
2662 IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 71, NO. 3, MARCH 2024
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Yong-Sin Seo , Jae-Young Lee , Chanhun Park , Jongwoo Park , Byung-Kil Han ,
Je-Sung Koh , Member, IEEE, Uikyum Kim , Member, IEEE, Hugo Rodrigue , Senior Member, IEEE,

Jeongae Bak , and Sung-Hyuk Song

Abstract—Astrictive-type grippers, which generate grip-
ping forces from adhesive forces at the contact surface,
such as suction cup, are popular end-effectors as pick-
ing solutions because of their simplicity and small work-
ing space. However, the adhesive force of the astrictive
gripper decreases with increasing complexity of the ob-
ject surface; thus, its application has been restricted to
simple picking of objects with a flat surface. Here, in this
article, we present an all-round honeycomb astrictive grip-
per that has an orthotropic surface tension for grasping
highly irregular shaped objects with an uneven surface.
The design is inspired by mimicking the two-level (macro-
and mesoscale) shape adaptation of the octopus’s leg. The
stiffness-variable structure is also consisted to change its
stiffness similar to the function of octopus’s leg, and ow-
ing to the combination of these structures makes possible
to perform various tasks, including hammering, breakfast
serving, and vaccination, which were not possible for pre-
vious astrictive gripper.

Index Terms—Shape-adaptive structure, soft robotics,
stiffness-variable structure, suction gripper, universal grip-
per.
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I. INTRODUCTION

GRIPPER was developed to allow robots to accomplish a
specific task of handling target objects. These grippers can

be categorized into four types: impactive, ingressive, astrictive,
and constitutive grippers [1]. Among these, the most widely used
grippers in the industry are impactive-type grippers, which use a
direct mechanical force applied from two or more directions on
the object using fingers or clamps, and astrictive-type grippers,
which use an attractive force applied from the gripper using
vacuum suction, magnetoadhesion, or electroadhesion [2]. The
impactive-type gripper is commonly used for stable grasping of
an object at a precise position [3], [4], [5], [6], [7]. Particularly,
a soft finger-type gripper was developed for handling fragile
objects, such as fruits and mushrooms. Pneumatic soft finger
actuators for handling fried chicken, sushi, or mushrooms [8],
[9]; origami ball-shaped contractible structures for handling var-
ious fragile objects [10]; and flexible rib structures with sensors
for reorienting wine glasses [11] were proposed. However, these
impactive-type grippers require sufficient side space for stable
contact with the object to apply the force, and the force applied
from each tip must be balanced when the object has oblique
or complex side surface. On the other hand, astrictive gripper
has the advantage of its simple gripping mechanism. It uses the
attraction force toward the gripper and not compression force
applied on the object; there is no need to control the gripping
force and calculate the force balance from the gripping tip as
is required for an impactive gripper. Moreover, the astrictive
gripper can grip the object using a relatively small area of
the target object compared with the impactive gripper [12]
because only the top surface of the object contacts and adheres to
the gripper [13], [14]. Because of these advantages, various types
of astrictive grippers have been developed; they can be gener-
ally categorized into the following categories—vacuum suction,
electroadhesion, magnetoadhesion, and gecko-like adhesion—
depending on the source of the attraction force [1], [2], [15],
[16]. The characteristics of each type of astrictive gripper
are explained in the Supplementary text 1. Among astrictive
grippers, the vacuum suction gripper is the most commonly
used because of its advantages [17], but it requires a sealed
area between the gripper and the surface of the target object
to maintain a negative pressure; otherwise, the gripping force
drastically decreases [18]. Therefore, if the suction cup or sponge
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Fig. 1. Configuration of the honeycomb suction gripper (supplementary video 1). (a) Comparison of the shape adaptation of an octopus’s leg with
that of the honeycomb suction gripper at the macro- and mesoscales. (b) Remaining marks on the hand after the attached honeycomb suction
gripper were removed. (c) Configuration of the adapted shape of the gripper for a triangular pillar structure. The right side of the photograph
shows the stiffness-variable structure only without the shape-adaptive structure. (d) Initial shape of the gripper showing assembled components of
the stiffness-variable structure and shape-adaptive structure. (e) Deformed shape of the shape-adaptive structure only. (f) Detailed configuration
of the shape-adaptive structure (cross-sectional view). (g) Macro- and mesoscale shape adaptation with ink transfer printing. (h) Image of actual
gripping shape of various objects and performing tasks—hammering (Supplementary video 9), calligraphy (Supplementary video 10), and preparing
breakfast (Supplementary video 11).

structure cannot perfectly cling to the surface because of a
complex surface shape, air leakage can occur through holes,
grooves, or contact surfaces that are smaller than the gripper,
and the gripping force decreases. To overcome these limitations,
an origami mechanism was applied to realize a reconfigurable
suction gripper using SMA wire as the actuating source [18].
The shape of this gripper can be changed into three modes
based on the shape of the object to minimize leakage. However,
the gripping force was less than 5 N, which was not sufficient
for various applications, and the shape of the gripper should be
controlled by an actuator. A gripper mimicking the suction cup
of the octopus using a dielectric elastomer [19], shape memory
alloy [20], particle jamming [21], micrometer-scale dome struc-
tures [22], four independent chamber structures [23], deployable
spring structures [24], and biomimetic cupped microstructures
[25] was implemented to increase the gripping force. A suction
cup combined with a leg actuator mimicking the octopus was
also presented. It was capable of wrapping the target object
to increase the adhesion area of a rounded object [26]. These
suction grippers gripped various types of objects. However, the
surfaces of most gripping objects were flat, smooth, or gentle
curvature. Hence, the previously developed suction gripper was
limited in gripping objects with grooves, bumps, steps, and
holes, which are the major barriers for suction grippers in
the industrial field. Moreover, vacuum suction gripper cannot
perform complex tasks because of low gripping force for uneven
surface conditions and unstable–unpredictable gripping position
for applied external force. However, these two limitations of a
suction gripper are rather an advantage of an impactive gripper.

Therefore, there is a need for a new type of gripper that has
the advantage of the two major types of grippers: impactive and
astrictive grippers.

In this study, we present a universal honeycomb suction
gripper that can grasp various objects with bumps, grooves,
holes, and complex shapes, and even objects smaller than the
gripper, which are technical barriers to the previous suction-
type grippers, by mimicking the two-scale shape adaptation of
the octopus. In addition, this honeycomb suction gripper can
hold objects firmly enough to perform complex tasks using
a stiffness-variable structure, which is the advantage of an
impactive gripper, by mimicking the stiffness variation of the
octopus. Therefore, the developed suction gripper combines the
advantages from each gripping category: an astrictive gripper for
using the minimum required area for gripping, and an impactive
gripper for generating a high gripping force for a stable-firm
grip. Owing to these distinctive features, the gripping force of
the developed gripper is significantly improved compared with
that of the existing commercialized universal suction grippers;
furthermore, the gripper can perform complex tasks, such as
hammering, calligraphy, serving breakfast, and vaccination.

II. DESIGN AND MECHANISM OF THE GRIPPER

A. Overall Configuration of the Honeycomb Structure

The soft honeycomb gripper can change its shape accord-
ing to the shape of the target object via a two-level shape
adaptation mechanism (see Fig. 1(a), Supplementary video 1).
First, the macroscale shape adaptation allows shape deformation
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according to the overall shape of the target object, such as a
rectangular, triangular, or circular shape. While the macroscale
adaptation maximizes the contact area to enclose the contour of
an object, mesoscale adaptation causes deformation according
to the detailed shape of the object, such as the edge of the
rectangular prism, round surface of a circular object, or irregular
rough surface of the object. This mesoscale adaptation mini-
mizes air leakage at the contact surface between the gripper and
object by adapting each soft hexagonal hole to the mesoscale
contour of the object. Both macro- and mesoscale adaptations
are simultaneously used and are both important, as can be
observed from the gripping method of the leg of the octopus.
When an octopus grabs an object, such as a rectangular prism,
it wraps its leg around the prism; in this process, the shape of
the legs adapts and is deformed according to the approximate
contour of the prism, as shown by the green line in Fig. 1(a).
Simultaneously, each sucker of the octopus adapts to the detailed
shape of the object, such as the edge of the rectangular prism,
as shown in the purple area in Fig. 1(a), which results in an
effective, high adhesion force. The soft honeycomb gripper also
follows a similar method to that followed by the octopus for
effectively gripping the rectangular prism, macroscale shape
adaptation of the overall structure to the prism, and mesoscale
shape adaptation of each hexagonal hole to the edge of the prism.
Because of these adaptation mechanisms similar to the octopus,
a soft honeycomb gripper can generate an effective adhesion
force even for the knuckle of the human hand, which has a large
height variation and a complex shape; thus, clear marks due to
the properly adhered holes can be observed [see Fig. 1(b)], such
as the marks from the suckers of the octopus.

The honeycomb gripper consists of two major components:
a shape-adaptive structure and a stiffness-variable structure [see
Fig. 1(c)]. The shape-adaptive structure consists of a honeycomb
structure that can change its shape according to the contour of
the object. To increase the adaptability at the macroscale, we
use an orthotropic structure, which has different tension at the
top surface of honeycomb structure in its direction. The tension
at top surface of the honeycomb structure is defined as the term
“surface tension.”

In order to realize this orthotropic “surface tension,” multi-
ple strings were used in the gripper. When the gripper comes
in contact with a triangular shape perpendicular to the string
orientation, the honeycomb structure effectively encloses the
target object owing to the high surface tension [see Fig. 1(e)].
Ten strings are layered in parallel with each other [see Fig. 1(f)]
and generate effective enclosing for the convex-shaped object at
the macroscale. At the mesoscale, each hole in the honeycomb
structure can be adapted to the edge of the triangle [see Fig. 1(g)];
therefore, all of the honeycomb holes can be fully contacted to
the structure, including the edge side, as shown in the stamp
transfer printing image, which shows a clear stamped line of
each honeycomb hole. Therefore, it can generate a high adhesion
force. The stiffness-variable structure helps hold the position
of the gripped object even when an additional external force
is applied to the object. The stiffness of the stiffness-variable
structure is set to be low in the initial state, so it can be easily
deformed according to the shape of the target object when

Fig. 2. Configuration of shape-adaptive structure. (a) Assembled state
of the shape-adaptive structure on the left, and the configuration of the
spring and string structure on the right. (b) Spring structure with different
moduli in the longitudinal and lateral directions. (c) Assembly of the
string and spring structures.

the object is pushed against the gripper. After the process of
deformation is completed, the stiffness of the stiffness-variable
structure increases, and the deformed shape of the structure can
be fixed even when the object is removed from the structure [see
right side of Fig. 1(c)]. Owing to the stiffness-variable structure,
the developed gripper can perform not only simple picking tasks
but also complex tasks, such as assembly and handling of tools.
For example, the developed griper can grip an object with a
rough surface and large curvature in a stable manner, and it is
possible to perform tasks, such as hammering with a hammer
with a complex handle shape, calligraphy, and pouring hot water
with kettle [see Fig. 1(h)].

B. Configuration of the Honeycomb Structure With
Orthotropic Surface Tension

Based on the polymeric honeycomb structure, the spring
and string structure were placed at honeycomb structure [see
Fig. 2(a), Supplementary Fig. 1]. The spring structure plays a
role in maintaining the air flow passage due to its high modulus
in the lateral direction. At the same time, the spring structure can
be easily deformed at the vertical direction, which is required
for effective shape adaptation [see Fig. 2(b)]. The dimensions of
the spring structure were 5, 4, and 25 mm for the external and
internal diameter, and the free length, respectively. The modulus
of the spring structure was 22.7 kPa and 3.05 MPa in the vertical
and lateral direction, respectively. The position of the spring
structure can be held by the string structure because the two
strings pass through each spring structure on both sides [see
Fig. 2(c)]. In the combined state with the honeycomb structure
and string, the measured modulus was 120.7 kPa.

In case of string structure, it was placed at the honeycomb
structure to effectively grip convex-shaped objects, as described
in Section II-A. Each string is sufficiently thin so that the surface
tension of the honeycomb structure in the vertical direction
to the direction in which the string is placed is the same as
that before the string is embedded. In contrast, the surface
tension of the honeycomb structure in the direction parallel
to the direction in which the string is embedded is increased
owing to the string structure. Therefore, the honeycomb structure
exhibits orthotropic surface tension characteristics according to
the string orientation. This orthotropic surface tension can be
effectively used to grip a complex-shaped object. In the case of
a convex-shaped object, the gripper can effectively enclose the
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Fig. 3. Gripping orientation for a convex-shaped and concave-shaped
object.

target object when the object is pushed against the perpendicular
direction of the string structure owing to the high surface tension
(see Fig. 3). Otherwise, in the case of a concave-shaped object,
the gripper can be effectively deformed when the object is
pushed against the parallel direction of the string structure due
to the effective surface elongation from its low surface tension.

These deformation characteristics according to the relative
orientation between the longitudinal axis of the object and string
structure were analyzed as follows. In the initial state of the high
surface tension case, when the object pushed perpendicularly
to the direction of string alignment, the honeycomb structure
could be simplified as a rectangle, as shown in the right side
of Fig. 4(a). In this model, the relation between the string and
deformation angle of the gripper was mainly focused to be
evaluated. Hence, the magnitude of the external force applied
to the gripper was not considered. Only the external thick-wall
structure and length of the string were considered, excluding the
inner honeycomb structure consisted by low-modulus thin-wall
structure. The location of the string was assumed as the top
of the honeycomb structure, and its initial length was 2 𝓁s_int.
The initial height of the honeycomb structure was 𝓁p , and its
length was assumed to be constant during deformation. The
bottom fixed length of the honeycomb structure was 2a. After
the indenter rods were pushed down, as shown in the left side
of Fig. 4(b), the deformation of the right and left sides of the
structure was assumed to be the same, so the only right side of
the structure is shown in right side of Fig. 4(b). The deformation
magnitude was assumed such that the indenter was pressed down
to the bottom of the honeycomb structure. Then, the location of
the edge of the honeycomb structure, which is represented as
(y1, z1), can be described as follows.

z1 =

√
ρ2 − (y1 + (ρ− a))2 (1)

where ρ is the radius of curvature for the deformed shape of the
outside contour of the honeycomb structure. In this analysis, the
deformation contour of side wall of the honeycomb structure has
a constant curvature. Furthermore, θ is the angle of the deformed
top surface of the honeycomb structure. Additionally, 𝓁s is the
elongated length of string, and its elongation ratio k is given as
follows:

𝓁s = (k + 1) 𝓁s_int (2)

where k is used as a variable parameter to show the deformation
characteristics in this model, not the measured value.

Fig. 4. Analysis of deformation characteristics according to the elon-
gation ratio of string for gripping convex-shaped object. (a) Initial state of
the honeycomb structure. (b) Deformation of the honeycomb structure
as the indenter rod is pressed in the center position. (c) Expected
variation of the deformation angle according to the elongation ratio k.
(d) Deformation shape of the honeycomb structure according to the
elongated length of string.

Then, y1 and z1 are described as follows:

y1 =
((k + 1) 𝓁s_int)

2 + a2 − 2ρa

2 (a− ρ)

z1 =

√
((k + 1) 𝓁s_int)

2 − ((k + 1) 𝓁s_int)
2 + a2 − 2ρa

2 (a− ρ)
.

(3)

From (3), the angle θ can be described as follows:

θ = tan−1

[√(
2 (k + 1) (a− ρ) 𝓁s_int

((k + 1) 𝓁s_int)
2 + a2 − 2ρa

)2

− 1

]
. (4)

The relationship between ρ and θ also can be described as
follows:

(k + 1) 𝓁s_int

sin
𝓁p

ρ

=
ρ

sin (π − θ)
. (5)

From (4) and (5), the angle θ can be derived from the variation
of the elongation ratio k, as shown in Fig. 4(c), when a is 17.4 mm
and 𝓁p is 26.0 mm. The maximum value of k is 0.8 when the side
wall of the structure is not bent and only the string is elongated.
The angle increases as the elongation ratio of string decreases.
This trend is described in Fig. 4(d). As the string does not stretch,
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Fig. 5. Shape adaptation for simplified convex-shaped object depends
on the characteristics of surface tension. (a) Deformation shape with the
pole pressed at the center captured by a 3-D scanner. (b) Contour of
each structure with an overlapping image of deformation (yellow: high
surface tension and blue: low surface tension). The graph shows the
measured point from the 3-D scanner located at the cross-sectioned
plane described at the right side of the figure.

the deformation angle increases, and the amount of structural
deformation increases, which means that the tension applied to
the string also increases. As the deformation angle increases, it is
advantageous for the gripping shape of a convex-shaped object,
so high surface tension at the top surface of a structure can be
appropriate for gripping a convex-shaped object.

C. Mechanical Characteristics of Orthotropic Surface
Tension of the Honeycomb Structure

To verify the effect of the orthotropic surface tension mech-
anism, we measured the deformation image of the honeycomb
structure according to the relative orientation of the string struc-
ture using a 3-D scanner. First, the rod was pushed against
the center of the honeycomb structure as a simplification of a
situation where a convex-shaped object is pushed against the
center of the gripper for gripping [see Fig. 5(a)].

To compare the magnitude of the converging deformation, we
measured the position of the edge of the honeycomb structure
and calculated the converging distance and angle after defor-
mation [see Fig. 5(b)] using the cross-sectioned points of each
structure. As the magnitude of the deformation at which the edge
of the gripper converges in the inward direction increases, the
probability of realizing a larger contact area between the gripper
and convex-shaped object increases. In this respect, the case of
high surface tension that shows largest deformation angle 69°
and smallest distance 6.3 mm (y-axis) from the center is the most
appropriate for gripping convex-shaped objects.

In the case of gripping a concave-shaped object, the both rods
located at the edge of gripper were compressed, as shown in
Fig. 6(a). To quantitatively compare the characteristics of each

Fig. 6. Shape adaptation for simplified concave-shaped object de-
pends on the characteristics of surface tension. (a) Deformation shape
with the two poles pressed at the edge of structure captured using a
3-D scanner. (b) Contour of each structure with the overlapped image of
deformation (yellow: high surface tension and blue: low surface tension).

structure, the deformation angle and height of the middle part
of the structure were measured, as shown in Fig. 6(b). The
low-surface-tension case showed the largest angle of 40° and
middle part height of 10.9 mm compared with others, so it can
be concluded that it is appropriate for gripping concave-shaped
objects.

III. GRIPPING PERFORMANCE EVALUATION

A. Macroscale Shape Adaptation

To verify the gripping performance of the gripper, we used
three typical object shapes (rectangular prism, triangular prism,
and cylindrical shape) to measure the gripping force by chang-
ing the size of each object (Fig. 7, Supplementary Figs. 2–5,
Supplementary videos 2–4). The initial pressing force required
to realize shape adaptation was set to 20 N in this experiment.
The resultant range of the pressing distance varied based on the
shape of the object, but it was in the range of 15–17 mm. The
high surface tension case in which the string in the honeycomb
structure is aligned across the axial axis of the target object shows
higher gripping weight compared with the low-surface-tension
case and a general suction cup commercially used for gripping
complex-shaped plastic bags (SPB1 30 ED-65 SC040, Schmalz,
size φ33 mm). In the case of the concave-shaped structure,
the low-surface-tension case shows the higher gripping weight
compared to the other cases, as predicted in Section II.

When the gripper is positioned at the offset of the object
center, the gripping ability generally decreases compared to that
in the well-aligned situation. However, this can occur in real
circumstances owing to the inaccurate vision system. Therefore,
we verified the gripping ability of an offset-positioned object
from the centerline with a convex-shaped object (see Fig. 7(c),
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Fig. 7. Measurement of gripping weight for macroscale adaptation.
(a) Comparisons of gripping weight depend on the gripper character-
istics and the suction gripper for convex-shaped objects. (b) Concave-
shaped object, the offset-positioned object, and (d) thin-plate objects.

Supplementary Fig. 4, Supplementary video 4). In the case of
high surface tension, the gripping weight remains unchanged
until the offset value is 10%, owing to the enclosing deformation
around the target object.

The characteristics of high surface tension in the honeycomb
structure combined with the soft material can also generate
enclosing deformation for the thin-plate shape [see Fig. 7(d)].
Even when the width of the plate is smaller than the width
of the honeycomb structure (34.8 mm), the edge side of the
hexagonal hole is not fully blocked by the object, and a high
gripping force can be realized by hooking the edge of the thin
plate. Because of this, the high surface tension case shows a
higher gripping weight than the lower surface tension case.
The reason the suction cup shows higher gripping force when
the width of the thin plate exceeds 20 mm is because of the
geometric characteristics of suction cup used in the experiment
(Supplementary Fig. 6)

For a gripping object comprising a hyperelastic material,
the gripper also exhibited a force similar to that of an ob-
ject comprising a rigid material (Supplementary Fig. 8). The
low-surface-tension case also exhibited a high gripping force
for a convex-shaped hyperelastic object because of the shape
adaptation of the target object itself.

To verify the effect of the contact between the honeycomb
structure and target object, the gripper surface was covered with
ink; we reproduced the gripping sequence to the target object
and checked the transferred ink from the gripper surface to the
object surface. As seen on the far right side of Fig. 7(a)–(d),
the shape of each hexagonal hole was clearly transferred to the
object surface even at the edge and vertical wall side. This means
that each hexagonal hole can realize a sealed area without air
leakage, and each hole provides a high vacuum pressure for a
high and stable holding force.

B. Mesoscale Shape Adaptation

A gripping force can be generated by the honeycomb structure
even if the entire honeycomb structure does not adapt to the
target object. The entire structure of the honeycomb is adapt-
able to the object owing to its softness and orthotropic surface
tension characteristics; this is defined as macroscale adaptation.
Moreover, each hexagonal hole in the structure is also adaptable
to the target shape, which is defined as mesoscale adaptation.
If the shape of each hexagonal hole is well adapted to the
object, the gripping force can be uniformly realized regardless
of the gripping position. This means that effective gripping can
be realized regardless of where an object is positioned on the
gripper, so it can be said to represent the gripping performance
of the gripper well. To realize these characteristics, the wall
structure comprising each hole was sufficiently thin and had
the same thickness for its modulus. In addition, the shape of
the hole must be similar to a circle rather than a triangle or
rectangle to minimize the modulus nonuniformity at the vertices.
In this regard, the honeycomb structure is advantageous because
of its uniform compression modulus, thus realizing an effective
mesoscale adaptation.

We measured the gripping force by changing the location of
the target object to verify the location dependency of the gripping
force using different object sizes (Fig. 8, Supplementary Fig. 9).
In this experiment, the pressing distance was set as 15 mm, not
compression force because the change in size of target object
is too large than in the general case. The gripping force was
generally higher at the center of the gripper than at the other
positions. However, the deviation in the gripping force was not
large, and this trend is maintained for all cases. This is because
of the effective shape adaptation of each hexagonal hole to
the target object [see Fig. 8(b) and (c)]. At the gripping force
measurement in this section, the initial pressing distance was
fixed as 15 mm for maintaining the consistency of experimental
condition, but the gripping force also can be generated at even
smaller pressing distance due to the effective shape adaptation
(Supplementary Fig. 10).
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Fig. 8. Measurement of gripping force for mesoscale adaptation. (a)
Gripping force depends on the relative position of the object to the
gripper. (b) Size of each ball-shaped object was compared with the size
of the honeycomb structure and displayed. Each object is located at
position “2.” (c) Shape adaptation of the honeycomb structure to the ball
object located at positions “2” and “3”.

Because of these shape adaptations, the cable gland with ir-
regular shape could be successfully gripped in every orientation
(Supplementary video 5).

IV. STIFFNESS-VARIABLE STRUCTURE FOR HOLDING THE

GRIPPING POSITION

Most of the astrictive-type grippers cannot perform certain
tasks except for simple picking and placing because of its low
gripping force and low accuracy in positioning for gripping.
These two limitations of the astrictive-type gripper make it
difficult to maintain the gripping position and state when an
additional external force is applied while performing a task. In
this section, we describe the stiffness-variable structure to main-
tain the gripping position for increasing accuracy in gripping
positioning and gripping stability.

This stiffness-variable structure has a square-shell shape, and
the honeycomb structure is placed at the hollow area of the
stiffness-variable structure. The stiffness-variable structure can
change its stiffness in real time, and this function is similar to that
of the octopus’s legs [see Fig. 9(a)] [27], [28], [29]. The octopus
can change the stiffness of the arm to apply high forces by using
combined contractions of muscles [30]. Similar to the octopus,
the stiffness of the stiffness-variable structure consisted in the

Fig. 9. Configuration of the stiffness-variable structure. (a) Stiffness-
variable function of an octopus’s leg and the muscle structure for
changes in stiffness. Right-side picture is from the article presented in
[20]. (b) Shape retention of the stiffness-variable structure by changing
the stiffness. (c) Weight supporting function of the stiffness-variable
structure for the tilted condition. (d) Modulus variation in the jamming
ON-state, jamming OFF-state, and without jamming state. (e) Experimen-
tal setup for evaluating the gipping position from the external force. Each
arrow describes the direction of the applied force. (f) Rigidity of the
gripping condition according to the direction of the applied force.

gripper (Supplementary Fig. 12) is increased to maintain the
gripped position of the object [see Fig. 9(b)]. In the initial state,
the stiffness-variable structure has a low modulus; therefore,
its shape can be easily adapted according to the target object
[second picture of Fig. 9(b)]. After shape adaption is completed,
the modulus of the stiffness-variable structure increases, and
the stiffness-variable structure can hold the position of the
object [third picture of Fig. 9(b)]. In the high-modulus state,
the deformed shape can be maintained even when the gripped
object is removed [fourth picture in Fig. 9(b)]. When the object is
released, the modulus of the stiffness-variable structure returns
to the original low-modulus state and then recovers its original
square-shell shape.

Negative pressure was used to increase the modulus of the
stiffness-variable structure, so the jamming mechanism [31] is
activated as a compression force is generated from the polymeric
wall structure to the particles enclosed inside the polymeric
square-shell structure. This modulus variation of the stiffness-
variable structure can effectively support the heavy weight, so it
can reliably support the heavy weight (4 kg) in the high-modulus
state even when it is tilted (upper side of Fig. 9(c), Supple-
mentary video 6). When the modulus of the stiffness-variable
structure changes from high to low, it can be seen that the weight
cannot be supported and collapses [bottom side of Fig. 9(c)].

We measured the value of the modulus variation from the
stiffness-variable structure [see Fig. 9(d)]. When a negative
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Fig. 10. Demonstration of gripping performance: Gripping of (a) squirrel model, (b) foam roller, (c) fitting valve, (d) pen, (e) dumbbell, (f) RGB
cable gender, (g) nut, (h) heart-shaped cup, and (i) rose-sculptured jewellery box lid. (j) Bin picking of 14 types of unregistered 17 objects using a
3-D vision camera. (k) Preparing breakfast. (l) Writing calligraphy.

pressure is applied to the stiffness-variable structure and it
changes to the high-modulus state, the modulus increases by
5.35 times compared with the low-modulus state.

A rectangular bar-shaped object was used as the target ob-
ject to verify the ability of holding the gripping position [see
Fig. 9(e)]. After the rectangular bar object is gripped by the
gripper in the high-modulus state of the stiffness-variable struc-
ture, an external force is applied according to the four different
directions, and the modulus is measured under each condition.
As a result, the jamming ON-state showed a higher modulus for
external forces applied to all directions by at least 1.39 times and
at most 2.37 times compared with the jamming OFF-state [see
Fig. 9(f)]. Therefore, it can be said that the dominant effect of
the stiffness-variable structure was verified to hold the position
of the gripped object.

V. PRACTICAL APPLICATION

The picking ability of various daily life items that were espe-
cially difficult to grip using a traditional astrictive gripper was
evaluated, as shown in Fig. 10(a)–(i) and Supplementary video
7. Based on this gripping performance, the bin picking of various
objects was demonstrated using a vision camera (see Fig. 10(i),
Supplementary video 8). The objects used in the bin picking
were not registered in advance, so the vision system could only
recognize the vague contour of an object without information
regarding the surface or detailed contours. In addition, these
objects were stacked on each other, so clear recognition of object
orientation was difficult without machine learning. However,
the developed gripper could grip the object with a complex
shape-by-shape adaptation; therefore, the gripping strategies are
not important for this demonstration. Thus, all stacked objects in
the box could be successfully transferred to the other box. The

gripper can grip the handle of a hammer and hit the exact position
of a nail multiple times (Supplementary video 9). The gripper
also can stably grip a calligraphy brush, which has complex
surface, and write the letters “KIMM,” which requires it to stably
hold the calligraphy brush despite the repulsion force from the
deflection of the brush due to the interaction between the brush
and the paper (see Fig. 10(j), Supplementary video 10). The
gripper not only writes the letter but also opens the inkstone,
pours the ink, and cuts the paper with a box cutter. Furthermore,
the gripper can prepare breakfast (see Fig. 10(k), Supplementary
video 11), unplugging the electric plug from outlet and plugging
it back into the outlet (see Fig. 10(l), Supplementary video 12),
and perform a vaccination (Supplementary video 13).

VI. CONCLUSION

In this article, an all-round suction-type gripper was presented
capable of adapting to the contour of a target object at the
macro- and mesoscales by mimicking the octopus’s leg to realize
a stable and high gripping force even for irregularly shaped
objects. To realize effective shape adaptation at the macroscale,
similar to the octopus’s leg wrapped around the target object,
an orthotropic surface tension mechanism was applied using
a string structure. Also, each flexible hexagonal hole acts as
octopus’s sucker, and it can effectively adapt to the edges or
complex surfaces of the target object at the mesoscale. To main-
tain the gripping position, a stiffness-variable structure capable
of changing its stiffness in real time was combined with the
gripper, and we demonstrated complex tasks, such as calligra-
phy, preparing breakfast, hammering, and vaccination, which
were difficult to perform using previous astrictive grippers.

However, the developed gripper exhibited the limitation of a
relatively low gripping force for small and thin objects. The
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gripper can grip these objects with mesoscale adaptation of
several hexagonal holes, but the gripping force decreases due to
air leakage from the other opened hexagonal holes. Therefore, an
object, such as wire, which was smaller than the hexagonal hole
or an object, such as mesh, which the air can pass through the
surface was difficult to grip. The other limitation of the gripper
was its lower gripping force for flat surfaces compared with the
general suction cup. This trend becomes clearer as the surface
of the target object approaches the flat plane, so this gripper was
expected to be suitable for applications that require handling
objects of various shapes.

As the future work, we aim to develop a mechanism to change
the surface area of the gripper in real time so that it can grip thin
and small objects. In addition, finite element method (FEM)
analysis model to predict the deformation of the gripper will
be developed based on the nonlinear large deformation and
anisotropic material properties.

The developed shape-adaptable honeycomb suction gripper
could lead to new possibilities of application of astrictive-type
grippers as a multipurpose end-effector capable of performing
various tasks, which was assumed to only be possible with
impactive-type grippers, such as a parallel gripper or a high-DOF
robot hand.
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