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Abstract— Grasping and manipulating objects is an integral
part of many robotic systems. Both soft and rigid grippers
have been investigated for manipulating objects in a multitude
of different roles. Rigid grippers can hold heavy objects and
apply large amounts of force, while soft grippers can conform
to the size and shape of objects as well as protect fragile
objects from excess stress. However, grippers that possess the
qualities of both rigid and soft grippers are under-explored.
In this paper, we present a novel gripper with two distinct
properties: 1) it can vary its stiffness to become either a soft
gripper that can conform its shape to fit complex objects
or a rigid gripper that can hold a large weight; 2) when
the gripper is soft, it has two stable states (i.e., bistable):
open and closed: allowing it to be closed without an actuator
but through contact force with a target object. The variable
stiffness is accomplished by heating a shape memory polymer
(SMP) material through its glass transition temperature. The bi-
stability is achieved by shaping the gripper’s energy landscape
through two elastic elements. This paper details the design
and fabrication process of this gripper, as well as quantifies
the influence of temperature variations on this gripper. The
capability of the gripper is experimentally verified by grasping
different objects with various shapes and weights. We expect
such a gripper to be suitable for many applications that
traditionally require either a rigid or a soft gripper.

[. INTRODUCTION

One of the most important parts of various robotic systems
is the gripper for grasping or manipulating objects. Rigid
grippers have been widely used in various industrial and
medical applications. But they need sophisticated algorithms
and various sensors (e.g. force or visual sensors) to grasp
irregular or fragile objects [1]. These challenges can be
partially addressed by using soft grippers since they can
conform their shapes to complex objects and gently grasp
fragile objects without complicated sensors or algorithms [2].

Soft grippers have been intensively investigated in recent
years with a comprehensive review in [2]. Here we briefly
review several papers related to variable stiffness grippers.
Qiji et al. designed and fabricated a gripper that could actuate
using magnetic fields. This gripper used a magnetic shape
memory polymer that stiffened when in contact with certain
magnetic fields to manipulate objects [3]. Through the use of
granular jamming, Amend et al. designed gripper that could
finely tune its stiffness depending on the differential pressure
inside the gripper. This allowed the gripper to significantly
change its stiffness and maintain its new stiffness with no

*This work is partially supported by the National Science Foundation
under Grant 1IS-1815476.

'Elisha Lerner, Haijie Zhang, and Jianguo Zhao are all with
Department of Mechanical Engineering, Colorado State University, Fort
Collins, CO 80523, USA. elerner@rams.colostate.edu,
Jianguo.Zhaol@colostate.edu,
zhanghaijason@gmail.com

Fig. 1. Left: the gripper switches from open to closed states with contact
force, and returns to an open state by puling strings attached to the fingers.
Right: the 6.8 g gripper is holding a 453 g object.

energy input [4]. Utilizing the properties of SMP, Behl et al.
fabricated a gripper that actuates based on temperature. When
the gripper is heated, the arms both soften and extend. While
cooling down, the arms close in and stiffen [5]. Moreover,
McCoul et al. designed a gripper that utilizes a conductive
shape memory polymer which can not only actuate based
on the temperature of each electrode segment, but it could
also give precise control over the stiffness of each section
of the gripper’s fingers through the temperature of the SMP
electrode corresponding to that section [6]. Further, Firouzeh
et al. produced a gripper with variable stiffness joints using
tendons and origami based designs [7].

Unlike existing grippers that need guided actuation to both
open and close, a bistable gripper has two stable states; there-
fore, it can rely on contact force alone to close the gripper,
and no energy input is needed after the grasping process [8],
[9]. This property makes bistable mechanisms attractive for
a variety of different research (e.g., metamaterials [10]) and
real world applications (e.g., robotic perching [9]). Here
we briefly review related work on bistability with a focus
on soft robots and grippers. A multi-material 3D printed
bistable mechanism was designed to build various deployable
structures [11]. Based on this, the researchers created a
bistable mechanism for untethered swimming robots [12].
An origami based bistable mechanism with stretching and
bending soft joints is leveraged for foldable wings and
grippers [13]. A soft bistable valve is developed to actuate
autonomous soft robots [14]. A bistable gripper is designed
to enable perching capability for aerial robots so that they
can perch passively through the contact impact [9].
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Fig. 2. The parts of the gripper in open and closed configurations, as well
as a cross section of the layers of the gripper base.

This paper presents a unique gripper that integrates bista-
bility with variable stiffness, exhibiting two distinctive char-
acteristics: 1) it can lower its stiffness to become a soft
gripper that can conform to complex objects, or increase
its stiffness to become a rigid gripper that can hold a large
weight; 2) when the gripper is soft, it is bistable and can be
closed without an actuator but through contact force with a
target object. The gripper is shown in both open and closed
states as well as gripping a heavy, complex object in Fig. 1.
A shape memory polymer (SMP) serves as the base of the
gripper. The gripper can switch between open and closed
states when the SMP reaches or exceeds its glass transition
temperature. With this design, we combine the advantages
of rigid and soft grippers, which can hold heavy objects,
adapt to complex geometries, and require no actuators to
close. We also conduct several experiments to quantify how
different temperatures influence the gripping force, holding
force, and actuation forces. In addition, we also conduct
catching and grasping experiments to identify the gripper’s
speed and adaptability.

The rest of this paper is organized as follows. Section
II introduces the working principle of the proposed gripper.
Section III describes the design and fabrication of the gripper.
Section IV details the experimental results for the gripper in
terms of holding, gripping, opening, and closing forces.

II. WORKING PRINCIPLE

As shown in Fig. 2, the gripper contains four major parts:
a shape memory polymer (SMP) layer for variable stiffness,
a heating element (inside the SMP) for Joule heating, a pre-
stretched elastic layer bonded to the SMP layer, and one
or two elastic rings surrounding the four fingers. The SMP,
heating element, and pre-stretch layer are used as the palm
and fingers of the gripper. The heating element can heat the
SMP to its glass transition temperature to soften the gripper.
The pre-stretched layer makes the SMP bend biased in one
direction, and it provides a desired curvature for the fingers.
The rings then generate the two stable states of the gripper.

When the gripper is soft, it has two stable states that it can
rapidly snap between: open and closed as shown in Fig. 3.
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Fig. 3. Two stable states of the gripper correspond to the two local minima
of the energy landscape. Left is the closed state, and right is the open state

When it is open, a force can be applied to the center of the
palm of the gripper to close the gripper. This force can come
directly from the contact force between the gripper and an
object. After it closes, the SMP layer can cool down below
its glass transition temperature to become rigid so that it can
hold many times its own weight. Further, it does not require
energy input to stay in this closed state. To open the gripper,
we use the heating element to warm the SMP to lower its
stiffness. In this case, the shape memory effect of SMP can
potentially open the gripper, but in this paper, since the force
generated from SMP is small, the gripper is opened using a
motor to drag strings attached to each of the fingers (Fig. 7).
The two stable states of the gripper in the soft state are
generated from the competition of strain energy from the
four fingers (Ey) and the ring (E,). We use Fig. 3 to illustrate
the influence of the strain energy to bistability. When it is
in closed state as shown in the lower left corner of Fig. 3,
both fingers and the ring store some strain energy. However,
when the gripper is being opened, E; in the fingers will
monotonically increase since the pre-stretch layer is being
stretched more and more. Meanwhile, E, in the ring will
first increase and then decrease as the ring will be stretched
first and then recover. Combining E; and E,, the total
strain energy £ = Ey + E, will have two minima (Fig. 3),
corresponding to two stable states (open and close). Note
that by choosing different parameters (e.g., £y dominates
E, ), the local minimum on the right for £ may disappear,
resulting in only one local minimum. In this case, the gripper
will be monostable [15]. The detailed analysis for bistability
is left for future work, and in this paper, we select specific
parameters to enable bistability (e.g., E, dominates Ey).

III. DESIGN AND FABRICATION

In this section, we discuss the fabrication of the gripper
made from the following parts: palm, heating element, rings,
and the motor-driven mechanism. The base of the gripper is
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(a) Final Heating Element  (b) Heating Element Pat-

tern

Fig. 4. The final heating element and heating element schematic.

composed of four layers (Fig. 2): an SMP layer, a heating
element, another SMP layer, and a layer of stretched silicone.

A. Heating element

To generate uniform heating for the SMP layers, we
fabricate a flexible heating element using laser engraving
and acid etching. A sheet of Pyralux® AP353500E (DuPont
Industries) is coated with a matt black spray paint (Rust-
Oleum 2x Ultra Cover). A laser engraver (Full Spectrum
H-Series 20 x 12) is then used to remove the paint on the
outside of the heating element circuit. The exposed copper
is then removed by acid etching with a 42 Baume ferric
chloride etching solution (MG Chemicals). Etching should
take 1 hour. The heating element should be removed and
the corroded copper on the surface should be wiped off
every 15 min. Once the exposed copper is fully removed,
the remaining acid is cleaned off using water. After drying,
acetone is used to remove the paint from the heating element
circuit. The heating element is then trimmed to match the
design of the gripper using a precision knife. Two holes are
punched into the heating element at integrated connection
points. Copper wires are then soldered to the connection
points. The final heating element is shown in Fig. 4. The
pattern of the heating element is designed to ensure that the
heating element has a resistance of 2 Q and can be accurately
engraved. At 2 Q, the heating element provides a balance
between reliability and speed when powered with a current
of 2 A.

B. Palm and Fingers

The palm and fingers consist of two layers: a pre-stretch
layer made of Ecoflex 00-30™ (Smooth-On) and an SMP
layer embedded with the heating element. A polymer with a
relatively low glass transition temperature and high change
in stiffness should be used to form the base of the gripper.
It is also desirable that it can return to its base state,
which requires an SMP. Specifically, we choose a mixture
of Jeffamine D400 (Huntsman Inc) and Epon 828 (Hexion)
for this application due to the relative ease of manufacturing
and the large variation in stiffness as it heats through its
glass transition temperature [16]. A mixture of 37.9 percent
Jeffamine D400 and 62.1 percent Epon 828 is used to make
the polymer. These weight percentages were calculated from
a 2:1 molar ratio of Epon 828 to Jeffamine D400 by assuming

each amine completely reacted to two epoxy molecules. To
fabricate the SMP, Jeffamine D400 is first mixed with the
Epon 828 thoroughly. The resulting mixture is then heated
in an oven to 90°C. It is then mixed again and degassed
in a vacuum chamber at 0.1 Mpa for 20 min. This heating
and degassing process is repeated twice to ensure that no
air bubbles remain in the final mixture. Once the solution
is thoroughly degassed and homogeneously mixed, a small
layer of it is poured into a mold made of Dragon Skin 30
(Smooth-on Inc) fabricated from a 3D printed mold. The
Dragon Skin mold allows us to remove the SMP base easier
and prevent damaging it after curing.

The heating element is then placed on top of the SMP
layer (Fig. 5(b)) and another layer of SMP is poured over it
as (Fig. 5(c)). It is important that the heating element is close
to the center of the two uncured SMP layers. The copper
wires soldered to the heating element should be poking out
of the topmost SMP layer. A thin, flat square made of Dragon
Skin 30 is then pressed over the mold, with holes to make
sure it does not harm the copper wires connected to the
heating element. The Dragon Skin 30 is placed over the mold
to ensure uniform thickness of the cured SMP. The entire
assembly is then placed into an oven at 140°C for 14 hours
to cure. A successfully designed SMP and heating element
should be the same as shown in Fig. 6(d). The SMP should
completely encapsulate the heating element after the curing
process. Each finger should be 45 mm long from the center
of the base, and the tips of each finger are 5 mm wide.

The pre-stretched layer is made from a 40 mm wide,
0.75 mm thick square of Ecoflex 00-30™. These dimensions
can provide the maximum amount of tensile force without
breaking for the size of the gripper made in this paper. It
is stretched in all directions using a 3D printed stretching
platform (Fig. 6). The Ecoflex square is created using a
3D printed PLA plastic mold. The Ecoflex is clipped into
position on the stretching platform such that it remains in its
stretched state while it is installed onto the gripper base. The
SMP layer is bonded to the stretched Ecoflex using a silicon
epoxy glue, Sil-Poxy (Smooth-on Inc). The copper wires
from the SMP base should be pointed outwards (Fig. 6(c)).
The assembly is then left to cure for at least 1 hour. The SMP
layer is then heated to lower its stiffness which prevents the
gripper from breaking as the clips on the Ecoflex square are
removed. The Ecoflex square will now act as a guide for the
shape of the gripper and enable it to have distinct open and
closed states. The excess Ecoflex between the gripper fingers
is then trimmed off (Fig. 6(d)).

C. Rings

A ring made of Ecoflex 30 is manufactured to go around
the fingers of the gripper and allow for the gripper to be
stable in an open state. The ring is § mm wide and has a 60
mm perimeter. These ring dimensions allow the gripper to
stably hold an open and closed state, while still allowing for
more rings to be placed later to alter the properties of the
gripper. An 8 mm wide strip of Ecoflex 30 is cut to a length
of 65 mm. The excess 5 mm is used to adhere the strip to
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(a) Pouring the first SMP layer (b) Placing the heating element (c¢) Pouring the second SMP

Fig. 5.

(a) Place Eco-flex square (b) Stretch Eco-flex square

Fig. 6.

itself in a ring shape using Sil-Poxy glue. The ring is left to
cure for at least 30 min.

After curing, the ring is attached to the base gripper using
Sil-Poxy glue. It is placed 8 mm above the base of the
gripper. The ring must be moved such that the overlapping
sections of the strip are on a finger; otherwise, the difference
in elastic quality could affect the gripper’s characteristics.
The assembly should be left to cure for at least 30 min.
More rings can be added above the base ring to increase the
grip force and actuation force of the gripper. Additionally,
the original ring can be trimmed width wise to lower the
grip force and actuation force of the gripper. A ring can be
added below the initial ring (closer to the base of the gripper)
in order to give the final gripper a more steady open state
without majorly affecting the grip force. For our purposes,
two rings were used, one slightly above the initial ring. The
final weight of the gripper with two rings is 6.8 g.

D. Motor-driven mount

In order to open the gripper and to allow the gripper to
close while mounted, a motor-driven mount made from 5
parts was designed (Fig. 7): a base mount frame, piston,
piston cap, spool, and motor. The piston allows the gripper to
move and actuate on the motor-driven mount, while the spool
and motor allow the gripper to open and provide leverage for
the motor. In order to attach the gripper to the motor-driven
system, 4 nylon strings are pushed through the gripper’s
fingers approximately 1 cm from the tip of each finger. The
strings are then secured to the gripper with washers on the
side with the pre-stretched Ecoflex layer. The strings’ other
ends are threaded through the four finger holes and base holes
in the motor mount and attached to the spool. Additionally,
the base of the gripper needs to be adhered to the piston
using an epoxy.

IV. EXPERIMENTAL RESULTS

For the fabricated gripper, its properties will change with
respect to stiffness. Therefore, we conduct four sets of exper-

(d) Cured SMP base
layer

Steps for manufacturing the SMP base.

(c) Place/adhere SMP base (d) Trim Eco-flex

Steps for manufacturing the pre-stretched eco-flex layer.

Fig. 7. Motor-driven mount design. This system opens the gripper using
strings. One string is attached to each finger, and all four strings are driven
by a single DC motor.

iments to quantify how the change in stiffness influences: 1)
gripping force (i.e., how large of a force it can generate when
the four fingertips contact an object without encapsulating it);
2) holding force (i.e., how much weight it can hold when
the gripper encloses an object); 3) actuation force required
from close to open; 4) actuation force required from open
to close. Note that the stiffness of the gripper is determined
by the SMP’s temperature, which is further determined by
the electrical power applied to the heating element. Two
additional tests were conducted, a catching and grasping test,
to determine the gripper’s speed and adaptability.

For each experiment, the gripper started with room tem-
perature and was heated by supplying a current of 2 A to
the heating element. A Flir thermal camera was used to
determine the gripper’s temperature, which was inferred from
the thermal images based on the temperature of the base
of the gripper. The temperature color scale on the camera
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Force Gauge: M5-2

Test tand: ESM303

/

Software: MESUR ™

Gripper

Power Supply

Fig. 8. Gripping force testing experiment setup. The gripper is fixed on a
test stand, after reaching the desired temperature, the force gauge will drag
a 3D printed cylinder upwards. Meanwhile, the software records both time
and gripping force.

was used to determine when the base’s temperature reached
the required temperature for the experiments. The power
was then lowered until the gripper maintained the intended
temperature during each test. The primary testing apparatus
was a motorized tension/compression test stand (ESM303,
Mark-10). With a force gauge (M5-2, Mark-10) connected,
the stand can move with a constant speed both upward and
downward while measuring both tensile and compressive
force. The measuring range of M5-2 is 10 N with a precision
of 0.002 N. A proprietary software (MESUR™ gauge Plus,
Mark-10) was used for recording the force and time data.
Displacement was then calculated afterwards based on the
set speed of the Mark-10 and the time taken for each test.
A typical experiment scenario is shown in Fig. 8.

A. Holding experiment

The holding experiment aims to quantify how much force
the gripper can “hold” (i.e., with its fingers wrapped around
the object) with respect to its stiffness. A sphere was used in
this test since the fingers could easily wrap around it. Objects
with other geometries may generate higher holding forces,
but they may also have edges that can catch on the rings
of gripper or dig into the gripper itself, potentially creating
inconsistent data. The sphere, with a diameter of 25 mm,
was attached to the Test Stand using a taut copper cable to
decrease the effect of tension and slack affecting the results.
It was then slowly pulled out until it was completely removed
from the gripper’s fingers. The maximum force was then
calculated and plotted for each tested temperature: 70, 60,
50, 45, 40, and 35 °C (Fig. 9).

As expected, the gripper’s holding force is the largest when
it is rigid. It then decreases proportionally to its stiffness as
the SMP reaches its glass transition temperature, between
40 and 50°C. When the gripper is completely soft, further
increasing the temperature will not further decrease the
holding capability, which is illustrated by the plateau around
50-70°C. The maximum holding force when rigid was 3.93
N, meaning that it can hold 400.74 g when it is fully cooled

Maximum holding force (N)

05

35 40 45 50 55 60 65 70
Temperature (°C)

Fig. 9. Holding experiment result: the holding force increases drastically
below the glass transition temperature due to increased stiffness.

down. Considering the weight of the gripper is only 6.8 g,
the holding force to weight ratio when rigid is 59 : 1.

B. Gripping Experiment

The gripping experiment was performed using the same
testing setup as the holding experiment. However, the goal
of this experiment was to find the force the fingers and rings
put on an object (i.e., when the tips of all the four fingers
contact the object). The results of this experiment should
show an opposite trend when compared to the holding force
experiment, because the rings could only exert pressure on
an object when the gripper is soft. To generate consistent
data, we use a cylinder object that is taller than the gripper’s
fingers, and let the gripper grab it vertically. The cylinder
was tied to the Test Stand using a copper wire. It was then
slowly pulled out of the gripper’s fingers and the maximum
force was calculated as the gripping force. The experiment
is repeated for the following temperature: 70, 60, 50, 45, and
40 °C, and the results are plotted in Fig. 10.

From Fig. 10, the gripping force increases as the gripper
heated through its glass transition temperature. The slope
of the gripping force as it goes through the glass transition
temperature is similar to that of the holding experiment. The
results are expected as the gripping force is generated by the
rings. As the fingers become softer, the rings could apply
more force to the cylinder. The fully rigid state of the gripper
at 40°C had the lowest gripping force, likely due to the
fingers not applying any pressure when the cylinder slipped
out of the fingers. In this case, the gripping force is simply
due to the friction between the cylinder and the gripper as
the cylinder was pulled out.

C. Opening Experiment

To properly actuate the gripper, we need to determine how
much force is required to open the gripper when it is soft,
as doing so when it’s rigid would break the gripper. For
the opening experiment, the gripper is initially closed. The
opening force was determined at three different temperatures:
70, 60, and 50°C. If the temperature is below 50°C, the
gripper would not release enough elastic potential energy
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Maximum gripping force (N)
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Fig. 10. Gripping experiment result: the gripping force decreases as the
temperature decreases near the glass transition temperature.

to switch states due to its stiffness. The opening force
measurements were taken by attaching the strings from the
motor-driven system to the Test Stand. The strings are then
drawn back by the test stand until the gripper switches to
an open state. Fig. 11 shows the experiment results. The
figure does not display a zero force when the gripper swaps
from closed to open states due to the force attributed to
compressing the piston when dragging back the strings at
the beginning of the test. The lower spike shows the peak
force needed for the gripper to begin swapping to an open
state through stored elastic energy, and the second spike is
due to the Mark-10 no longer applying force as the bistable
mechanism is triggered.

The results in Fig. 11 show that it takes slightly more force
to open a colder gripper (50 °C) than it does to open a warm
one (60, 70 °C); however, the difference is almost negligible
(< 0.5 N). The difference between opening the gripper at
60°C and 70°C was negligible and likely due to a slight
variance in test factors between warming up the gripper.
The first sharp spike in the figure, at 25 mm displacement,
shows the distinct change between open and closed states.
This point is practically the same for all three temperatures
tested, indicating that the gripper switches states at a very
precise finger displacement.

D. Closing Experiment

We also conducted closing experiments to quantify the
force required for closing from an open state. Unlike the
opening experiment, this experiment was only performed
at two temperatures: 70 and 60°C. 50°C was just slightly
stiffer than the higher temperatures and did not allow for the
gripper to fully swap states. The experiment was performed
by equipping the Test Stand with a press tip, which was
then pushed into the center of the gripper while it was open.
The force was recorded until the gripper swapped states. The
motor mount was removed for the experiment as the friction
from the mount and strings caused too much noise.

Fig. 12 shows the results for the experiment. From the
figure, it takes slightly less than 0.5 N to close the gripper.

50°C
60°C
70°C }

N)

251

Opening force (

0 5 10 15 20 25 30
Displacement (mm)

Fig. 11. Opening experiment result: the sharp point at the bottom of the
curve indicates a change to open state.

0.5

04

o
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o
N}
T

Closing force (N)

o

0 2 4 6 8 10 12 14 16 18
Displacement (mm)

Fig. 12. Closing experiment result. After reaching the actuation force, the
gripper closes, and the force is reduced.

This is consistent at either temperature. The differences
between the closing actuation forces at 60 and 70°C were
negligible as both of these temperatures were well above
the glass transition temperature of the SMP. This experiment
does show that it takes significantly less force to close the
gripper than open it. This is due to the gripper being designed
to be “triggered” using elastic force in the open state.

E. Catching Experiment

A catching test was performed to characterize the motion
of the gripper and to demonstrate its capability to catch
falling objects without the aid of sensors/actuators. A 40 g
weight was dropped from a height of 8 cm directly onto the
gripper’s palm. The gripper was heated to 70°C before the
experiment and maintained at 70°C throughout the catching
process. Fig. 13 shows the motion and speed of the gripper
as it goes from open to closed states. This test confirms the
gripper’s ability to successfully grasp fast moving objects
since the grasping process happens in less than 1 s which is
fast enough to catch most objects that fall into the gripper’s
palm. This ability further expands the gripper’s potential
uses to allow for aerial grasping or perching without using
complicated sensing and control algorithms.
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(a) 0 seconds (b) 0.25 seconds

Fig. 13.
incoming objects.

(c) 0.5 seconds

(d) 0.75 seconds (e) 1 second

Catching test: a mass of 40 g was dropped from a certain height to demonstrate the gripper can passively close upon contact force to catch

Fig. 14. The gripper can hold objects of varying weight and shapes.

F. Grasping Different Objects

We also conduct various experiments to demonstrate the
grasping capability of the gripper. As shown in Fig. 14, the
gripper can grasp a variety of objects and hold them. For
each test, the gripper is heated and made to grasp an object.
We then wait for 2 minutes to allow the gripper to fully cool
down so that the objects can be held stably.

V. CONCLUSIONS

This paper details the design, fabrication, and experimen-
tation of a bistable variable stiffness gripper. The gripper
exhibits the advantages of both rigid and soft grippers, as
well as having sensor-less grasping due to the actuation
mechanism of the gripper. The variable stiffness of the
gripper allows it to conform to the shape of complicated
objects and become rigid to hold much larger weights. It
gives the user some level of control, through temperature
variation, on the forces that the gripper exerts on objects. We
envision such a gripper will be particularly useful for aerial
grasping and manipulation [17] as it can mold itself around a
complicated object in its soft state, freeze around the object,
lift up, and release the object upon Joule heating. Further,
such grasping does not need sophisticated sensors/actuators,
exhibiting mechanical intelligence that can alleviate the
requirement for computational intelligence.
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