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Abstract— We propose a soft robotic gripper that can handle
various types of fabrics with delicacy for applications in the
field of garment manufacturing. The design was inspired by
the adhesion mechanism of a parasitic fish called ’lamprey.’
The proposed gripper not only is able to pick up and hold
a single sheet of fabric from a stack but also does not make
any damages on it. In this work, we first modeled the holding
force of the gripper and then experimentally evaluated its
performance with different types of fabrics, in terms of the
holding force and the response time. The experimental data
showed a reasonable agreement with the predicted values by
the model. The actuation time and the maximum holding force
measured in the experiments were 0.32 seconds and 1.12 N,
respectively. The gripper showed high success rates in picking
up a single sheet of air permeable fabric, which was not possible
by a commercial vacuum pad. It also showed durability in
repeated motions of gripping test over 20,000 cycles. We believe
the proposed gripper has a high potential in realizing smart
manufacturing in garment industry.

I. INTRODUCTION

Industry 4.0 refers to a technological trend in which the
advancement of robotics, artificial intelligence (AI), and
the internet of things (IoT) enable automation and data
exchanges in manufacturing to realize a “smart factory” (i.e.,
smart manufacturing) [1]. As conventional manufacturing
factories are transformed into smart factories, we can expect
high levels of productivity and efficiency when human labor-
ers are replaced by robots and machines through automation
[2]. Garment industry, among others, will be one of the main
beneficiaries of the advances in smart manufacturing [3],
since it is highly labor-intensive and overly relies on a human
workforce. There exists no automated robotic systems that
can handle different types of fabrics with a high level of
delicacy yet. Even a simple manipulation task, such as ‘pick
and place’ requires relatively high dexterity when handling
fabrics, since they are thin and flexible and do not return to
their original shapes when deformed.
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Fig. 1. (a) Oral disc with sharp teeth of Pacific lamprey (Lampetratri-
dentata). (b) Top view of microneedle-embedded soft gripper. (c) Enlarged
image of embedded microneedle.

For increased dexterity and adaptability, robotic grippers
made of soft materials and structures have been developed.
The mechanical compliance of these soft grippers provides
the ability of deforming and adapting their shapes to the
objects with different shapes to be gripped. Examples of
actuation mechanisms for soft grippers include tendon-driven
[4]–[6] and fluidic [7]–[10] actuators for flexion or exten-
sion motions, stiffness control by particle jamming [11],
and simple air suction [12], [13]. They have successfully
demonstrated the ability of picking up and manipulating
objects with different shapes. However, fabrics are known for
their complex morphological and mechanical properties and
also for nonlinear static and dynamic behaviors [14]–[16].
These characteristics make it extremely difficult to conduct
even one of the most basic manipulation tasks in the field
of garment manufacturing, such as separation of a single
sheet of fabric from a stack, using the above soft gripper
mechanisms. Therefore, we propose a soft robotic gripper
that can handle various types of fabrics with delicacy, as
shown in Fig. 1.

Grippers specifically designed to handle fabrics were ini-
tially proposed in the early 1980’s [17]. Since then, different
gripping mechanisms, such as pinching, vacuum suction,
needles, and electroadhesion, have been investigated [18].

A pinch gripper with two jaws buckles fabric by bringing
the jaws that are pressing down the fabric and secures it
between the jaws [19], [20]. In spite of the simplicity in its
mechanism and cost efficiency, if multiple sheets of fabric
with rough surfaces are stacked, it is difficult to separate the
top layer from the rest only by sliding it with pressure due
to the high friction between the sheets.

A suction gripper employs a simple mechanism of negative
air pressure [21], but most fabrics have porous structures by
which the negative pressure either cannot hold the fabric or
holds more than one sheet of the fabric at a time.

To address this issue, grippers with needles have been
proposed. They can easily hold porous objects, which are dif-
ficult to grip using vacuum, by penetration and interlocking
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[17]–[23]. However, previously developed needle grippers
are not suitable for soft fabrics, since they were designed
for objects made from specific materials, such as sponge and
rubber. Furthermore, thick needles (over 700 µm in diameter)
sometimes leave permanent penetration marks on the objects.

Electroadhesion is an alternative gripping method that
does not damage the surface of the object. It employs the
electrostatic effect between the gripper surface and the fabric
subjected to an electrical field [24]. However, it takes longer
than one second to charge nonmetallic fabrics (5 ms for
metallic fabrics), which may significantly slow down the
production process involved with textile handling [25].

To overcome these limitations, we propose a hybrid
method that integrates a couple of the advantages of the
above fabric grippers. The proposed gripper employs a soft
structure made of elastomer materials that can be easily and
quickly actuated by a pneumatic power. Another important
design feature is embedded microneedles at the soft tip of
the gripper, which do not damage the fabric. The design was
inspired by parasitic fish called lamprey [26] that can attach
itself to the skin of the host body with a strong holding
force (Fig. 1-a). Its characteristic oral structure and adhesion
mechanism are the key ideas behind our gripping system.

In this paper, we first describe the mechanism and the
important design features of the soft gripper and develop
an analytical model to predict the holding force. We then
evaluate the performance of the gripper experimentally by
measuring the holding forces of different fabrics. Finally,
we conclude the paper with discussion of ongoing and future
work.

II. DESIGN

A. Gripper design

It is not too difficult to find gripping mechanisms in nature
that show better performances in certain tasks than human
hands. Among those, we focused on a particular type of
parasitic fish called lamprey that is known for its strong
adhesion force to the surface which it clings to. Lampreys
make mechanical adhesion to the body of their host enabled
by an oral disc equipped with intrusive teeth. We designed
our gripper that consists of two different silicone elastomers
and embedded microneedles by mimicking the lamprey’s
buccal flesh and a unique dentition (Figs. 1-b and 1-c). The
actuation mechanism was then developed following the two
attachment phases of lampreys: an intrusive phase of tooth
penetration and a suctorial phase of adhesion enhancement
and retention. Our gripper first engages the porous structure
of fabric with the microneedles, similar to the intrusive phase
of lampreys. Vacuum is then responsible for operating the
rest gripping mechanism for stable grasping, similar to the
suctorial phase.

There exist two main forces used to hold fabric: friction
and suction. The microneedles on the tip of the gripper
are used only for pinching the fabric but not for holding.
The friction is proportional to the coefficient of friction
between and the normal force applied to two surfaces, and
the normal force in our case is determined by the contact

Fig. 2. (a) Schematic of the proposed gripping mechanism. As and Af are
the areas of suction (2t×w′) and pinching ((6−2t)/2×w′), respectively,
where t is the thickness of the fabric. (b) Simple free-body diagram with
forces applied to the fabric. (c) Schematics (top) and actual photos (bottom)
of gripper operation. The pressure inside the gripper, P , is lower than
the atmospheric pressure. (d) Gripper base with embedded needles (left),
deformable end-effector (middle), and assembled gripper (right).

area between the gripper wall and the fabric and also by
the pressure difference between the inside and the outside
of the gripper. Therefore, we can maximize the friction of
the gripper by maximizing the grip area and minimizing
air leakage during operation. However, there is a constraint
in the practical size of the gripper to be applied to actual
garment manufacturing, in which sewing is one of the most
critical processes. In general, sewing connects two fabric
pieces, requiring a margin of 7 mm from the edge of each
piece. Therefore, no contact should be made beyond the
7 mm margin to prevent any contamination or damage on
the fabric, which decides the distance of 6 mm between the
two pinching walls of the end-effector (Fig. 2-a-left).

B. Analysis

It is necessary to determine the shape of the fabric to be
gripped first for modeling the holding force of the gripper.
The gripper covers a rectangular area of 6 × 12 mm2 on
the fabric at the time of the engagement of the needles with
the fabric. As soon as a negative air pressure is applied, the
gripper deforms and closes the tip of the end-effector and
folds the fabric in half (Fig. 2-a-right). During this process,
the needles contribute only to buckling of the fabric during
the initial sliding and folding stage. However, as soon as
the end-effector holds the fabric with the maximum vacuum
pressure, the needles lose their engagement with the fabric.
This means the holding force is determined by the friction
and the suction forces only.

The width of the pinching wall decreases from w = 12 mm
to w′ = 7 mm when the gripper holds the fabric due to the
negative pressure inside the end-effector. The forces acting
on the gripper during this process are schematically shown
in Fig. 2-b, and Fs, Ff , and FN are the suction force, the
friction between the pinching wall and the fabric, and the



normal force of the pinching wall to the fabric, respectively.
The pinching area under vacuum, As, is then 2t × w′.
Considering the porous structure of the fabric, the areal ratio
of the yarn to the entire fabric including the pores, covered
by the end-effector, is a = 1 −N × π × r2, where r is the
average radius of the pores, and N is the number of pores
in a unit area (1 mm2). These values were measured from
the microscopic images (Fig. 3) for the two fabric types to
be tested for the holding force (Table I). The suction force
acting on the porous fabric is then

Fs = a×As × ∆P = 14(1 −Nπr2)t∆P (1)

where ∆P is the pressure difference between the inside and
the outside the gripper.

We now need to find the friction force Ff . Since the
contact area between the pinching wall and the fabric Af

is (d− 2t)/2 × w′, the friction is

Ff = µ×Af × ∆P = 7µ(3 − t)∆P (2)

where µ is the friction coefficient between the pinching wall
and the fabric, which can be measured by an inclined friction
test. The measured coefficients are also shown in Table I.

Finally, the total holding force of the combined suction
and friction forces can be calculated as

Fh = Fs + 2 × Ff = 14[(1 −Nπr2)t+ µ(3 − t)]∆P. (3)

This equation shows that the holding force is a linear function
of ∆P with a slope of 14[(1−Nπr2)t+µ(3−t)] that consists
of the structural and geometric characteristics of the fabric.
This means that different forces will be generated depending
on the types of fabric under the same ∆P .

C. Operation procedure

The operation sequence of the gripper is shown in Fig. 2-
c. It starts with approaching of the gripper to the fabric
stack. When the gripper makes a contact with the fabric,
the needles engage the top sheet. Vacuum is then applied to
the gripper, and the pressure difference between the inside
and the outside of the gripper is generated, causing the two
pinching walls to collapse toward each other. While bending,
the end-effector buckles and holds the fabric between the two
pinching walls.

D. Fabrication

The base (Fig. 2-d-left) of the gripper was made from
relatively stiff elastomer (Smooth-Sil 960, Smooth-On) to
support the structure and also for connecting a pneumatic
line.

TABLE I
INFORMATION ON FABRICS USED IN MODEL CALCULATION

Fabric type 1-1 1-2

Number per unit area [1/mm2] 4 6

Average radius [mm] 0.15 0.11

Coefficient of friction 1.06 0.92

Fig. 3. Magnified photos of the tested fabrics: (a) Type 1-1: Double-mesh
French terry, (b) Type 1-2: Coolmax, (c) Type 2-1: Canvas, (d) Type 2-
2: Soft-shell, (e) Type 3-1: PU-coated nylon, and (f) Type 3-2: PU-coated
polyester. (e) and (f) show one side of woven yarn (left) and the other side
with polyurethane coating (right).

The shape of the base is a thick-walled cylinder to which
the needles are fixed. We used thin acupuncture needles
(diameter: 200 µm) that are commercially available not to
damage the fabric.

The end-effector part (Fig. 2-d-middle) was made from
two different materials to generate the pinching motion by
deformation. While the pinching walls were made from the
same stiff material of the base, the side walls shorter than the
pinching walls are made from much softer elastomer (Ecoflex
0030, Smooth-On). When the end-effector was assembled
with the base, the needles protruded the top surface by
approximately 0.5 mm.

III. EXPERIMENTS

Since fabrics used in the garment industry have a wide va-
riety of structural features and the gripper behaves differently
depending on these characteristics, different types of fabrics
were tested to evaluate the performance of the gripper. The
test fabrics are classified into three types: Type 1 - porous,
slouchy, lightweight, and thin, Type 2 - densely woven, stiff,
and thick, and Type 3 - coated fabrics (Fig. 3 and Table II).

The experimental setup to measure the holding force is
shown in Fig. 4. In all experiments, the gripper was mounted
on a six-axis industrial robot arm (UR3, Universal Robots).
We placed a test piece of fabric (60×70 mm2) on a precision
balance (Pioneer PAG4102, OHAUS) and fixed its one end
on the balance. For testing, the gripper first moves down
to the other end of the fabric. When the gripper makes a
contact with the fabric, vacuum is applied and the gripper
pinches and hold the fabric. Then, the gripper moves up
along a pre-determined path, and the weight data measured
by the balance are recorded. At the same time, a vacuum
pressure sensor measures the pressure inside the gripper. We
also conducted an experiment to measure the response time

TABLE II
INFORMATION ON THE FABRICS USED IN THE EXPERIMENTS

Type 1 Type 2 Type 3

Fabric type 1-1 1-2 2-1 2-2 3-1 3-2

Thickness [mm] 0.75 0.62 1.02 1.43 0.33 0.36

Weight [N/m2] 2.28 1.47 3.26 3.13 1.35 1.91

Air permeability [cm3/cm2/s] 82 160 7.14 0.15 0 0



Fig. 4. Schematic of the experimental setup

of the gripper actuated by a vacuum pump and the vacuum
pressure sensor.

A. Model evaluation

The power of the vacuum pump was set with six levels.
For a comparison with the model in Section II-A, ∆P and
the holding force were measured for the six power levels.
Experiments were conducted on Type 1-1 and 1-2 porous
fabrics 10 times for each power level. The assumptions of
the model were also validated by calculating the effective
contact area of the gripper to the fabric.

B. Comparison test

To check the effect of the needles, the holding force was
measured using a gripper without needles as well. We tested
all three types of fabrics shown in Fig. 3.

The performance of the proposed gripper was also
compared with that of a commercial φ10 vacuum pad
(VPC10R6J, Pisco) with all three fabric samples.

In addition to the gripper tests, we compared the damage
levels to fabrics by the needles with different diameters,
as even a small damage to fabrics can be critical to the
quality of the final product in business. Since the needles
used in conventional needle grippers are over 700 µm in
diameter [22], [23], we visually checked the penetration
marks made by needles with three different diameters: 200,
500 and 900 µm.
C. Durability test

The durability of the gripper was also tested by gripping
and releasing a single fabric sheet on a flat surface for 20,000
cycles. During the 20,000 cycles, we measured the changes
in ∆P to evaluate the mechanical reliability of the gripper.
This experiment was conducted with Type 1-2 fabric.

D. Single-sheet handling

It is important for the gripper to pick up only a single
sheet of fabric from a stack. Considering that 60 to 100
sheets in a batch are typically used in an actual garment
production process, 80 sheets of fabric were set up on the
precision balance. When the test starts, the gripper moves
down to the stack, picks up and removes the top fabric and
places it out of the balance. The precision balance was used
to measure the weight reduction that indicates the number
of sheets removed at a time. Success is defined when the
gripper holds only the top single sheet in the stack and failure
otherwise. The success rate is determined by the number of
successful grips divided by the number of trials for each
fabric. This experiment was conducted with all three types
of fabrics.

Fig. 5. (a) Pressure response of the vacuum pump. (b) Pressure response
of the gripper. (c) Vertical force measured when the gripper picks up fabric.
The maximum force, 1.12 N, is the holding force. Type 1-1 fabric was tested
with the maximum vacuum power (− 60 kPa, sampling frequency: 12 Hz).
(d) Holding force as a function of ∆P showing a comparison between the
experimental data (blue dots) and the model prediction (red lines) for Type
1-1 (left) and Type 1-2 (right) fabrics. (e) Mark of black ink on Type 1-2
fabric with the size of the area covered by the gripper before pinching. (f)
Mark of the black ink from the fabric on the inside of the pinching wall
after one-time gripping. (g) Enlarged image of the inside of the pinching
wall showing the size of the black mark.

IV. RESULTS

In order to check the response time of the gripper, we
first analyzed the pressure response of the vacuum pump.
The response time for the pump to reach the maximum
vacuum power was approximately 0.61 (Fig. 5-a), and the
time for the gripper to reach the maximum pressure was
approximately 0.93 (Fig. 5-b). Therefore, the actual actuation
time of the gripper itself is 0.32 that is much shorter than
that of electrostatic grippers (up to 1).

The holding force was measured using the precision
balance. When the robot arm slowly moves up vertically
while the gripper is holding the fabric, the pulling force is
measured until the gripper loses its grip even the vacuum
pressure is maintained the same, as shown in Fig. 5-c. The
maximum force measured during this process is defined as
the holding force of the gripper, and it was 1.12 N.

A. Model evaluation

The holding force is a linear function of ∆P , and its slope
is determined by the structural characteristics of the fabric,
as discussed in Section II. Therefore, the model predictions
have different slopes depending on the types of fabric, as
shown in Fig. 5-d. The model slightly overestimated the
experimental data, since the actual grip area on the fabric
was smaller than that calculated in the model. To check the
actual grip area, we tested the gripper with a sheet of fabric
that has a mark of black ink (Fig. 5-e). As shown in Fig. 5-
f, the fabric leaves stains on the inside of the pinching wall
when gripped (Fig. 5-f). We can now calculate the actual
contact area of the gripper to the fabric from the trapezoidal
area of the stains (Fig. 5-g). The predicted force response



Fig. 6. (a) Performance comparison between grippers with and without
needles: pressure difference between the inside and the outside of the gripper
(top) and holding force (bottom). (b) Performance comparison between the
soft gripper and the vacuum pad. (c) Microscopic images of Type 2-2 fabric
after being punctured by microneedles with different diameters (200 µm,
500 µm and 900 µm from left to right).

based on the actual contact area is shown with a black line
in Fig. 5-d-right, which matched the experimental data better
than the original prediction.

B. Comparison test

The needle tips on the gripper surface are extremely useful
in holding the fabric during the initial buckling and pinching
motion of the end-effector as they mechanically engage the
porous structure of the fabric. We tested the performance
of the gripper with and without needles for different types
of fabrics. The gripper with needles was able to effectively
buckle and pinch all the fabrics. However, the gripper without
needles was not able to hold Types 2 and 3 fabrics. The
fabrics only puckered on the floor surface and did not adhere
to the gripper in this case.

Fig. 6-a-top compares ∆P for the grippers with and with-
out needles tested with different fabrics. It was already shown
that ∆P has a linear relationship with the holding force in
Fig. 5-d and can be used as a measure of the performance
of the gripper. There was no significant difference in the
performance whether the gripper had needles or not for Type
1. However, ∆P was much smaller for Types 2 and 3 when
the gripper had no needles. The differences in ∆P for the
two types were between 2 kPa and 47 kPa.

The holding force was also measured for the gripper with
and without needles, and it was higher for all fabric types
when needles were used (Fig. 6-a-bottom). The difference
was larger when the thick, stiff, and coated fabrics were used
because they required a higher critical buckling load due to
the high bending stiffnesses. The gripper without needles
showed much lower holding forces for Type 1, since it was
not able to hold as large area of the fabric as that of the
gripper with needles. For Types 2 and 3, the forces were
almost zero without needles, indicating that the gripper did
not hold the fabric at all.

The proposed gripper was also compared with a commer-
cial vacuum pad, which is currently used for automation
of many processes in garment manufacturing. The vacuum

Fig. 7. Results of durability test: (a) change in the pressure difference
during a single cycle of gripping and releasing with ∆P defined by blue
dot and (b) ∆P for the same tests over 10,000 cycles with enlarged view
between 100 and 150 cycles (right).

gripper tested in this study had a cross-sectional area of
72 mm2 and an area of the suction pad of 78.5 mm2 that is
similar to the contact area to the fabric of the proposed soft
gripper.

Fig. 6-b-top compares the performances of the soft gripper
and the vacuum pad in terms of ∆P . The differences
were significant only for Type 1 that were porous. Due
to the extremely low permeability, both grippers were able
to generate high vacuum pressure for Types 2 and 3. The
performance difference between the proposed gripper and the
vacuum pad became more obvious when the holding force
was measured (Fig. 6-b-bottom). The soft gripper was able
to generate holding forces that were 4.4 and 7.1 times larger
than the suction pad, for Types 1-1 and 1-2, respectively. In
contrast, there was no significant difference in holding forces
for Types 2 and 3. The suction pad even showed a slightly
better performance for Types 2-2 and 3-1. This indicates that
the proposed soft gripper is most effective for porous fabrics.

We also conducted an experiment to compare the damage
levels to the fabric by the proposed gripper and conventional
needle grippers. The needle with a diameter of 200 µm in
our gripper did not damage the fabric at all since the hole
created by the needle was self-healed by the weave structure.
In contrast, needles of 500 µm and 900 µm in diameter left
unrecoverable holes (Fig. 6-c). The threads in the structure
were also destroyed by the needle in this case. Therefore,
needles with a diameter exceeding 500 µm are not suitable
for practical applications due to the permanent damages.

C. Durability test

Since ∆P has a direct relationship with the holding force
we measured ∆P during cyclic gripping tests evaluate the
durability of the gripper under repeated work.

Fig. 7-left shows the changes ∆P during a single cycle of
gripping and releasing. We are interested in the maximum
∆P (blue dot in Fig. 7-a), and it was plotted from over
10,000 cycles (Fig. 7-b). ∆P was maintained even after
tens of thousands cycles without any noticeable changes.
The average value of the maximum ∆P was 55 kPa, with a
standard deviation of 0.2 kPa. The slope of the experimental
trend line was 1 × 10−8, confirming that there is almost no
decrease in ∆P over 20,000 cycles.

D. Single-sheet handling

As can be seen in the results summarized in Table III, the
soft gripper achieved the success rates over 70% for Types
1 and 2 fabrics and 100% for Type 3. In the first two fabric



Fig. 8. (a) Fabric with high air permeability. (b) New gripper prototype
holding the fabric shown in (a). (c) Magnified photo of the new gripper
showing the closed end-effector with an elastomer membrane. (d) Gripping
mechanism of the new gripper design.

types, Types 1-2 and 2-2 showed higher success rates than
Types 1-1 and 2-1, respectively. This is due to the higher
permeability in Types 1-1 and 2-1, which sometimes caused
a failure of picking up two or more sheets at a time.

The vacuum pad was not able to pick up a single sheet
at all for Types 1 and 2 while it showed a success rate of
100% for Type 3, due to the permeability of the fabrics.
The vacuum pad always picked up about 10 sheets at a time
for Types 1 and 2, but the coating of Type 3 prevented the
vacuum from being applied to the sheets below the top one.

V. DISCUSSION

The main contribution of this work is the bio-inspired
design of a soft gripper particularly focused on delicate
handling of fabrics. The gripper is made of soft materials
that can easily deform by a pneumatic power for actuation of
the pinching motion. In addition, the gripper has embedded
microneedles at the tip that facilitate gripping of the fabric
at the time of a contact. Moreover, the small diameter
(200 µm) of the needles does not damage the fabric even
though the needles penetrate the fabric while holding. The
proposed design showed a potential to be a critical element
in automating many processes in current labor-intensive
garment manufacturing involved with multiple manual steps.

One limitation we observed in our design during testing
is that the performance of the gripper is dependent on the
type of fabrics. If a fabric has a high air permeability with
a loosely woven structure (Fig. 8-a), the gripper had a hard
time in closing the tip due to the air leakage, causing only
buckling of the pinching walls rather than generating the
gripping motion. To address this issue, we are currently

TABLE III
RESULTS OF SINGLE-SHEET HANDLING TEST WITH THE NUMBERS OF

SUCCESSFUL TRIALS (SUCCESS RATE)

Fabric
type

1-1 1-2 2-1 2-2 3-1 3-2

Soft
gripper

58
(72.5%)

69
(86.3%)

65
(81.3%)

71
(88.8%)

80
(100%)

80
(100%)

Vacuum
pad

0
(0%)

0
(0%)

0
(0%)

0
(0%)

80
(100%)

80
(100%)

Fig. 9. (a) Prototype of pattern-numbering machine composed of soft
gripper, three degrees-of-freedom robot arm, and numbering stamp. (b)
Magnified photo of dotted box in (a).

working on improving the gripper design specialized for
fabrics with a high air permeability. One possible design
modification is the closed tip, as shown in our prelimi-
nary prototype (Figs. 8-b and 8-c). This design completely
divides the gripping task into two subtasks, locking and
pinching. The microneedles first lock the fabric by engaging
themselves into the pours and then the vacuum deforms
the gripper to pinch the fabric without pulling it up with
a negative pressure. The gripping performance is not de-
pendent on the air permeability of the fabric any more in
this design but only on the locking mechanism (Fig. 8-d).
Further investigations are underway to analyze and optimize
the locking mechanism.

We are also greatly interested in implementing the our soft
gripper with microneedles to a practical system. Numbering
each sheet from a stack of identical sewing patterns is one
of the most common processes fully operated by human
workers in garment manufacturing, which requires repeated
motions of picking up a single sheet of fabric from the stack.
As shown in Fig. 9, we installed our gripper in a preliminary
prototype of a pattern-numbering machine (developed by
the authors and Hojeon Ltd.) to check the applicability of
our design. The soft gripper showed a reliable performance
on the numbering task, composed of repeated motions of
separation of a fabric sheet from a stack and stamping
a serial number on each sheet, in relatively high speed
(approximately 1 Hz). Further research on characterization
and control of the numbering machine is currently ongoing.
Supplementary video demonstrates the numbering task with
the prototype.

One immediate area of future work is addition of a sensor
for detecting the number of fabric sheets engaged to the
gripper. Although the current design showed relatively high
success rates of separating a single sheet from a stack,
it tended to have less successes for fabrics with high air
permeability. The failure happened when either the fabric
slipped out of the gripper during the lifting motion or
more than one sheet of fabric were engaged to the gripper.
Therefore, it would be highly useful to detect the failure
modes to adjust the control settings in real-time. Possible
solutions include embedding soft pressure sensors at the tip
of the gripper that can detect changes in electrical resistance
[27], [28], capacitance [29], [30], or optical properties [31]–



[33] caused by deformation.
Another area of future work will be investigation on the ef-

fect of the substrates on the gripper performance. In garment
manufacturing, one of the immediate target application areas
of the soft gripper, a fabric sheet to be handled is always on
top of a stack of the same fabric. Therefore, we tested the
single-sheet handling test with a stack of the same fabric
with different types. However, it will be useful to know how
the gripper performance changes depending on the surface
roughness of the substrate for a wide range of applications.

VI. CONCLUSION
We developed a soft gripper for handling delicate fabrics.

The design was inspired by the adhesion mechanism of a
parasitic fish called ‘lamprey.’ The proposed gripper not only
was able to pick up and hold a single sheet of fabric from a
stack but also did not make any damages on it. In this work,
we first modeled the holding force and then experimentally
evaluated the performance of the gripper with different types
of fabrics. The maximum holding force measured in the
experiments was 1.12 N. The gripper showed high success
rates in picking up a single sheet of air permeable fabric,
which was not possible by a commercial vacuum pad. It
also showed durability in repeated motions of gripping test
over 20,000 cycles. We believe the proposed gripper has a
high potential in realizing smart manufacturing in garment
industry.

VII. ACKNOWLEDGMENT

The authors thank Mr. Uhsang Ahn for his technical
support in fabrication.

REFERENCES

[1] H. Lasi, P. Fettke, H.-G. Kemper, T. Feld, and M. Hoffmann, “Industry
4.0,” Bus. Inf. Syst. Eng., vol. 6, no. 4, pp. 239–242, 2014.

[2] M. Hermann, T. Pentek, and B. Otto, “Design principles for industrie
4.0 scenarios,” in Proc. Hawaii Int. Conf. Syst. Sci. (HICSS), 2016,
pp. 3928–3937.

[3] S. Hankammer, K. Nielsen, F. T. Piller, G. Schuh, and N. Wang,
Customization 4.0. Springer, 2018.

[4] Z. Xu and E. Todorov, “Design of a highly biomimetic anthropomor-
phic robotic hand towards artificial limb regeneration,” in Proc. IEEE
Int. Conf. Rob. Autom. (ICRA), 2016, pp. 3485–3492.

[5] L. Jiang, K. Low, J. M. Costa, R. J. Black, and Y.-L. Park, “Fiber
optically sensorized multi-fingered robotic hand,” in Proc. IEEE Int.
Conf. Intell. Rob. Syst. (IROS), 2015, pp. 1763–1768.

[6] J. Gafford, Y. Ding, A. Harris, T. McKenna, P. Polygerinos, D. Hol-
land, A. Moser, and C. Walsh, “Shape deposition manufacturing of a
soft, atraumatic, deployable surgical grasper,” J. Med. Devices, vol. 8,
no. 3, p. 030927, 2014.

[7] F. Ilievski, A. D. Mazzeo, R. F. Shepherd, X. Chen, and G. M.
Whitesides, “Soft robotics for chemists,” Angew. Chem. Int. Ed.,
vol. 50, no. 8, pp. 1890–1895, 2011.

[8] A. Yamaguchi, K. Takemura, S. Yokota, and K. Edamura, “A robot
hand using electro-conjugate fluid,” in Proc. IEEE Int. Conf. Rob.
Autom (ICRA), 2011, pp. 5923–5928.

[9] S. Terryn, J. Brancart, D. Lefeber, G. Van Assche, and B. Vander-
borght, “Self-healing soft pneumatic robots,” Sci. Rob., vol. 2, no. 9,
pp. 1–12, 2017.

[10] H. Zhao, K. O’Brien, S. Li, and R. F. Shepherd, “Optoelectronically
innervated soft prosthetic hand via stretchable optical waveguides,”
Sci. Rob., vol. 1, no. 1, p. eaai7529, 2016.

[11] E. Brown, N. Rodenberg, J. Amend, A. Mozeika, E. Steltz, M. R.
Zakin, H. Lipson, and H. M. Jaeger, “Universal robotic gripper based
on the jamming of granular material,” PNAS, vol. 107, no. 44, pp.
18 809–18 814, 2010.

[12] Z. Zhakypov, F. Heremans, A. Billard, and J. Paik, “An origami-
inspired reconfigurable suction gripper for picking objects with vari-
able shape and size,” IEEE Robot. Autom. Lett., vol. 3, no. 4, pp.
2894–2901, 2018.

[13] Z. Xie, A. G. Domel, N. An, C. Green, Z. Gong, T. Wang, E. M.
Knubben, J. C. Weaver, K. Bertoldi, and L. Wen, “Octopus arm-
inspired tapered soft actuators with suckers for improved grasping,”
Soft Robot., 2020. (DOI: 10.1089/soro.2019.0082).

[14] A. Tabiei and Y. Jiang, “Woven fabric composite material model with
material nonlinearity for nonlinear finite element simulation,” Int. J,
Solids Struct., vol. 36, no. 18, pp. 2757–2771, 1999.

[15] T. Ishikawa and T.-W. Chou, “Nonlinear behavior of woven fabric
composites,” J. Compo. Mater., vol. 17, no. 5, pp. 399–413, 1983.

[16] Y. Duan, M. Keefe, T. Bogetti, and B. Cheeseman, “Modeling friction
effects on the ballistic impact behavior of a single-ply high-strength
fabric,” Int. J. Impact Eng., vol. 31, no. 8, pp. 996–1012, 2005.

[17] J. Parker, R. Dubey, F. Paul, and R. Becker, “Robotic fabric handling
for automating garment manufacturing,” J. Manuf. Sci. Eng., vol. 105,
no. 1, p. 20, 1983.

[18] P. Koustoumpardis and N. Aspragathos, “A review of gripping devices
for fabric handling,” Hand, vol. 19, p. 20, 2004.

[19] P. M. Taylor, D. Pollett, and M. Grießer, “Pinching grippers for the
secure handling of fabric panels,” Assembly Autom., vol. 16, no. 3, pp.
16–21, 1996.

[20] A. A. Brotherton and D. J. Tyler, “Clupicker performance and flexible
apparel automation,” Hollings Apparel Ind. Rev., vol. 3, no. 2, pp.
15–34, 1986.

[21] R. Kolluru, K. P. Valavanis, A. Steward, and M. J. Sonnier, “A flat
surface robotic gripper for handling limp material,” IEEE Rob. Autom.
Mag., vol. 2, no. 3, pp. 19–26, 1995.

[22] (Accessed: Jun. 2020) Needle Gripper. Schmalz. [Online]. Available:
https://www.schmalz.com/en/vacuum-technology-for-automation/
vacuum-components/special-grippers/needle-gripper)

[23] (Accessed: Jun. 2020) Needle Grippers. EMI Corporation. [Online].
Available: https://www.emicorp.com/products/214/Needle-Grippers

[24] P. Taylor, G. J. Monkman, and G. Taylor, “Electrostatic grippers for
fabric handling,” in Proc. IEEE Int. Conf. Rob. Autom., 1988, pp.
431–433.

[25] Z. Zhang, “Modeling and analysis of electrostatic force for robot
handling of fabric materials,” IEEE/ASME Trans. Mechatron., vol. 4,
no. 1, pp. 39–49, 1999.

[26] C. Renaud, H. Gill, and I. Potter, “Relationships between the diets
and characteristics of the dentition, buccal glands and velar tentacles
of the adults of the parasitic species of lamprey,” J. Zool., vol. 278,
no. 3, pp. 231–242, 2009.

[27] G. Shin, B. Jeon, and Y.-L. Park, “Direct printing of sub-30 µm
liquid metal patterns on three-dimensional surfaces for stretchable
electronics,” J. Micromech. Microeng., vol. 30, no. 3, p. 034001, 2020.

[28] Y.-L. Park, B.-R. Chen, and R. J. Wood, “Design and fabrication of soft
artificial skin using embedded microchannels and liquid conductors,”
IEEE Sens. J., vol. 12, no. 8, pp. 2711–2718, 2012.

[29] C. B. Cooper, K. Arutselvan, Y. Liu, D. Armstrong, Y. Lin, M. R.
Khan, J. Genzer, and M. D. Dickey, “Stretchable capacitive sensors of
torsion, strain, and touch using double helix liquid metal fibers,” Adv.
Funct. Mater., vol. 27, no. 20, p. 1605630, 2017.

[30] O. Atalay, A. Atalay, J. Gafford, and C. Walsh, “A highly sensitive
capacitive-based soft pressure sensor based on a conductive fabric and
a microporous dielectric layer,” Adv. Mater. Technol., vol. 3, no. 1, p.
1700237, 2018.

[31] C. Larson, B. Peele, S. Li, S. Robinson, M. Totaro, L. Beccai,
B. Mazzolai, and R. Shepherd, “Highly stretchable electroluminescent
skin for optical signaling and tactile sensing,” Science, vol. 351, no.
6277, pp. 1071–1074, 2016.

[32] C. To, T. Hellebrekers, J. Jung, and Y.-L. Park, “A soft optical
waveguide coupled with fiber optics for dynamic pressure and strain
sensing,” IEEE Rob. Autom. Lett., vol. 3, no. 4, pp. 3821–3827, 2019.

[33] J. Jung, M. Park, D. Kim, and Y.-L. Park, “Optically sensorized
elastomer air chamber for proprioceptive sensing of soft pneumatic
actuators,” IEEE Rob. Autom. Lett., vol. 5, no. 2, pp. 2333–2340, 2020.


