is able to pick it up. At this step, the weight of the
target object (FT) should not exceed the adhesive force of the
SMP (FA) as shown in Fig. 6b. The adhesion strength of the
SMP to a flat and smooth glass plate (PS) is 5-30 N/cm2, which
was characterized previously [24].
Therefore, the maximum weight that the gripper can pick
up should be,




FT < FA = PS × A.

Using the magnitude of A in Table I, FT should be smaller
than 240 N if PS is assumed to be 5 N/cm2 and FT should be
smaller than 1440 N if PS is assumed to be 30 N/cm2.
TABLE I.

PARAMETERS OF SMP ADHESIVE GRIPPER

Parameter

E. Heating and Cooling Modules
While a simple cartridge heater is used to heat the SMP for
the adhesion strength test, the final SMP adhesive gripper uses
a Peltier module (TEC1-12710) not only to heat but also to
actively cool the SMP. Fig. 5 shows the Peltier module
between two aluminum plates. The thickness of aluminum
plates is chosen to be 2 mm since it is thin enough for the heat
to quickly reach the SMP but thick enough to have tap holes.

Figure 5 A schematic of a Peltier module assembled with heat releasing fins
and aluminum plates.



(FM + FE) / A > Ppre.

Symbol

Magnitude

Weight of the device

FM

12.7 N

Minimum preload pressure

Ppre

15 N/cm2 [23]

Total SMP area

A

48 cm2

Angle between the middle link and the leg



0-33.6°

Length from pivot point O to top link

La

25 mm

Length from pivot point O to bottom link

Lb

50 mm

Release ring pulling force

FH

60 N [26]

B. Placing Mechanism
Fig. 7a magnifies a pin-in-slot joint previously shown in
Fig. 2a, which connects the middle and bottom links. Once the
SMP adhesive gripper adheres to a target object, the links do
not make any displacement such that a static situation can be
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the bottom or top link. When FH of 60 N is applied [26], FG
calculated to be 30 N by using (5) together with La and Lb in
Table I. In addition, for the force equilibrium, the following
equation should be met in a static situation of the middle link
in Fig. 7b,


Figure 7 (a) The magnified view of a pin-in-slot joint used between the links.
(b) The schematic of the SMP adhesive gripper and the free body diagram of
the links.

F = FH + FG - FO = 0.



Therefore, the force applied to the middle link at point O
(FO) is calculated to be 90 N. Simultaneously, the leg of the
gripper receives the same amount of force as FO but in
opposite direction.

C. SMP Adhesion - Simulation
To study the effect of SMP’s stiffness and composition on
assumed. In this static situation, the force is applied from the its adhesion, a finite element analysis (FEA) on the first
slot to the pin which is labeled as FP in Fig. 7a. This force can principal stress is conducted. As shown in Fig. 8a, the
be split into the horizontal and vertical forces which are FP displacement is constrained at the SMP bottom surface which
is in contact with a target plate. The external load is applied to
sin and FP cos, and thus
the top of the aluminum block. Assuming that the SMP is in

FP = FP cos FP sin
 glassy state at 30 °C, Young's modulus is chosen as 2000 MPa
Evidently, the vertical force (FP cos) is equal to the for the stiff SMP and 1000 MPa for the soft, which are inferred
reaction force from the ground (FG) which is labeled in Fig. from the data in Fig. 1a. The resultant first principal stress at
the bottom surface of the SMP along the A-A` line is shown.
7b.
Both stiff and soft single SMP shows extremely high stress

FG = FP cos
 concentration at the edge of the SMP. Whereas the dual SMP
For placing the target object, applying a larger FG is more shows that the stress is more evenly distributed to the center
desirable since the SMP is more easily peeled off from the which helps reduce the outer edge stress concentration. As a
target object. Using (4), FG can be maximized by setting the result of the reduced stress concentration at the outer edge, the
contact failure starting at the outer edge occurs with higher
initial angle of the middle link ( to be zero.
external load. This indicates the dual SMP is supposed to
Fig. 7b shows the forces that are applied to the middle link. exhibit higher maximum adhesion strength than both single
Through the middle link, a force applied to the releasing ring SMPs, which is similar to the results shown in the previous
is transferred to the releasing rods with mechanical advantage. study [27].
FH is the force that is applied to the release ring per each leg in
Further numerical analysis is conducted to compare the
order to peel off the SMP and place the target object.
minimum
adhesion strength of the rubbery SMP with and
Simultaneously, reaction force (FG) is applied from the target
without
release
tip. The boundary condition is shown in Fig.
object. In a static situation, the sum of the moment at the pivot
8b.
A
prescribed
displacement of 0.74 mm has been applied
point O should be zero,
downwards to a target plate that does not deform. This value is

MO = FHLa - FGLb = 0
 chosen to completely compress the release tip (0.64 m thick)
and ensure a small amount of additional compression of 0.1
Where La and Lb indicate the distance between point O and
m to the rest of the SMP. Assuming that the SMP is in

Figure 8 (a) The schematic dual SMP sample attached to the aluminum block with its boundary condition and the plot of the first principal stress along the A-A`
line computed using FEA. (b) The schematic SMP with release tip attached to the aluminum block with its boundary condition and the plot of the first principal
stress along the B-B` line computed using FEA.
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rubbery state at 80 °C, Young's modulus is chosen as 20 MPa.
The resultant first principal stress that occurs at the bottom
surface of the SMP along the B-B` line is shown. The SMP
without release tip only shows the compressive stress which
increases towards the center. On the other hand, the SMP with
release tip shows dramatical stress concentration near the
release tip and shows both tensile and compressive stress.
Consequently, if the prescribed displacement is removed in
the rubbery state, the SMP with release tip tends to pop up and
may show self-peeling due to the high stress concentration
near the release tip. However, the glassy state SMP with
release tip after the compression does not tend to pop up since
the compressed tip shape is fixed. Therefore, adding a release
tip to the SMP reduces the minimum adhesion of the rubbery
SMP and may enable its self-peeling without significantly
compromising its maximum adhesion in the glassy state.
D. SMP Adhesion - Experimental Results
The qualitative prediction of the enhanced adhesion
strength and reversibility (the ratio between maximum and
minimum adhesion strength) with dual SMP and release tip
SMP designs are quantified through the experimental
adhesion strength measurement. Fig. 9a shows the maximum
adhesion strength of single and dual SMPs measured using the
test setup introduced in Fig. 4. After three tests per an
individual sample, the average adhesion strength for single
soft SMP, single stiff SMP and dual SMP are measured to be
1.75 atm, 2.28 atm, and 4.83 atm respectively. Fig. 8a shows
that the stress concentration for both single soft and stiff SMPs
are almost identical. However, the soft SMP accumulates
more strain energy than the stiff SMP when the same load is
applied, which means the soft SMP is more susceptible to
contact failure. Therefore, the experimentally measured
maximum adhesion strength of the soft SMP is smaller than
that of the stiff SMP. More importantly, the maximum
adhesion strength of the dual SMP is over twice higher than
those of single SMPs. Due to high stress concentration, the
edge of the single SMPs is more vulnerable to contact failure.
However, as predicted in the simulation, the dual SMP

distributes the stress more evenly from edge to center, and
therefore the maximum adhesion strength is considerably
enhanced.
Fig. 9b shows the maximum and minimum adhesion
strength of SMPs with and without release tip measured using
the same test setup shown in Fig. 4. The results indicate that
the maximum adhesion strength of glassy SMPs decreases
from 2.35 atm to 1.54 atm once a release tip is added.
However, the minimum adhesion strength which is the
required force to peel off the SMP in the rubbery state
dramatically decreases from 0.936 atm to 0.00955 atm when a
release tip is added. Since the peeling force of the rubbery
SMP with release tip is almost negligible, it can be regarded as
self-peeling. The self-peeling of the SMP should be quite
beneficial in real-life applications even though the release tip
sacrifices 34 % of the maximum adhesion strength of the
glassy SMP. Therefore, adopting the dual SMP with release
tip would raise the adhesion strength and reversibility of the
SMP more efficiently since it increases the maximum
adhesion strength while in the glassy state but decreases the
peeling force while in the rubbery state.
E. Temperature Analysis
A thermocouple is utilized to characterize the temperature
profile of the SMP adhesive gripper foot that is heated and
cooled with a Peltier module powered by fully charged 3 cell
LiPo battery. In Fig. 10, the SMP side indicates the
temperature of the SMP and the Fin side indicates the
temperature of the heat releasing fin. For the first 30 seconds,
heat flows from the fin side to the SMP side since the heating
switch is on. After 20 second heating, the SMP temperature is
raised over 80 °C. Between 36 second and 52 second the
cooling switch is on so that the current flows in the opposite
direction. In this condition, the heat flows from the SMP side
to the fin side, which remarkably reduces the cooling time
compared to the natural convection cooling. Immediately after
the cooling switch is off, the SMP side temperature becomes
about 40 °C. However, due to residual heat in the fin side, the
final temperature of the SMP side is raised up again to 48 °C
and slowly decreases. It is worthwhile to note that high
adhesion of the SMP is still achieved even slight above Tg like
40-50 °C since the SMP actually passes through a glass
transition temperature range, not a sharp transition at Tg,
which is inferred from Fig. 1.
F. Demonstration
To demonstrate the pick-and-place of the SMP adhesive

Figure 9 (a) The experimentally measured maximum adhesion strength of
single and dual SMPs. (b) The experimentally measured adhesion strength of
SMPs with and without release tip in the glassy and rubbery states.

Figure 10 The temperature profile of an SMP adhesive gripper foot during
heating and cooling with a Peltier module as a function of time.
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Figure 11 The pick-and-place demonstration of the SMP adhesive gripper.

gripper operated with one hand, a 30 cm × 30 cm × 14 cm
stage with an acrylic plate top is built. Fig. 11a-b show the
picking step where the SMP is heated over 90 °C, then
preloaded and at the same time cooled down to 40 °C. A mass
of 4.5 kg is added to the stage and the SMP adhesive gripper
picks up this weight as shown in Fig. 11c. Finally, Fig. 11d-e
show that the SMP is reheated over 90 °C and a releasing force
is applied to place the weight.
The SMP in this work is capable of adhering not only to dry,
flat and smooth surfaces but also to wet, non-flat or

moderately rough surfaces. Fig. 12 demonstrates that the SMP
adhesive gripper picks up surfaces with various roughness, an
angled surface, and a wet surface. These results show a highly
positive prospect on the use of the SMP adhesive gripper in a
practical situation. The optical images and the surface
roughness profiles of sandpaper, wood, tile, poster paper and
acrylic plate surfaces used in the demonstration are obtained
using Keyence VK-X1000 3D laser scanning confocal
microscope as shown in Fig. 13. Based on these surface profile
data, the arithmetic average roughness (Ra) magnitudes of the
surfaces are 14.1 µm (sandpaper), 6.58 µm (wood), 0.267 µm
(tile), 2.04 µm (poster paper), and 0.983 µm (acrylic plate),
respectively.
IV. CONCLUSION

Figure 12 The images of the SMP adhesive gripper picking various surfaces
including (a) a sandpaper, (b) a wooden plate, (c) a tile, (d) a poster paper, (e)
and an angled acrylic plate, and (f) an acrylic plate wet with blue dyed water.

In this work, a gripper utilizing an SMP adhesive is
designed, fabricated and tested. Picking and placing
mechanisms are analyzed in particular to enable operating the
gripper with a single hand. The dual SMP that is made of two
different stiffness SMPs is designed to more evenly distribute
stress at the adhesive interface, resulting in retarded contact
failure and enhanced adhesion strength. Also, the SMP with
release tip shows easy detachment in the experiment due to
high stress concentration around the release tip. To optimize
thermal conditions associated with the SMP adhesive gripper,
a Peltier module is evaluated. Using Peltier modules for fast
cooling is beneficial since reduced cooling time allows for
more stable adhesive contact of the SMP against any
disturbance including vibration during cooling. The numerical
and experimental results show the successful pick-and-place
capabilities of the SMP adhesive gripper and the feasibility of
the potential use of it for wall climbing applications. For the
future work, more quantitative study to verify the effect of
preload and operation temperature on releasing force,
adhesive contact failure and repeatability will be conducted.

Figure 13 The optical microscope images and the surface roughness profiles
of (a) a sandpaper, (b) a wooden plate, (c) a tile, (d) a poster paper, and (e) an
acrylic plate used in the picking demonstration in Fig. 12.
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