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A Tactile Rubbing Gripper for Reliable Fabric Separation
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Abstract— Automated fabric manipulation offers great po-
tential for reducing labor requirements in textile manufac-
turing and domestic services. Yet, even the basic task of
separating a single fabric layer poses substantial challenges
for robots. Adhesive-based end-effectors suffer from limited
material compatibility and environmental adaptability, while
gripper-based designs, which primarily target crease grasping
and rely on passive separation, frequently demonstrate unre-
liability. Current vision and tactile systems fail to detect the
fabric separation surface. Given these mechanical and sensing
constraints, existing separation solutions lack the ability to
adjust the number of layers post-grasping, relying solely on
single-attempt success. In this work, we propose a novel tactile-
enhanced gripper capable of human-like rubbing motion for
reliable cloth separation, which integrates a magnetic sensing
system to monitor the separation process. Based on these, we
further develop a pipeline to realize rubbing-based separation.
Extensive experiments show our gripper achieves a 96.67 %
separation success rate across 15 fabrics with varying weaving
patterns, and the tactile system reaches 87.00% accuracy in
sliding surface detection. Our work provides a novel mecha-
nism for fabric layer separation, facilitating subsequent cloth
manipulation.

I. INTRODUCTION

Automated fabric manipulation holds significant impor-
tance in reducing labor intensity in the textile industry and
household services, being a long-term pursuit of humans.
The fabric manipulation involves many operations, such as
flattening, folding, and unfolding, many of which have been
highly automated [1], [2], [3], [4], [5], [6]. However, the most
fundamental and common operation—separating a single
layer of fabric from a stack—remains difficult to automate
due to insufficient fine fabric handling ability. This limitation
hinders the application of existing robotic technologies and
full automation in fabric manipulation.

To address this issue, various end-effectors based on
different principles have been proposed. Some studies have
explored top-layer fabric separation strategies using adsorp-
tion or adhesion methods, including suction cups [7], [8],
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Fig. 1: The tactile rubbing gripper inspired by humans. (a)
Human fabric layer separation (b)-(d) Fabric manipulation
via tactile rubbing grippers. (e) Fabric separation system.

[9], micro-needles [10], [11], and electro-adhesion [12],
[13]. However, the adhesion performance of these methods
is affected by fabric material, texture, temperature, and
humidity, which greatly limits their applicability. A more
natural alternative is to clamp the top fabric layer using
two or more fingers. Based on this principle, some studies
use non-rolling fingers to pinch fabrics [14], [15], which
requires first pressing the fabric to create creases—limiting
their applicability to soft fabrics. Some grippers with rolling
fingers have also been designed, enabling the rolling up
or adjustment of objects [16], [17], [18], [19]. However,
these solutions do not actively separate fabrics; picking
a single layer relies heavily on passive fabric separation
(i.e., the underlying fabric separates from the top layer by
gravity when the top layer is pinched), resulting in unrobust
separation.
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TABLE I: Summary of Separation Solutions & Characteristics

Solution HE:::]I: te;zﬁl(l)lt;eus " Crease-free S;f ;::‘:;:)iﬁ) n SS:lr?Sl::lgg Adjustment after Picking
Adsorption Su_ction Cups No / Pass?ve No No
/Adhesion Mlcro—needles_ No / Pass;ve No No
Electro-adhesion No / Passive No No
Pinch Yes No Passive No No
Clamping Rolling Yes Yes Passive No No
Rubbing (ours) Yes Yes Active Yes Yes
In addition to the gripper mechanism, sensing capabilities (@) Ly L|berr  Ln
for monitoring the separation states are also critical for : - Frg
generating actions to reliably separate. Vision-based solu- ; FY frr
tions represent the most straightforward approach to acquir-
ing feedback. Such methods identify suitable manipulation [ .\ IR o N — |
positions from captured images [20], yet fail to determine T - k
whether the fabrics are separated, as they are inherently ' R " ,
limited by visual occlusion. R VR Fyy f
In contrast, tactile sensing offers a more effective solution . W
for detecting separation states: during finger-fabric contact, M M
contact forces are converted into visual or magnetic tactile (b)
signals, which are then processed to count fabric layers [21], Fry v z
perceive local contact events [22], or control contact forces 9 ;
[23]. However, these sensing solutions cannot effectively ﬁ
monitor the core separation state—i.e., whether the fabrics [ i i I
have been successfully separated from each other. Thus, the T
feasibility of using tactile sensors to detect the occurrence
of fabric separation has yet to be conclusively validated. i Ev| " E,
Therefore, existing end-effectors cannot actively separate

objects after picking due to the lack of dedicated mechanisms
and effective sensing, relying solely on a single successful
pick. To fill this gap, we propose a novel gripper that achieves
active fabric separation through rubbing and detects the
separation state via tactile sensing. Our contributions are as
follows.

1) A mechanical solution for fabric separation: We design
a mechanical solution capable of active rubbing to achieve
fabric separation, achieving an overall 96.67% success rate
across 15 different types of fabrics.

2) A tactile solution for fabric separation detection: We
design a tactile sensing solution, achieving an overall 87%
accuracy in fabric separation detection across 15 fabric types.

3) A strategy for robust separation: We propose an auto-
mated pipeline for robust fabric separation, which has been
successfully validated through real-world experiments.

II. PRINCIPLE & DESIGN

To separate a single layer of fabric, humans intuitively per-
form a rubbing motion, as shown in Fig. 1(a), and perceive
the difference between fabric—fabric sliding and hand—fabric
sliding. Once only one fabric layer remains, relative sliding
occurs between the hand and the fabric, allowing humans to
stop immediately and pick up the single layer.

By mimicking this mechanism, this study designs a gripper
that generates rubbing motions through rotation, thereby
realizing fabric separation via active rubbing. Meanwhile,

Fig. 2: Analytical Model of Fabric Separation. (a) Rubbing
multiple layers of fabric. (b) Rubbing a single layer.

we develop a tactile sensing scheme based on magnetic
field variation detection, which, combined with a neural
network, enables the perception of sliding states. Further-
more, by integrating the rubbing motion and sliding de-
tection, we design a fabric separation pipeline featuring
“gripping—feedback—active correction” for reliable single-
layer isolation.

A. Rubbing Separation

The separation process can be modeled through force
analysis of the fabric stack. When the gripper pinches n
layers of fabric, as shown in Fig. 2(a), the fabrics maintain
equilibrium under the action of friction, with the conditions
as follows:

/ol _ k _ _ pn—1 __
Fop=Fy=-=F=-=F  =Fy

(D

where 7 is the number of layers. The Féf and Fyr are the
friction provided by the left and right fingers on the fabrics,
respectively. Ff]fC is the friction generated on the surface
between layer Ly and L.

Once the torques of the motors 7 increase, the friction
between the fingers and the fabric Fy, as well as between
the fabrics Fg, will correspondingly increase until the balance
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Fig. 3: (a) Tactile rubbing gripper. (b) Single-finger of tactile friction gripper. (c) Sensing structure on the fingertip, comprising
a Hall-effect sensor mounted frame and silicone skin with magnetic coating. (d) Fabrication process of silicone skin.

is disrupted. If the friction between the fingers Fyr and the
fabrics is guaranteed to be always greater than that between
the fabrics Fg, the critical point of separation occurs when an
interface between the fabrics can no longer provide sufficient
friction, i.e.

k k+1 -1
UiFy < Fyt' = =F ' = Fy

k 1 k—1
UiFy < F = -+ = F :Féf

2

where pk is the friction coefficient of the interface between
layer Ly and Ly, and the Fy is the normal force. At the
moment of the separation, the cloth layers on each side of the
separation interface will experience accelerations in distinct
directions as follows:

1 1
a= E(Fgf—#kFN)» a = ﬁ(Féf—NkFN) 3)

Then, each parts of the fabrics speed up and catches up to
the speed of the fingers.

After multiple separation rounds, the number of clamped
fabric layers gradually decreases. In the final state where
only one fabric layer remains, the scenario changes: the sole
interface capable of relative sliding is that between the finger
and the fabric, as shown in Fig. 2(b). Consequently, the fabric
will either maintain a stationary position i.e.

1
a) = 7(}:‘

—F)), F~F, 4
m of gf)7 f of ( )

g

The design of the rubbing gripper is illustrated in Fig. 3.
The system is based on a parallel gripper (Fig. 3(a)), which
enables finger movement and fabric pinching. As shown
in Fig. 3(b), each finger is driven by a motor through a
transmission module, which delivers torque to a rotating
fingertip. The fingertip adopts a soft cylindrical structure
that rotates to generate the rubbing action on the fabric. The
internal structure of the finger is detailed in Fig. 3(c). A rigid

prismatic skeleton serves as the core structure, providing me-
chanical support and housing the sensing elements. Ecoflex-
30 silicone—a widely used material with high friction—is
selected as the finger skin to encapsulate the skeleton. The
corresponding molding-based fabrication process is shown in
Fig. 3(d). Since Ecoflex-30 is insensitive to environmental
changes and maintains stable friction under varying humid-
ity and temperature, the rubbing gripper achieves strong
environmental robustness. Two tactile sensor modules are
symmetrically integrated on opposite sides of the prism.
Each sensor provides a 180° tactile sensing range, and their
combined arrangement achieves full 360° tactile coverage
around the finger circumference.

B. Tactile Sensing for Sliding Surface Detection

The tactile sensing system employs a magnetic-based
architecture, comprising magnetized films, Hall sensors, and
silicone encapsulation, as illustrated in Fig. 4. As shown
in Fig. 4(a), the magnetic film is formed by stacking two
layers of Halbach array magnetic films, each of which is
sinusoidally magnetized. After stacking, the magnetic poles
are periodically distributed along both in-plane directions,
resulting in a unique three-dimensional magnetic field at each
point in the 3D space near the magnetic film. This enables the
detection of positional changes of the magnetic film caused
by applied forces. As depicted in Fig. 4(b)-(c), the Hall
sensors measure this field, outputting three digital signals
corresponding to the magnetic field components along the X,
Y, and Z axes. This configuration enables the system to detect
both normal and shear contact forces. External forces deform
the elastic silicone gel, displacing the embedded magnetic
film and altering the magnetic field measured by the Hall
sensors. Fig. 4(d) demonstrates the response to shear forces
during fabric rubbing: the silicone skin undergoes tangential
compression, shifting the magnetic film horizontally and
producing a characteristic transformation in the magnetic

18500



()

(®)

(@

Tangential Force™ Radial Force

& Sensor Cable
[J Silicon Gel - Magnetic Field Lines

Magnetic Film M Hall Sensor
1 PCB
Fig. 4: The structure and principle of the tactile module.
(a) Fabrication of the magnetic film (b) Cross-sectional view
of the sensing module. (c) Unloaded state of the sensing
module. (d) Tangential force applied to the sensing module.
(e) Radial force applied to the sensing module

field readings. Conversely, as shown in Fig. 4(e), normal
forces during fabric grasping cause radial compression of the
silicone, resulting in vertical displacement of the magnetic
film and a corresponding vertical transformation of the
magnetic field measurements. These distinct signal patterns
enable robust discrimination between different force types
and magnitudes during manipulation tasks.

We used a neural network to identify sliding positions
from tactile data. A sliding window processed 3D data of
length N as one sample, labeled hand-fabric or fabric-fabric.
To exploit temporal information, a Temporal Convolutional
Network (TCN) mapped the N x 3 sequence to labels.

C. Pipeline of Robust Fabric Separation

Based on the principle presented in Section II-A, multiple
fabric layers can be separated via rubbing until only a single
layer remains. By detecting the relative sliding between the
finger and the single-layer fabric during recognition, the
robot can reliably pick up the individual fabric layer

Accordingly, the proposed separation pipeline, outlined in
Algorithm 1, is designed as follows: After initial pickup,
the gripper executes a rubbing motion, while tactile data are
processed in real time to localize the active sliding interface.
This process iterates continuously as long as inter-fabric-
layer sliding is detected. The action terminates when sliding
is identified at the finger—fabric interface, a clear indicator

that a single fabric layer has been isolated.

Algorithm 1 Separation of a Single Layer Fabric

Require: Tactile Data d;, Trained Model fy, Tactile Data
Queue Q,, State Queue QO

1: Processor 1: Process data & detect the sliding state
2: loop

3 d+[di—g:d])+ O

4: Qg < State s, = fo(d), s, € {0:H-F,1:F-F}
5: end loop
6

7

8

9

: Processor 2: Read data & generate action
: loop
Read d,, and add d; to Q,
1

L= 1I s
i=1—9

10:  if I, = 0 then
11: Set action a; = 0: Stop the fabric separation process
12:  else if ; =1 then
13: Set action a; = 1: Rub to separate the layer fabrics
14:  end if
15: end loop

III. EXPERIMENT & RESULT

We conducted extensive physical experiments to evaluate
the performance of the proposed tactile rubbing finger and
pipeline for single-layer fabric separation. Physical rubbing
tests under various conditions, sliding detection, and auto-
mated real-robot experiments were performed to investigate
three key issues: (1) whether the proposed rubbing grip-
per can achieve the single-layer fabric separation task;(2)
whether the proposed sensing scheme can effectively and
accurately perceive the sliding state;(3) whether the proposed
single-layer fabric separation pipeline can realize reliable
single-layer separation.

A. Friction Calibration & Experimental Setup

In our experiments, 15 types of fabrics were employed
(see Fig. 5), covering 2 weaving methods and 9 material
compositions. Notably, the friction coefficient differs with
variations in weaving techniques and fabric materials.

The sliding friction coefficients between fabric—fabric
and fabric—silicone were first measured, as shown in Fig.
6(a)—(b). A force sensor (20 N range, 0.5% accuracy, 0.001 N
resolution) was adopted. Five repeated tests were conducted
for each condition, with mean values used for analysis.

As shown in Fig. 6 with standard deviations, the fric-
tion coefficient ranges from 6.08 x 107% to 34.84 x 1074,
while the silicone-fabric friction coefficient ranges between
24.97 x 10~* and 45.59 x 10~*. Importantly, the silicone-
fabric friction coefficient is consistently higher, which sup-
ports the effectiveness of rubbing to separate fabric layers.

We fixed the gripper opening position and set the finger
rotation speed to 32 degrees per second. The fabric was
placed flat on the table, and the robot was pre-positioned at
the designated fabric separation location. The fabrics were
then rubbed toward the gripper using a set of fixed operations
to facilitate subsequent separation.
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Fig. 6: Two types of friction coefficients. (a)—(b) are the
measurement setups. (c) shows friction coefficients.

B. Rubbing Mechanism

In this section, we performed comprehensive tests on the
proposed gripper for the fabric separation task, as illustrated
in Fig. 7. The separation procedure comprises six sequential
phases: approaching fabrics, rubbing up, pinching multiple
layers, rubbing down, pinching a single layer, and completing
separation. A test is deemed successful only if the gripper
reliably accomplishes the pinching a single layer phase.

Table II summarizes the separation success rates under
different layer counts. The results demonstrate excellent

B Tencel

Polymide Acrylic B Spandex 7 Viscose

Tat

performance of the proposed gripper, achieving a 100%
overall success rate for 6 types of fabrics. For other fabrics
with diverse material compositions and weaving methods,
the system maintains an overall success rate of over 90%.
Failures occurred because the gripper only performed preset
clamping without constant force control, causing the fabric
to drop before rubbing. As shown in the table, the number of
layers has a negligible influence on separation performance,
with success rate variations across layer counts of less than
30.00%. The overall success rate across all fabric types and
layer numbers is 96.67%. Although this study only evaluated
single-layer separation of the same fabric type among 15
fabrics, the robotic fingertip material can be adaptively se-
lected or modified to ensure hand-fabric friction exceeds that
between different or identical fabric types, thereby expanding
the applicable range of the gripper.

We recorded the time required to separate the fabric
in a single attempt. Additionally, we used the gripper to
perform one rub motion on 6 layers of fabric, repeating
the process 10 times for each type of cloth, and recorded
the average number of layers separated per attempt. The
results are summarized in the Fig. 8. The result shows that
the average time per separation is 8.11 seconds. The most
time-consuming separation occurred with fabric #3 (10.26
seconds), while the shortest was 7.52 seconds with fabric
#11. On average, each separation iteration removes 3.70
layers, indicating high operational speed.

We also conducted fabric separation tests on both the
edges and corners of the cloth, as illustrated in Fig. 9. The
results demonstrate that the gripper achieved a success rate
of 93.33% in both scenarios (with 15 tests per condition).

C. Tactile Sensing & Sliding Surface Detection

For evaluating the sensing scheme’s performance, we
calibrated it, carried out sample analysis, and collected real
rubbing data to test its success rate.
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TABLE II: Separation Success Rate on Different Fabrics

Pinching Multiple Layers

Fabric Type n=2 n=3 n=4 Overall
Fabric #1 10/10 7/10 10/10 90%
Fabric #2 9/10 10/10 10/10 96.67%
Fabric #3 10/10 10/10 10/10 100%
Fabric #4 10/10 10/10 9/10 96.67%
Fabric #5 10/10 10/10 10/10 100%
Fabric #6 10/10 10/10 10/10 100%
Fabric #7 10/10 10/10 10/10 100%
Fabric #8 10/10 9/10 10/10 96.67%
Fabric #9 10/10 10/10 10/10 100%
Fabric #10 10/10 10/10 10/10 100%
Fabric #11 9/10 9/10 10/10 93.33%
Fabric #12 9/10 10/10 10/10 96.67%
Fabric #13 8/10 10/10 10/10 93.33%
Fabric #14 7/10 10/10 10/10 90.00%
Fabric #15 9/10 10/10 10/10 96.67%

Rubbing Down Pinching a Single Layer Finish Separation
. 3 S - -

Fig. 9: Position for separation tests. (a) Test at the fabric
corner. (b) Test at the fabric edge.

We calibrated the sensing signals induced by standard
forces applied at different positions on the circular finger. The
standard force was generated using a force gauge (accuracy:
+0.01 N; model: SC-5N; ShenCe, China). As shown in Fig.
10(a), the circular finger was divided into eight regions at
45° intervals starting from 0°. The application modes of
tangential and radial forces are illustrated in Fig. 10(b)—(c),
respectively. We first calibrated the effects of tangential and
radial forces on the Y-axis and Z-axis outputs at the magnetic
film location, as presented in Fig. 10(d)—(g).

In the normal force calibration experiment, a 0.2 N radial
force was applied to each region. The readings from the two
sensors integrated inside the finger are plotted in Fig. 10(d)-
(e). The results indicate that the sensing system responds
approximately linearly to force changes. In the tangential
force calibration experiment, a 0.5 N tangential force was
applied to each region. The Y-axis data collected by the
sensing system are displayed in Fig. 10(f). The sensor outputs
decreased as the loading position moved away from the
magnetic film. Specifically, the sensor above the magnetic
film yielded the maximum response, whereas the other sensor
produced the minimum response. Each sensor covers a 180°
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sensing range, and the measured output decreases as the
force application point moves away from the magnetic film.
Fig. (g) shows the effect of tangential force position on the
two sensors. The force position and sensor values follow a
sinusoidal relationship. The sensor output is maximum when
the force is directly above it.

To further validate the effectiveness of the sensing system
in detecting sliding states, we collected data during rubbing
operations and constructed a corresponding dataset. The
dataset comprises rubbing signals acquired from 15 types
of fabrics. For each fabric, sliding tests were carried out
under three configurations: single-layer rubbing (hand—fabric
sliding, H-F), double-layer rubbing (fabric—fabric sliding, F-
F), and triple-layer rubbing (fabric—fabric sliding, F-F), with
30 trials performed for each configuration. Each recorded
rubbing signal was segmented using a sliding window with
alength of 10 and a step size of 1. Of the segmented samples,
30% were randomly selected as the test set. The model was
trained for 50 epochs with a learning rate of 0.001 under the
binary cross-entropy loss function.

The recall and accuracy metrics obtained in this study are
detailed in Table III. The overall classification accuracy is
87.00%, among which the highest accuracy reaches 93.72%.
It can be observed that ten types of fabrics achieve an accu-
racy rate higher than 85%, demonstrating the effectiveness
of the proposed method in fabric recognition. Meanwhile,
the overall recall values for the corresponding experimental

TABLE III: Detection Across Fabric Types and Layer Counts

Fabric Type H-F F-F F-F Overall
n=2) (n=3)
Fabric #1 83.61% 68.25% 93.77% 81.81%
Fabric #2 80.61% 77.99% 92.38% 82.90%
Fabric #3 89.09% 58.80% 94.16% 82.46%
Fabric #4 89.06% 64.92% 92.54% 84.21%
Fabric #5 88.25% 85.61% 97.21% 89.60%
Fabric #6 86.41% 90.37% 98.29% 90.32%
Fabric #7 87.62% 81.97% 92.35% 87.34%
Fabric #8 90.78% 83.58% 98.53% 90.58%
Fabric #9 86.53% 80.70% 94.55% 87.18%
Fabric #10 92.10% 92.03% 96.29% 93.10%
Fabric #11 85.07% 67.73% 97.61% 83.79%
Fabric #12 94.03% 90.57% 95.71% 93.72%
Fabric #13 86.82% 53.77% 93.68% 79.66%
Fabric #14 86.46% 90.08% 87.96% 87.75%
Fabric #15 86.05% 89.64% 99.05% 90.32%
Overall 87.61% 77.88% 94.80% 87.00%

settings are 87.61%, 77.88%, and 94.80%, respectively, fur-
ther validating the reliability and stability of the detection
system.

Furthermore, we investigate the tactile data throughout the
entire separation process. As shown in Fig. 11, time-domain
and frequency-domain analyses reveal that the tactile signals
exhibit distinct characteristics when sliding on different
surfaces.

D. Separation Pipeline

To validate the proposed fabric separation pipeline, we
performed automated fabric separation experiments. As il-
lustrated in Fig. 11, a robot integrated with a tactile rubbing
gripper was employed to execute fabric separation. A total
of five trials were conducted. The results show that the
gripper can stably perform rubbing operations, with a sliding
detection accuracy of 97% throughout the process. The robot
successfully completed four of the five automated separation
tasks, achieving an overall success rate of 80%.

IV. CONCLUSION & DISCUSSION

In this work, we present a tactile-enhanced gripper capable
of human-like rubbing for separating a single layer of fabrics.
This active rubbing mechanism allows the gripper to reliably
isolate individual layers without relying on passive separation
of the fabric. Concurrently, a tactile sensing solution is
proposed and integrated into the gripper, providing feedback
of the sliding surface detection. The rubbing-based pipeline
with post-picking adjustment has been validated as effective,
enabling robots to generate actions based on sliding tactile
feedback. Our work provides the community with a novel
fabric separation mechanism.

Currently, this study only focuses on specific fabric types
in the separation system; to extend its applicability to diverse
fabrics, future research should expand the training dataset
covering situations with more or mixed types of fabrics or
explore the vibration mechanisms inherent in sliding friction.
Furthermore, visual sensing can be added to extend automatic
separation to the whole automatic fabric manipulation.
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