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Adaptive-twist Soft Finger Mechanism for Grasping by Wrapping
Hiroki Ishikawa, Kyosuke Ishibashi and Ko Yamamoto, Member, IEEE

Abstract—This paper presents a soft robot finger capable of
adaptive-twist deformation to grasp objects by wrapping them.
For a soft hand to grasp and pick-up one object from densely
contained multiple objects, a soft finger requires the adaptive-
twist deformation function in both in-plane and out-of-plane
directions. The function allows the finger to be inserted deeply
into a limited gap among objects. Once inserted, the soft finger
requires appropriate control of grasping force normal to contact
surface, thereby maintaining the twisted deformation. In this
paper, we refer to this type of grasping as grasping by wrapping.
To achieve these two functions by a single actuation source,
we propose a variable stiffness mechanism that can adaptively
change the stiffness as the pressure is higher. We conduct a
finite element analysis (FEA) on the proposed mechanism and
determine its design parameter based on the FEA result. Using
the developed soft finger, we report basic experimental results
and demonstrations on grasping various objects.

Index Terms—Soft Robot Materials and Design, Soft Robot
Applications, Compliant Joints and Mechanisms.

I. INTRODUCTION

There is great demand for task automation across industries,
especially in the agricultural and food industries, because
of constantly shrinking work-age population. In a vegetable
factory, for example, the task of picking and transportation
of large and heavy vegetables, such as cabbage, is manually
performed, which places a heavy burden on workers. Soft
robotic hands [1] have many potential applications owing
to their adaptability, including in food manipulation [2], [3].
Lightweight food items including vegetables require soft and
gentle grasping and manipulation, which are the key features
of a soft robotic hand. There are several actuation methods
for soft robots, including wire-driven systems [4], [5], [6],
the use of shape-memory alloys [7], [6], pneumatics [8],
[9] and hydraulics [10]. In particular, hydraulic actuation
allows for higher pressure and stiffness, which is suitable for
manipulating a large and heavy vegetables [10].

Figure 1 shows a soft hand grasping and picking up an
object from densely contained multiple objects. One example
is the picking task of large and heavy cabbages that are densely
contained in a box, as seen in a vegetable factory. A long and
thin finger is suitable for a soft hand performing this task
because it can be deeply inserted into limited gaps among
objects. However, the randomness of number, position and size
of gaps complicates the task. For example, Fig. 1 shows a case
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Fig. 1: (a) A soft finger that only allows in-plane deformation.
As shown, it is sometimes difficult to insert all fingers into
unequal gap spaces among densely contained objects. (b) A
soft finger that also allows out-of-plane directions can be easily
inserted into gap spaces by adaptively-twisting deformation.

(a)
Contact area

Rigid

(b) (c)

Fig. 2: Concept of grasping by wrapping and the developed
soft finger.

in which a soft hand has three fingers equally aligned whereas
there are five gaps that are not equally spaced. To adapt to such
a situation, a soft robot requires the following functions:

1) A finger should be able to adapt to the location of a gap.
A soft finger with in-plane directional softness (in the
xz plane shown in Fig. 1(a)) has low adaptability for
unequally-spaced gaps. However, a finger with at least
two-directional softness as shown in Fig. 1(b), which
is usually referred to as out-of-plane motion, can adapt
to this situation by twisting deformation in the three-
dimensional space.

2) Once inserted, the soft finger requires appropriate con-
trol of grasping force normal to contact surface, as
shown in Fig. 2a, while maintaining the twisted defor-
mation. In this study, we refer to this type of grasping as
grasping by wrapping. If a soft finger has a flexibility in
directions tangential to the contact surface, the actuation
force is not directly converted to the grasping force in
the normal direction. Therefore, a soft finger should be
rigid in the tangential direction while grasping an object,
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as shown in Fig. 2b.
According to the basic principle of soft robot actuation,

deformation in the desired directions is extracted from the
expansion of the soft material with the other directions con-
strained [11]. Usually, the number of deformable directions
is equal to that of the actuation sources, which ensures
that the actuation force is directly transformed into defor-
mation. Therefore, the aforementioned two functions can be
achieved by multiple actuation sources, which usually requires
a complicated structure consisting of multiple flow paths or
chambers corresponding to the number of actuation sources
[12]. However, the control algorithm for grasping by wrapping
is complicated. In particular, it is difficult to fabricate such a
complicated shape using materials with a high tensile strength,
such as nitrile-butadiene rubber (NBR), when using hydraulics
to generate a pressure of several MPa [10].

A system with a single actuation source simplifies the
control algorithm, is suitable for simple shapes made of high-
tensile-strength materials, and downsizes the total system.
Numerous studies have employ a single actuation source,
allowing an in-plane motion [13] or limiting out-of-plane
motion through the use of a specific structure [14], [10] or
optimization of design parameters [15], [16]. The actuation
force can be directly transformed into the deformation; how-
ever, flexibility and adaptability in the out-of-plane directions
are sacrificed.

In this study, we developed a soft finger capable of adaptive-
twist deformation and grasping-by-wrapping function using a
single actuation source. To achieve these two functions by a
single actuation source, we propose a variable stiffness mech-
anism that can adaptively change the stiffness as the pressure
becomes higher. Although variable stiffness mechanisms have
been proposed in the literature, including the jamming mech-
anism [17] and lock mechanism [18], these studies mainly
focused on variable stiffness in a single bending direction.
Other studies [19], [20] required multiple actuation sources.
Therefore, we propose a simple self-locking mechanism for the
expansion of soft materials. We determined a design parameter
of the proposed mechanism based on a finite element analysis
(FEA) result. Basic experimental results and demonstrations
of various objects being grasped are reported.

The rest of this paper is organized as follows. Section
II presents the structure of the proposed soft finger. Then,
Section III describes the design and fabrication of the proposed
finger, including the parameter design based on the FEA and
the validation of the FEA result by an experiment. Section
IV reports the experimental results obtained using the three
fingered soft hand, demonstrating that various objects can
be grasped. We also conducted an experiment involving the
picking task in a vegetable factory. Finally, Section V discusses
the findings, and Section VI summarizes the obtained results
and concludes this paper.

II. SOFT FINGER FOR GRASPING BY WRAPPING

A. Soft Finger Structure for Adaptive-twist

Figure 3(a) shows the developed soft finger, which has a
total length of 193.5 mm and a diameter of 32 mm. When

Sets of rings

Rubber tube with inner flow path Exoskeleton structure

2-DOF joint unit

Pressurized

(a)

(b)

(c)

193.5 mm

32 mm

Fig. 3: (a) Developed soft finger and (b) its structure. The
finger consists of a rubber tube and an exoskeleton that
converts internal pressure into desired finger movements, as
shown in (c).
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Plate A
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In-plane direction
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direction

Fig. 4: 2-DOF joint unit in the exoskeleton, which enables
adaptive-twist deformation in both in-plane and out-of-plane
directions.

not pressurized, it exhibits flexibility in both in-plane and
out-of-plane directions, as also shown in the accompanying
video. Figure 3(b) illustrates an outline of its structure. The
finger consists of a rubber tube with inner flow path and an
exoskeleton that converts the pressure inside the tube into
desired finger movements. The expansion of the tube in the
radial direction is partially constrained by rings. The rings are
arranged such that there is a space between each two sets of
rings. The expansion in this space is constrained by the green
and red parts of the exoskeleton, as shown in Fig. 3(c). These
constraints allow the tube to elongate in the axial direction
when its inside is pressurized, in a manner similar to that in
[11]. As shown in Fig. 3(c), one side of the tube is constrained
by an exoskeleton. Consequently, the finger bends toward the
constrained side, which mainly results in the in-plane motion.

Figure 4 shows 2-DOF joint unit that constitutes the ex-
oskeleton. This unit has a variable stiffness function, which
is explained in the next subsection. Each unit has two plates,
Plates A and B, as indicated by the yellow and blue parts
in Fig. 4, respectively. Plate A in one unit is connected to
Plate B in the adjoining unit by a rotational joint along the
y-axis, allowing the in-plane motion as shown in Fig. 5(a).
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Fig. 5: Motion range of the soft finger in (a) in-plane and (b)
out-of-plane directions.
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Plates A and B.

Pressurized
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(b) Adaptive locking by infla-
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Fig. 6: Variable stiffness structure of the 2-DOF joint unit.

Moreover, Plates A and B in the same unit are connected
by another rotational joint along the x-axis, which allows the
out-of-plane motion as shown in Fig. 5(b). Plates A and B
exhibit a locking mechanism around the x-axis rotation. This
mechanism achieves variable stiffness. The maximum bending
angle with the NBR tube mounted in the 2-DOF joint units is
approximately 135◦ in the in-plane direction, and 115◦ in the
out-of-plane direction, as shown in Fig. 5.

B. Variable Stiffness Mechanism for Grasping by Wrapping

Figure 6 shows the details of the variable-stiffness mecha-
nism. Ring A, indicated in red part, is directly connected to the
rotational axis, whereas Ring B, indicated by the green part,
is not. When the tube is not pressurized, the holes in Rings A
and B are not concentric, and Ring B does not contact Plate A.
When the tube is pressurized, the inflation of the tube pushes
these two rings from inside such that the centers of the ring
holes align. Consequently, Ring B is pushed downward into
contact with Plate A. At the same time, Plate A is also pushed
downward. Eventually, the locking mechanism between Plates
A and B is activated, resulting in high rigidity in the x-
axis rotation. This mechanism achieves sufficient rigidity in
directions tangential to the contact surface when grasping an
object, as illustrated in Fig. 2b.

Table I compares the proposed mechanism with those pre-
sented in related works. References [13], [21] achieved vari-
able stiffness using jamming mechanism, but the deformation
of those soft hands was limited in the in-plane direction. Other
studies utilizing locking [18] or switching mechanism [22]

TABLE I: Comparison with variable stiffness mechanisms in
soft robots.

Methodology Difference from this study
Jamming [13], [21] Limited in the in-plane direction

Locking [18] or switching [22] Limited in the in-plane direction
Inner-chamber inflation [19], [20] Requires additional actuation

(a) (b)

Fig. 7: Moment required in the 2-DOF joint unit for grasping
by wrapping.

were also limited in the in-plane deformation. In particular,
[22] utilized a reconfigurable kinematic structure but required
an additional actuation for switching the configuration. Vari-
able stiffness mechanisms based on inner-chamber inflation
also required separate pressure control systems [19], [20]. Our
mechanism does not require an additional actuation source
for the variable stiffness. The stiffness adaptively changes as
a single actuation source generates sufficient pressure for in-
plane motion, allowing us to use a simple control algorithm.

III. DESIGN OF VARIABLE STIFFNESS MECHANISM

A. Fabrication of Soft Finger

Most parts of the exoskeleton are fabricated using a 3D
printer with polylactic acid (PLA). Some parts that required
high strength, including the finger root and tip, were made of
A7075. In this paper, we used oil as the driving fluid for higher
output and selected NBR (Shore A hardness 70) as the tube
material because of its oil resistance and high tensile strength.

In the 2-DOF joint unit, the distance between Plates A and
B, denoted by d in Fig. 6, is an important design parameter
that determines the variable stiffness profile. In the following
subsections, we determine d considering the grasping of an
object by wrapping and conducting an FEA.

B. Design Parameter of Variable Stiffness Mechanism

1) Moment Required in 2-DOF Joint Unit for Grasping by
Wrapping: We estimated the moment required in the 2-DOF
joint unit for grasping an object by wrapping. For simplicity,
we considered the scenario shown in Fig. 7a, where fingers
grasp a cylindrical object by wrapping it. Then, we calculated
the moment required in the 2-DOF joint unit placed in the
root of each finger, which required the largest moment. Let us
suppose that the half of the finger bends by 90◦ in the out-of-
plane direction, and the other half wraps the object, as shown
in Fig. 7b.

Further, let L denote the length of the finger, and R denote
the radius of the bending part, which satisfies R = L/π . We
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Fig. 8: FEA of the variable stiffness mechanism to calculate
the force F between Plates A and B.

A A'

Cross-sectional view at A-A'

Fig. 9: Calculation of moment M from the force F between
Plates A and B. We calculate M considering the force at the
contact surface S on a single protrusion.

assumed that the grasping force was uniformly distributed in
the contact area. The grasping force per unit length, denoted
by p, was calculated as

p =
2mg

nL
(1)

where m is the mass of the object, g is the gravitational
acceleration, and n is the number of fingers. Then, the moment
applied to the root of the fingers, denoted by M , can be
calculated as

M =

∫ R+L
2

R

px dx =
mgL

n

(
1

π
+

1

4

)
. (2)

Assuming a practical application presented in Section IV-D,
we set m = 1.5 kg as the target value. Also, we set L ≃
200mm referring to [10]. Setting n = 3 as the minimum
number for a stable grasping, we can calculate the moment as

M ≃ Mrequired := 0.6Nm. (3)

2) FEA: We calculated the maximum moment Mmax,
where the variable stiffness mechanism can represent different
values of the design parameter d. First, force F between Plates
A and B when the rubber tube is pressurized is estimated using
FEA, as shown in Fig. 8. FEA was performed using Abaqus,
in which the Mooney-Rivlin model was employed to model
the behavior of the NBR material [23]. In the figure, the color
indicates the value of Mises stress. The maximum values of
the stress in the NBR and PLA parts are 2.5 MPa and 39
MPa, respectively. These values are below the tensile strength
of the materials: 12.7 MPa for NBR and 55 MPa for PLA.
Subsequently, Mmax was calculated from the estimated value
of F as follows.

As shown in Fig. 9, we consider applying an external
moment M whereas Plates A and B are interlocked with a

pressing force F . Focusing on the top surface S of one of the
protrusions of Plate A, highlighted in red in Fig. 9, we define
an xy coordinate system on surface S. We then consider a
rectangular region ∆S centered at position (x, y) with a width
∆x and height ∆y. If σN and σR denote the static friction
force and normal force per unit area on ∆S, respectively, the
net static friction force and normal force on S, denoted by N
and R, respectively, can be calculated as follows:

N =

∫ a

0

∫ b

0

σN dydx, R =

∫ a

0

∫ b

0

σR dydx (4)

where a and b represent the width and height of S, respec-
tively.

Next, we transform σN and σR to those in newly defined
ξ and η axes as shown in the cross-sectional view in Fig. 9,
which are denoted by σξ and ση . The relationship between
(σN , σR) and (σξ, ση) is given as

σN = σξ sin θ + ση cos θ σR = σξ cos θ − ση sin θ (5)

From the equilibrium of the forces acting on Plate A and the
equilibrium of the moments around the joint axis, we obtain

F = n

∫ a

0

∫ b

0

ση dydx (6)

M = n

∫ a

0

∫ b

0

d(x, y) · σξ dydx (7)

where n is the total number of the protrusions. d(x, y) is the
distance between a point (x, y) on surface S and the rotational
axis, which is given by:

d(x, y) =
√
(x cos θ)2 + (y + r1)2 (8)

where θ is the inclination angle of the protrusions, and r1 is
the distance between the joint axis and the origin O of the xy
coordinate system as shown in Fig. 9.

The condition for preventing the two plates from slipping
is given as:

R ≤ µN (9)

where µ is the static friction coefficient between Plates A and
B. Substituting (4) – (5) into (9), we obtain∫ a

0

∫ b

0

σξ dydx ≤ sin θ + µ cos θ

cos θ − µ sin θ

∫ a

0

∫ b

0

ση dydx (10)

Note that if cos θ − µ sin θ ≤ 0, interlocking between Plates
A and B will be maintained regardless of force F . This is
inappropriate for the variable stiffness mechanism’s function
because it means that there is no flexibility in the out-of-plane
direction. Therefore, we set the design requirement for µ and
θ such that cos θ − µ sin θ > 0.

Assuming that σR and σN are constant in S, we can rewrite
(7) as

σξ =
M

nD
, D :=

∫ a

0

∫ b

0

d(x, y) dydx (11)

Substituting (6) and (11) into (10), we obtain

M ≤ Mmax := F · sin θ + µ cos θ

cos θ − µ sin θ
· D
ab

(12)
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Fig. 10: Maximum moments Mmax that the variable stiffness
unit can withstand for various values of d.

Force gauge
100 mm

Hole for the 
force gauge Linear rail

Pull

Pull

2-DOF joint
unit

Fig. 11: Experimental setup to evaluate the variable stiffness
mechanism.

As long as (12) holds, the x-axis rotational joint of the finger
remains locked, increasing rigidity of the finger in the out-of-
plane direction.

We set the range of the static friction coefficient as 0.4 ≤
µ ≤ 0.7 based on [24], considering the 100% infill density for
3D printing. We calculated Mmax using these values and the
value of F obtained from the FEA result.

3) Design of Parameter d: Fig. 10 shows the results of
Mmax calculated for four different values of the design param-
eter: d = 1.5, 2.5, 3.5, 4.5 [mm]. It was observed that Mmax

increased as the pressure increased, generating the function of
variable stiffness. Also, the parameter d has a large effect on
the profile of the variable stiffness.

We assumed a nominal pressure value of 1.5 MPa. There-
fore, we determined the profiles for the variable stiffness as
follows:

• For lower pressure (P ≤ 0.75MPa), Mmax should be
sufficiently small to ensure that the finger is soft and
adaptive to the environment.

• At higher pressures (P ≃ 1.5MPa), Mmax >
Mrequired = 0.6Nm is required for grasping.

To satisfy the aforementioned profile, we selected d = 2.5
[mm] in an actual 2-DOF joint unit.

Fig. 12: Maximum moment Mmax that the variable stiffness
mechanism can withstand for different pressure values. The
gray area is the estimated result in Fig. 10 with d=2.5 mm.

C. Experimental Validation

We conducted an experiment to validate the maximum
moment values estimated in the previous subsection. Fig. 11
shows the experimental setup using a finger consisting of a
single variable stiffness mechanism. The fingertip was pulled
using a force gauge (IMADA’s ZP-50N). The applied moment
was calculated by multiplying the measured force by the dis-
tance between the tip and the rotational center of the variable
stiffness mechanism, which was 100 mm. As shown in Fig.
11, the force gauge was set on an aluminum frame such that
it moved only in a linear direction, and pulled to apply lateral
force to the finger. The measurements were conducted at five
different pressure values between 0.5 and 1.5 MPa with 0.25
MPa interval. We used a hydraulic pump [25] to pressurize
the finger and recorded the maximum force observed before
the lock of the variable stiffness mechanism was unlocked by
the external force. This procedure was repeated 10 times for
each pressure value.

The experimental results are shown in Fig. 12, overlaid with
the result of Mmax estimated for d = 2.5 [mm] in Fig. 10.
In the figure, each dot indicates the average of 10 trials at
each pressure, and the error bar indicates the standard error.
The corresponding plot when the pressure was lower than 0.5
MPa can be regarded as 0 Nm in the figure because Plates A
and B were not in contact, and the locking mechanism was
not activated.

In Fig. 12, the experimental results are inside the gray area
when P ≥ 1.25 MPa, which is the range typically used for
grasping an object. However, the experimental results were
outside the gray area when P ≤ 1 MPa. The reason is that
Plates A and B were assumed to be parallel in the FEA,
whereas these plates were not parallel but were in contact with
each other for a smaller force F with lower pressure. This
contact resulted in stronger locking between the two plates
than in the simulation.

From the experiment, we found that the maximum moment
Mmax was approximately 1.2 Nm for 1.5 MPa drive pressure.
This corresponds to 8.45 N (= 1.2 Nm / 142 mm) force acting
on the finger tip because the distance between the first joint
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Fig. 13: Dual-arm robot equipped with the soft hand consisting
of the three fingers developed in this study. For a comparative
experiment, one arm was equipped with a hand with the
previously-developed fingers [10].

(a) (b) (c)

Fig. 14: Basic demonstration of twisting and wrapping motion.
Each finger adaptively deforms after the finger tips contact.
After pressurizing, a deformation for wrapping an object is
activated as the variable stiffness mechanism.

unit and finger tip is 142 mm in the actual finger.

IV. OBJECT GRASPING EXPERIMENT

A. Experimental Setup

We conducted experiments to validate the grasping-by-
wrapping function of the developed finger. The scenarios for
the following experiments are also shown in the accompanying
video. We developed a hand that consists of three fingers, as
shown in the right panel of Fig. 13. The configuration of the
hand is similar to the one developed in a previous study [10],
consisting of a built-in hydraulic pump [25], an oil reservoir
and the developed soft fingers. The total weight of the hand
is approximately 2.6 kg, including the actuation unit, which
consists of the pump, electric motor and oil reservoir. The
weight of the actuation part is 1.67 kg, which is 64% of the
total weight. Note that a single pump actuates the three fingers.

As shown in Fig. 13, the soft hand was mounted on a dual-
arm robot, in which each arm was a DENSO WAVE VS087.
Using this system, we performed experiments that included
the task of grasping a cabbage from multiple cabbages densely
contained in a box. For a comparison, we mounted the hand
previously developed in [10] onto the other arm.

B. Basic Validation of Twisting and Wrapping Motion

First, we demonstrated the adaptive-twisting and wrapping
motions of the proposed mechanism. Figure 14 demonstrates

Fig. 15: Step response of the pressure control with 1 MPa
reference, starting from the state shown in Fig. 14(b) with
twisted deformation.

the use of a soft hand and a robot arm. After the fingertips
contacted, the wrist joint was rotated around the yaw axis,
as indicated by the red arrow in Fig. 14a. Subsequently, the
soft hand was moved to a lower position again. As shown
in Fig. 14b, the soft fingers adaptively bent in the out-of-
plane direction. Finally, the soft fingers were pressurized,
as shown in Fig. 14c, which activated the variable stiffness
mechanism. As a result, the soft fingers maintained the out-
of-plane bending angle, while also bending in the in-plane
direction even when the hand was moved back to a higher
position. This process allowed the finger to wrap around a
cylindrical object, as shown in the next subsection.

We also measured the step response of the pressure control
with a 1 MPa reference value. Figure 15 shows the results of
the step response, starting from the state shown in Fig. 14b,
with twisted deformation. Assuming a first-order lag system,
the time constant was calculated as 0.3 s. A similar response
was also obtained when the finger was bent only in the in-plane
direction. This result suggests that the proposed system has
sufficient response speed regardless of the twisted deformation.

The response time of hydraulic actuation is generally slower
than that of pneumatic actuation. In particular, the hydraulic
actuation system in this study does not incorporate any valve
control whereas most pneumatic actuators achieve higher
response time (rise time) using valve control. From Fig. 15,
the rise time is approximately 0.6 s. We consider this is
comparable with pneumatic actuators because 0.5 s – 1 s
rise time is usually considered for such a high pressure [26].
Under 1 MPa pressure control, it took approximately 3 s to
close the fingers, as demonstrated in the accompanying video.
We consider this is also comparable with pneumatic actuators
because the rise time in the angle control using a pneumatic
actuator is typically 2.5 s – 7.5 s [27].

C. Grasping Objects by Wrapping

Next, we demonstrated the grasping of various objects using
the wrapping motion, including a cylindrical box with 1 kg
dumbbell (total 1.26 kg, ϕ200×100 mm) and a medicine ball
(3 kg, ϕ150 mm). In the following demonstrations, we set
the target value of pressure control to 1.5 MPa. As illustrated
in Fig. 16 and accompanying video, the developed fingers
can grasp these objects by wrapping. In particular, Fig. 2c
shows that the developed hand could hold a weight of 3 kg.
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(a)

Out-of-plane bending
is constrained

(b)

Fig. 16: Grasping experiments using the wrapping method: (a)
cylindrical box (containing a 1 kg dumbbell). (b) For compar-
ison, the soft hand with constrained out-of-plane deformation
failed to grasp the same cylindrical box.

This is heavier than m =1.5 kg assumed in Section III-B1
because The grasping force was directed upward compared to
the scenario considered in Fig. 7.

For comparison, we conducted another experiment to grasp
a cylindrical box using a hand with constrained out-of-plane
deformation, as shown in Fig. 16b. However, this experiment
failed because sufficient friction was not obtained in a point
contact between each finger tip and the lateral surface of the
object. This result demonstrates the validity of the grasping
configuration by wrapping, as shown in Fig. 16a.

D. Densely Contained Cabbages

A potential application of the developed hand is the task
of picking a cabbage in a vegetable factory [10], [28]. Figure
17a shows an experimental setup replicating the scenario seen
in a vegetable factory, in which a number of cabbages are
densely packed in boxes and transported. In an actual factory,
each box contains 100 – 150 cabbages, and the diameter and
weight of each cabbage are approximately 20 – 30 cm and 2
– 3 kg, respectively. In the experiment, the developed hand
attempted to grasp an actual cabbage surrounded by other
cabbages, as indicated by the blue points in Fig. 17a. To
replicate this scenario, the cabbages were also surrounded by
dummy cabbages made of styrene foam.

Figures 17b – 17d show various scenarios in which the
developed hand picks up the cabbage. Even though there was
a case that it was difficult to insert fingers straight in gaps
among cabbages, the flexibility of the finger in the out-of-plane
direction was effectively utilized in this task. In particular,
Fig. 17b shows a scenario in which the finger was adaptively
bent like to form an S-shape as it was blocked by cabbages.
Nevertheless, the target cabbage was successfully grasped
because of its variable stiffness mechanism.

We also compared the performance of the developed hand
with that of the hand developed from [10], in which out-of-
plane motion was constrained. In this experiment, we moved
the center of hand such that there was some distance between
a finger and a gap where the finger can be inserted. Figure 18
shows experimental scenarios, in which the distance was 6 cm.
Fig. 18a and Fig. 18b show those of the previously developed
hand whereas Fig. 18c and Fig. 18d show those of the hand

Obstacle

cabbages

(a)

(b) (c) (d)

Fig. 17: Various scenarios in which the developed hand
grasped and picked up a cabbage. In particular, Fig. 17b shows
a scenario in which the finger bent like an S-shape because
the inserting this finger was blocked by cabbages.

(a) (b)

(c) (d)

Fig. 18: Comparison of the performance between the previ-
ously developed hand in [10] ((a) and (b)) and the developed
hand ((c) and (d)).

developed in this study. As shown in Fig. 18b, the previously-
developed hand pushed and injured the neighboring cabbage.
This situation would occur even if we could precisely estimate
the position of the gap by image processing because gaps are
not always aligned in reality. As shown in Fig. 18d, however,
the developed hand successfully inserted its fingers into the
gap, leveraging its out-of-plane flexibility.

V. DISCUSSION

While we considered out-of-plane bending around the x-
axis, as shown in Fig. 1, additional bending can be added
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around the z-axis — the center axis of the rod structure. Such
a bidirectional twist bending would increase contact area, as
shown in Fig. 2. However, a challenge in mechanical design
is achieving a compact variable stiffness mechanism, since
directly extending the proposed structure to a bidirectional one
would make the mechanism larger.

A limitation of the current system is the absence of a
bending sensor in the developed soft finger. Because the
purpose of this study is to develop an adaptively deformable
soft finger, we focus on the variable stiffness mechanism
but not on a feedback control using bending sensors. Future
work includes implementing bending sensors and integrating
a feedback control.

In the experiments, the reference profile of the pressure
control was manually sent to the hand from a host PC. In [29],
we reported an autonomous system that integrated the pressure
control with bending angle feedback and robotic manipulator
motion planning based on image recognition. Since the control
system used in this study is the same as that used in [29], it
is straightforward to integrate the pressure control presented
here with such motion planning and vision-based feedback.

VI. CONCLUSION

In this paper, we developed a soft finger with flexibility
for adaptive twist motion in both out-of-plane and in-plane
directions, which enabled it to grasp an object by wrapping it
with the twisted finger. The results are summarized as follows:

1) We proposed the variable stiffness mechanism that
allowed the finger to generate sufficient stiffness in
directions tangential to a contact surface when the finger
was pressurized. We determined the design parameters
of the mechanism based on the FEA, and experimen-
tally verified the FEA results. The experimental results
showed a 1.2 Nm maximum moment capacity of the
mechanism under 1.5 MPa actuation pressure.

2) The basic experiment involving the soft hand with
three developed fingers showed that the time-constant
of the pressure control was 0.3 s regardless of the
finger twisting deformation, which implies that the finger
exhibited sufficient deformation speed. Additionally, we
conducted an experiment that involved grasping various
objects. The soft hand could hold a 3 kg object, and
grasping-by-wrapping was successfully performed, even
for an object that the previous soft hand could not grasp.

3) We conducted the experiment that involved picking up
one cabbage from a box of densely contained cabbages.
Enabled by the adaptive-twisting deformation, the fin-
gers were easily inserted into gaps among cabbages, and
the developed hand could pick up a cabbage whereas the
previous hand failed to perform the task.
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