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Stiffness Range and High Compliance for Adaptive
and Wide-Range Grasping Objects with Diverse Fragilities
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Abstract

The difficulties of traditional rigid/soft grippers in meeting the increasing performance expectations (e.g., high
grasping adaptability and wide graspable objects range) of a single robotic gripper have given birth to numerous
soft–rigid coupling grippers with promising performance. However, it is still hard for these hybrid grippers to
adaptively grasp various objects with diverse fragilities intact, such as incense ash and orange, due to their
limited contact stiffness adjustable range and compliance. To solve these challenging issues, herein, we propose
a dual-modal hybrid gripper, whose fingers contain a detachable elastomer-coated flexible sheet that is re-
strained by a moving frame as a teardrop shape. The gripper’s two modes switched by controlling the moving
frame position can selectively highlight the low contact stiffness and excellent compliance of the teardrop-
shaped flexible sheets and the high contact stiffness of the moving frames. Moreover, the contact stiffness of the
teardrop-shaped sheets can be wide-range adjusted by online controlling the moving frame position and offline
replacing the sheets with different thicknesses. The compliance of the teardrop-shaped sheets also proves to be
excellent compared with an Ecoflex 10 fingertip with the same profile. Such a gripper with wide-range tunable
contact stiffness and high compliance demonstrates excellent grasping adaptability (e.g., it can safely grasp
several fragile strawberries with a maximum size difference of 18 mm, a strawberry with a left/right offset of
3 cm, and a strawberry in two different lying poses) and wide-range graspable objects (from 0.1 g super fragile
cigarette ashes to 5.1 kg dumbbell).

Keywords: robotic gripper, multiple modes, soft–rigid design, grasping adaptability, wide-range grasping

Introduction

Grasping is an essential operation in numerous sce-
narios, such as human–robot interaction,1–4 biological

sample collection,5,6 and food processing.7–10 A single ro-

botic gripper with high grasping performance including high
grasping adaptability (the capability of grasping a specified
object with random size, offset, and pose with the same input)
and wide-range graspable objects has long been desired.
Traditional rigid grippers can manipulate various rigid and
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heavy objects due to their high output force, but their high
contact stiffness and low compliance greatly increase their
difficulty in grasping fragile objects and decrease their
grasping adaptability.11–15

Conversely, soft grippers, mainly made of soft materials,
exhibit good grasping adaptability and have inherent ad-
vantages in manipulating fragile objects.16–23 However, their
low structural stiffness and output force greatly limit their
load capacity. Although the introduction of various variable
stiffness mechanisms, such as granular jamming,24–28 low-
melting point alloys,29 and shape memory materials,19,30–33

can improve their load capacity to some extent, the gaps
between the load capacity of soft grippers and that of the rigid
grippers are still quite large.

In addition, for most soft grippers, safely grasping some
extremely fragile objects, for example, incense ash, remains
difficult, as their contact stiffness adjustable range is usually
quite limited and it is hard for them to achieve a quite low
contact stiffness without sacrificing their limited load ca-
pacity. Also, their compliance, usually provided by their soft
fabrication materials, still needs to be further improved.

Soft–rigid coupling design methods, targeting to share the
respective advantages of soft and rigid structures in a com-
pact robotic system, might be an ideal way to solve the
aforementioned problems.34–38 Up to now, a series of soft–
rigid coupling (hybrid) grippers with promising performance
have been proposed.39–43 For example, a bioinspired two-
fingered hybrid gripper with multiple modes and poses can
grasp wide-range objects from 0.1 g potato chips to a 27 kg
dumbbell.39 For these hybrid grippers, an effective soft–rigid
collaboration strategy is usually necessary to help them re-
alize the complementarity between soft and rigid structures.

Although the grippers’ grasping adaptability and graspable
object range can be significantly enhanced by introducing

soft–rigid coupling design methods, it is still quite hard for
most existing hybrid grippers to adaptively grasp various
objects with diverse fragilities intact, such as incense ash,
tofu, and orange, as their soft structures still suffer from in-
adequate contact stiffness adjustable range and limited
compliance.

To solve the aforementioned problems, herein, we propose
a dual-modal hybrid gripper with three hybrid fingers that can
flexibly switch between two functional modes by actively
extending or retracting rigid structures (Fig. 1). The hybrid
finger of the gripper is mainly composed of a detachable
elastomer-coated flexible sheet and a rigid moving frame that
restrains the outer sheet as a teardrop shape from a top–down
view. With the movement of the moving frame, the low
contact stiffness and excellent compliance of the teardrop-
shaped flexible sheet and the high contact stiffness of the
moving frame can be selectively highlighted (Fig. 1A–C).

Moreover, the contact stiffness of the teardrop-shaped sheet
can be adjusted in a wide range by online adjusting the moving
frame position or offline replacing various sheets with different
thicknesses, so as to adapt to objects with diverse degrees of
fragility. Such a teardrop-shaped sheet also proved to have
better contact compliance than a common soft fingertip made
of Ecoflex 10 (the softest material among commonly used
materials in soft robots) with the same profile.

We introduced the gripper’s design and implementation,
systematically studied the contact stiffness and contact
compliance of its fingers in Mode 1 (the mode in which the
teardrop-shaped flexible sheets are exposed), and finally
demonstrated its grasping performance (i.e., grasping
adaptability and graspable object kinds and range) by using it
to grasp a series of fragile strawberries with different sizes,
offsets, and poses, and various objects with diverse fragilities
(Fig. 1D).

FIG. 1. Dual-mode hybrid
gripper. (A) Schematic dia-
gram of the hybrid gripper’s
finger in Mode 1.
(B) Schematic diagram of the
hybrid gripper’s finger in
Mode 2. (C) Physical photo-
graph of the hybrid gripper.
(D) The contact stiffness of
the dual-mode hybrid gripper
can vary across several or-
ders of magnitude, allowing
it to safely grasp a wide
range of objects from fragile
and lightweight objects, such
as incense ash and tofu, to
heavy and rigid objects such
as dumbbells. The t means
thickness and the p means
perimeter.
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Design and Implementation

Working principle

As shown in Figure 1A, the finger of our gripper mainly
consists of a detachable flexible sheet and a rigid moving
frame. The moving frame can restrain the flexible sheet
through its two rollers to make the outer sheet a teardrop
shape. If we press an object with the tip of such a teardrop-
shaped sheet, the flexible sheet will deform compliantly and
generate corresponding press force. By controlling the posi-
tion of the moving frame, the soft and rigid parts of the finger
can be selectively highlighted, forming the following two
modes for different scenarios:

1. When the gripper needs to grasp some lightweight and
fragile objects, for example, incense ash and origami
paper cranes, the moving frame can retract and expose
the teardrop-shaped flexible sheet, which has relatively
low contact stiffness and will deform compliantly and
apply gentle press force upon contacting with the
target objects, as shown in Figure 1A.

2. When the gripper needs to grasp some rigid and heavy
objects, for example, dumbbells, the moving frame can
move forward to make its support rod against the
teardrop-shaped flexible sheet. At this point, the finger
is equivalent to an ordinary rigid finger with high
contact stiffness, as shown in Figure 1B.

Several of such fingers can be assembled on a base to form a
gripper that can grasp various objects by controlling the
opening and closing of the fingers, as shown in Figure 1C.
A kinematic model and a static model of the gripper have been
established, respectively, in Section S1 of the Supplementary
Data and Supplementary Figure S1 to facilitate the motion
control and maximum output force evaluation of its fingers.

In Mode 1, since the contact stiffness of the teardrop-
shaped flexible sheet varies with its geometric parameters, a
relevant static model was established in Section S2 of the
Supplementary Data and Supplementary Figure S2 to study the
intrinsic relationship. The theoretical model analysis indicates
that the contact stiffness of the teardrop-shaped flexible sheet
is proportional to the cube of its thickness and inversely pro-
portional to the cube of its perimeter. Therefore, we can tune
the finger’s contact stiffness in Mode 1 by adjusting the two
parameters of the teardrop-shaped flexible sheet.

The perimeter can be continuously online adjusted by
controlling the position of the moving frame, whereas the
thickness can be quickly offline adjusted by conveniently

replacing the flexible sheet (the detailed replacement process
of the flexible sheet is shown in Supplementary Movie S1).
The cubic relationships can endow the finger in Mode 1 with
a wide-range tunable contact stiffness, which facilitates its
grasping of various objects with diverse fragilities, and thus
greatly enhances the gripper’s versatility, as shown in
Figure 1D.

It should be noted that the size change of the teardrop-
shaped flexible sheet caused by the position change of the
moving frame will lead to a slight forward/backward move-
ment of the contact point (also the tipping point of the
teardrop-shaped flexible sheet) between the finger and the
objects. To study the position change of the contact point, a
theoretical model was built and the corresponding verifica-
tion tests were conducted in Section S3 of the Supplementary
Data and Supplementary Figure S3. The results show that
there is a linear relationship between the contact point posi-
tion and the moving frame position, and the change ratio of
the two is as low as 0.169.

Structural design

As shown in Figure 2 and Supplementary Figure S4, the
gripper consists of three circumferentially distributed fingers
with a soft–rigid coupling structure. Each finger contains a
flexible sheet whose two ends are fixed by a pair of splints
through bolting. The splints are further installed on the
moving base. A moving frame is fitted to the sliding rails of
the moving base and can move along them. A dual-axis DC
motor is used to stably control the movement of the moving
frame with the help of two pairs of meshing gears (each pair
includes one driving gear and one driven gear).

A pair of rollers with a ripple-shaped outer surface is in-
stalled on the moving frame to restrain the deformation of the
flexible sheet with low friction. To prevent the outer teardrop-
shaped flexible sheet from tipping over, a guide rod is fitted
to the silicone tube glued on the flexible sheet. Moreover, to
increase the friction between the finger and the objects,
frosted nonslip tapes can be stuck to the outer surfaces of
the moving frame, as shown in Supplementary Figure S5.
Such fingers can fit the sliding rails of the fixed base through
their chutes on the moving bases, and their movement can
be controlled by the curved pull rods connected with a
steering engine.

In practice, there is a trade-off relationship between the
diameter of the support rod and the perimeter range of the
teardrop-shaped flexible sheet. As shown in Supplementary

FIG. 2. Structural design of
the hybrid gripper. (A) Struc-
ture of the hybrid gripper’s
finger without moving frame.
(B) Structure of the hybrid
gripper’s finger with moving
frame. (C) Upward view of the
hybrid gripper.
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Figure S6, the gray area available for the support rod design is
constrained by the contours of the largest and smallest teardrop-
shaped flexible sheets. A smaller support rod diameter means
lower structural strength, but a wider range of teardrop-shaped
sheet perimeter can be obtained that is directly related to the
adjustable range of the finger’s contact stiffness in Mode 1.

To select a suitable support rod diameter, we measured and
calculated the corresponding perimeter range of support rods
with different diameters based on the simulation results of the
teardrop-shaped sheet contours (the simulation process is
given in Section S5 of the Supplementary Data and Supple-
mentary Figures S10–S12), and checked the strength of
support rods with different diameters to calculate their
maximum bearable press forces (the detailed strength check
process is given in Section S4 of the Supplementary Data and
Supplementary Figure S7).

Based on the above calculation results shown in Supple-
mentary Figure S8, we finally selected 5 mm as the diameter
of the support rod, and the corresponding minimum and
maximum perimeters of the teardrop-shaped flexible sheet
are 30 and 150 mm, respectively, since the perimeter range is
relatively large under this parameter, and the maximum
bearable force is also sufficient for the potential tasks of the
gripper. It should be noted that 5 mm is only a relatively good
result selected based on the current fabrication materials and
structural parameters of the support rod, and it can be further
optimized in the future.

All rigid parts of the gripper are made by a light-curing 3D
printer (UNION 3D Lite600) using WEILAI 8000 resin
(materials with higher performance can be chosen if neces-
sary). The flexible sheets used here are made of polyethylene
terephthalate (PET). Their outer surfaces are coated with
elastomer materials of 10 lm such as Ecoflex 10 to further
increase contact friction/surface, and a section of silicone
tube for fixing the guide rod is glued on the bottom of their
inner surfaces with silica gel. The detailed fabrication process
is shown in Supplementary Figure S9.

In our current study, we chose PET to make the flexible
sheets. A few concerns follow: (1) the relatively high elas-
ticity modulus of PET can help the teardrop-shaped sheets
generate obvious press force on objects when contacting with
them and endow the teardrop-shaped sheets with good shape-
setting ability under different gravity directions, as shown in
Supplementary Movie S2; (2) the PET sheet is flexible but
poor in stretchability, which ensures the stability of the
teardrop-shaped sheet’s perimeter and thus its contact stiff-
ness; (3) PET sheets with various thicknesses are easily and
cheaply available commercially.

This will avoid the dimensional errors that might be caused
during the manual casting process and simplify the gripper’s
fabrication process. In addition, it should be noted that PET is
not the only choice for making such teardrop-shaped sheets,
other materials with similar properties, such as polyimide and
polyvinyl chloride, can also be used as alternative materials.

Results

Contact stiffness in Mode 1

To verify the theoretical cubic relationships described
above, we first studied the finger’s contact stiffness under
different geometric parameters in Mode 1 by experiment and
simulation (the detailed simulation process is given in Sec-

tion S5 of the Supplementary Data and Supplementary Fig-
ures S10–S12). During the tests, the finger was fed at a speed
of 1 mm/s to gradually press against the test plate with its
outer teardrop-shaped flexible sheet, whereas the changes of
the finger’s output force were recorded by a force gauge (the
test setup is given in Supplementary Fig. S13).

We calculated the finger contact stiffness by linearly fitting
the first third of the force versus displacement curves, which
are much more common and important than the last two-
third. This is because the slopes of the curves change slightly
with the displacement, and calculating the contact stiffness
by locally fitting the first one-third of the curves can make the
calculation results closer to actual values. Similar local fitting
methods have also been used in several other studies to cal-
culate the stiffness of soft fingers.25,26,30 In addition, the
elastomer coating was proved to have no significant effect on
the contact stiffness of the teardrop-shaped sheet, as shown in
Supplementary Figure S14.

As shown in Figure 3A–C, the experimental curves fit well
with the simulation curves, which indicates that the me-
chanical behaviors of the teardrop-shaped flexible sheet can
be well predicted. The contact stiffness of the finger (the
slopes calculated from the first one-third of the force vs.
displacement curves) increases significantly with the increase
of the sheet thickness and the decrease of the sheet perimeter,
and there is an approximate cubic relationship between them,
which agrees well with the theoretical model.

In addition, by regulating the two geometric parameters of
the flexible sheet, the contact stiffness of the finger can get a
maximum of 11.82 N/mm (thickness = 0.2 mm, perimeter =
30 mm) and a minimum of 0.00029 N/mm (thickness =
0.025 mm, perimeter = 150 mm), as shown in Figure 3D. Its
actual stiffness adjustable range can reach considerable 40,765
times (the theoretical adjustable range is 64,000 times). The
relatively large deviation between the simulation curve and the
experimental curve of the maximum stiffness might be due to
the plastic deformation of the PET-made flexible sheet under
high pressure during the compression process.

In addition, to better reflect the contact stiffness character-
istics of the teardrop-shaped flexible sheets, we also fitted the
latter two-third of the curves in Figure 3A and B and calculated
the corresponding contact stiffness. As shown in Supplemen-
tary Figure S15, the fitting results indicate that the contact
stiffness calculated from the first one-third of the curves is
generally larger than that calculated from the last two-third of
the curves, with a maximum difference of *40%.

In the current design, the sheet thickness cannot be in situ
adjusted during the gripper operation process. Thus, we in-
vestigated the adjustable range of finger contact stiffness that
can be achieved by only adjusting the sheet perimeter. As
shown in Supplementary Figure S16, by controlling the posi-
tion of the moving frame to in situ adjust the perimeter of the
teardrop-shaped flexible sheet, a 124 times contact stiffness
adjustable range (theoretical adjustable range is 125 times) can
be obtained. Moreover, the contact stiffness adjustment
mechanism based on such a teardrop-shaped flexible sheet also
has a series of unique advantages, such as continuous and
accurate adjustable stiffness, high adjustment efficiency, and
no need to introduce additional actuation principles.

We then evaluated the influence of contact surface posi-
tion, size, and shape on finger contact stiffness (Fig. 3E and
3F). We found that the finger contact stiffness is inversely
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proportional to the vertical offset of the contact surface, and
directly proportional to the contact surface size. The stiffness
variations might be due to the uneven deformation of the
teardrop-shaped flexible sheet during its conformal process.

In addition, Figure 3F shows that the contact surface
shape has relatively little influence on the finger contact
stiffness (the three test plates with different surface shapes
used in the experiments are shown in Supplementary
Fig. S17). The sharp drops of the force versus displacement
curves when the contact surface shape is in a vertical arc or
corner should be caused by the plastic bending of the

teardrop-shaped flexible sheet when its vertical uneven
deformation is too large.

Contact compliance in Mode 1

Excellent compliance is another key feature of this finger,
as its outer teardrop-shaped flexible sheet will deform com-
pliantly and generate a large conformal area upon contacting
with the objects, which will facilitate the distribution of pressure
and, therefore, protect fragile objects. To demonstrate the
compliance of this finger in Mode 1, simulation (the detailed

FIG. 3. Contact stiffness tests of the hybrid finger in Mode 1. (A) Displacement versus output force of the finger with
different sheet thicknesses in Mode 1. (B) Displacement versus output force of the finger with different sheet perimeters in
Mode 1. (C) Comparison of contact stiffness of the finger with different sheet thicknesses and perimeters. (D) Displacement
versus output force of the finger with maximum and minimum contact stiffness in Mode 1. (E) Contact position of contact
surfaces with different heights versus contact stiffness of the finger in Mode 1. (F) Displacement versus output force of the
finger in Mode 1 when contact surfaces have different shapes.
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simulation process is given in Section S5 of the Supplementary
Data and Supplementary Figures S10–S12) and experiments
were performed to study the conformal area and pressure dis-
tribution effect of the teardrop-shaped PET sheet during the
compression process, and an arched PET sheet, a solid PET
fingertip, and a soft fingertip made by Ecoflex 10 (the softest
material among commonly used materials in soft robots) were
selected as a reference.

All three reference fingertips have the same profile as the
first half of the teardrop-shaped sheet, as shown in Supple-
mentary Figure S18. The controlled variable of the first two
fingertips is the fingertip structure, whereas that of the Eco-
flex 10-made soft fingertip can be viewed as the fingertip de-
sign method for achieving excellent compliance. Specifically,
the Ecoflex 10-made soft fingertip represents a widely used
material-based approach, which is used to fabricate soft

FIG. 4. Contact compliance tests of the hybrid finger in Mode 1. (A) Comparison of theoretical and experimental results
on conformal areas of a teardrop-shaped flexible sheet under different compression ratios. (B) Comparison of conformal
areas of three teardrop-shaped flexible sheets with different thicknesses and an Ecoflex 10 fingertip with the same profile
under the same output forces. (C) Compression ratio versus conformal area of the teardrop-shaped flexible sheet when the
contact surface has different horizontal curvatures. (D) Compression ratio versus conformal area of the teardrop-shaped
flexible sheet when the contact surface has different vertical curvatures. (E–H) Compliance comparison of a teardrop-
shaped PET sheet (thickness = 0.1 mm, perimeter = 110 mm), an arched PET sheet, a solid PET fingertip, and an Ecoflex 10
fingertip with the same profile under the same output force of 1 N. PET, polyethylene terephthalate.
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fingertips by selecting softer materials, whereas our proposed
approach is a structure-based approach, which relies on the
teardrop-shaped sheet structure to achieve excellent compliance.

As shown in Figure 4A, we first compare the simulation
and experimental results of the conformal areas (the con-
formal area is equal to the conformal length multiplied by the
height of the flexible sheet when the test plate is flat) of the
teardrop-shaped flexible sheet at different compression ra-
tios. The two curves are well fitted, which proves the cor-
rectness of the simulation results. Then, we simulated and
compared the conformal areas of three teardrop-shaped
flexible sheets with different thicknesses with the three ref-
erence fingertips under the same output forces.

As shown in Figure 4B, the results show that the conformal
areas of the teardrop-shaped flexible sheet under a certain
output force increase significantly as its thickness decreases,
and are significantly larger than that of the three reference
fingertips, which demonstrates better compliance of the
teardrop-shaped sheet structure. The reason why the conformal
areas of the teardrop-shaped flexible sheet with 0.2 mm thick-
ness is smaller than that of the Ecoflex 10-made soft fingertip in
the range of 0–10 N output force might be because the rela-
tively high contact stiffness of this teardrop-shaped flexible
sheet leads to its too small compression ratio in this range.

Furthermore, we also study the influence of horizontal and
vertical curvature of the contact surface on the conformal area
of the teardrop-shaped flexible sheet. As shown in Figure 4C
and D, the simulation results show that the conformal area is
proportional to the horizontal or vertical curvature radius of the
contact surface, which indicates that objects with sharp sur-
faces may affect the conformal effect of the teardrop-shaped
flexible sheet. To better explain the results, we compare the
simulation diagrams of the conformal effect of objects with
different curvatures under the same compression ratio of 60%.

As shown in Supplementary Figure S19, the objects with a
sharp surface will increase the conformal difficulty of the
sheet, since the maximum surface curvature that can be
generated by the teardrop-shaped sheet at a given compres-
sion ratio is limited. That is, it may be difficult to meet the
requirement of conformal with the sharp surface.

Finally, to show the excellent compliance and pressure
distribution effect of the teardrop-shaped flexible sheet more
directly, we used a teardrop-shaped flexible sheet with 0.1 mm
thickness and 110 mm perimeter and the three reference fin-
gertips with the same external profile to press a fragile plasti-
cine with a same output force of 1 N. As shown in Figure 4E–H
and Supplementary Movie S3, the indentations left by the three
reference fingertips are significantly more obvious than that
left by the teardrop-shaped flexible sheet. The better pressure
distribution effect of the teardrop-shaped flexible sheet can
well protect the soft plasticine and make its surface almost
leave no significant plastic deformation.

Grasping performance

The wide adjustable contact stiffness range and the ex-
cellent compliance of the fingers in Mode 1 allow them to
achieve stiffness matching and compliant contact with di-
verse fragile objects, such as ashes, thus greatly enhancing
the gripper’s grasping adaptability and capability of safely
grasping lightweight and fragile objects, whereas the com-
plementary rigid mode, Mode 2 of the fingers, can further

expand the gripper’s capability of grasping heavy and rigid
objects. To demonstrate these, we used this gripper to grasp
some representative objects with various attributes. Each
grasping involves a complete pick-up-and-drop-down pro-
cess with at least several seconds of stable holding time.

The first explored performance is the grasping adaptability
of our gripper. As shown in Figure 5 and Supplementary
Movie S4, the gripper was used to grasp a series of fragile
strawberries with different sizes, offsets, and poses under the
same set of grasping parameters (thickness = 0.05 mm; pe-
rimeter = 70 mm; feed distance = 40 mm). The grasping re-
sults exhibit that without adjusting its working parameters,
our gripper can safely grasp a set of strawberries with a
maximum size difference of *18 mm (*52% of the size of
the smallest strawberry), a strawberry with a left/right offset
of 3 cm, and a strawberry in two different lying poses.

These results indicate that our gripper has excellent
grasping adaptability, which can greatly simplify the control
process and improve the grasping success rate and work ef-
ficiency of the gripper in real grasping scenes. In addition, the
grasping adaptability of the gripper also has a positive cor-
relation with the perimeter of the teardrop-shaped flexible
sheet. To reflect this, the gripper was used to grasp a paper
crane and plate metals, respectively, by adjusting the moving
frame under the same sheet thickness as grasping strawber-
ries (thickness = 0.05 mm).

As shown in Supplementary Movie S5, when the perimeter
of the teardrop-shaped flexible sheet is 110 mm, the gripper
can pick up a paper crane with an offset of up to 40 mm,
whereas when the gripper is in Mode 2 (the support rod is
against the teardrop-shaped flexible sheet at this moment),
the gripper shows little grasping adaptability during the
process of grasping the plate metals.

Wide graspable object range is another important feature
of our gripper. As shown in Figure 6A and Supplementary
Movie S6, a gripper with 0.025 mm thick flexible sheets can
reach a very low contact stiffness and thus can easily pick up
a piece of cigarette ash and incense ash without any obvious
damage, which is quite difficult for human hands and almost
all existing soft/hybrid grippers. Such a gripper can also well
grasp some other lightweight and fragile objects such as a
piece of potato chip, an origami paper crane, a strawberry, or
even a living fish in Mode 1 by adjusting the thickness and
perimeter of its teardrop-shaped flexible sheets.

Moreover, as shown in Figure 6B, when the gripper is
switched to Mode 2, it can stably lift a series of heavy and
rigid objects such as 3.2 kg plate metals and a 5.1 kg dumb-
bell. By strengthening its rigid structures or selecting more
powerful steering engines, the load capacity of the gripper
can be further expanded.

In addition, as shown in Supplementary Movie S7, by online
adjusting its contact stiffness, the gripper can continuously
grasp a series of objects with diverse degrees of fragility,
which indicates that the gripper can still have a relatively wide
range of graspable objects when its sheet thickness is constant.

We also evaluated the lateral grasping ability of the gripper.
As shown in Supplementary Movie S8, our gripper is capable of
grasping a range of objects from the side, such as a suspended
cherry. The good shape-setting ability of the teardrop-shaped
sheets mentioned above under different gravity directions makes
the contact stiffness characteristics of the gripper still effective in
the lateral grasping process. In addition, for better lateral
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grasping, we also designed a two-fingered gripper configuration
that can be fabricated in the future for grasping various objects
placed on the table, such as cups and fruits, from the horizontal
direction, as shown in Supplementary Figure S20.

Conclusion and Discussion

In summary, we developed a dual-modal hybrid gripper with
three hybrid fingers. Its two modes switched by controlling the
position of the fingers’ moving frames can selectively highlight
the low contact stiffness and excellent compliance of the
teardrop-shaped flexible sheets and the high contact stiffness of
the moving frames. Moreover, the contact stiffness of the
teardrop-shaped sheet can be wide-range adjusted by online
controlling the moving frame position or offline replacing sheets
with different thicknesses. The compliance of the teardrop-
shaped flexible sheet also proved to be excellent compared with
an Ecoflex 10 fingertip with the same profile.

Such a hybrid gripper with a wide tunable contact stiffness
range and high compliance shows excellent grasping adapt-
ability (can safely grasp a set of fragile strawberries with a

maximum size difference of *18 mm, a strawberry with a
left/right offset of 3 cm, and a strawberry in two different
lying poses) and wide graspable object range (from 0.1 g
super fragile cigarette ash to a 5.1 kg dumbbell).

Contact stiffness, reflecting the force characteristics of ro-
botic grippers during interaction processes, directly affects their
capability of manipulating fragile objects. To obtain a wider
graspable object range, numerous researchers have tried to use
soft materials to fabricate robotic grippers to obtain a relatively
low contact stiffness, and further introduced multiple variable
stiffness mechanisms to enhance their load capacity. However,
the variable stiffness components, such as granular cavities, will
inevitably limit the lower limit of contact stiffness that can be
achieved by these soft grippers, and the improved loading ca-
pacities are still quite limited.

Our gripper design demonstrates another feasible or even
better way to ensure high loading capacity while obtaining
sufficiently low contact stiffness, which is obtained by in-
troducing soft/compliant structures with the capability of
achieving extremely low contact stiffness above the contact
surface of grippers with high structural stiffness.

FIG. 5. High grasping adaptability of the hybrid gripper. The gripper working parameters during the tests were deter-
mined: sheet thickness = 0.05 mm, sheet perimeter = 70 mm, and feed distance = 40 mm. (A) The hybrid gripper can grasp a
set of strawberries with different sizes (strawberry size 1: 30 · 30 · 38 mm; strawberry size 2: 35 · 35 · 45 mm; strawberry
size 3: 40 · 40 · 50 mm; strawberry size 4: 47 · 47 · 57 mm). (B) The hybrid gripper can grasp a strawberry with a left offset
of 3 cm. (C) The hybrid gripper can grasp a strawberry with a right offset of 3 cm. (D) The hybrid gripper can grasp a
strawberry in lying pose 1. (E) The hybrid gripper can grasp a strawberry in lying pose 2.
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Moreover, the teardrop-shaped flexible sheets made of
PET demonstrate a promising structure-based way to inte-
grate excellent compliance and wide tunable contact stiffness
range in a compact robotic system, which is difficult to
achieve with traditional material-based ways (i.e., selecting
softer fabrication materials). This reflects the great potential
of compliant structures in improving robot performance. By
introducing such compliant structures with unique mechan-
ical properties into robotic systems, some other attractive
possibilities might also be enabled, such as computing, en-
ergy storage, and mode switching.

This study can serve as a reference for subsequent research
on high-performance robot development, and the gripper has
the potential to be used in various fields such as human–robot
interaction, industrial sorting, biological sample collection,
and food processing. Furthermore, by integrating control
chips, our gripper is expected to be an untethered Bluetooth-
controlled system, which has excellent portability.
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FIG. 6. Wide graspable objects range of the hybrid gripper. The t means thickness and the p means perimeter. (A) The
hybrid gripper can grasp a wide range of fragile and lightweight objects in Mode 1. The first line from left to right: cigarette
ash (0.1 g), incense ash (0.2 g), a paper crane (0.9 g), and a piece of tofu (9.1 g). The second line from left to right: a
strawberry (19.3 g), a soft plastic cup (120.8 g), a kiwifruit (170.5 g), and an orange (252.5 g). (B) The hybrid gripper can
grasp a wide range of heavy and rigid objects in Mode 2 such as a hammer (409.7 g), box of bolts (897.6 g), plate metals
(3.2 kg), and dumbbells (5.1 kg).
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