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Abstract— Suckers are significant for robots in picking,
transferring, manipulation and locomotion on diverse surfaces.
However, conventional suckers lack high-fidelity tactile per-
ception, which impedes them from resolving the fine-grained
geometric features and interaction status of the target surface.
This limits their robust performance with irregular objects
and in complex, unstructured environments. Inspired by the
adaptive structure and high-performance sensory capabilities
of cephalopod suckers, we propose a novel, intelligent sucker,
named SuckTac, that integrates a camera-based tactile sen-
sor directly within its optimized structure to provide high-
density perception and robust suction. Specifically, through
joint structural optimization and a multi-material integrated
casting technique, a camera and light source are embedded into
the sucker, which enables in-situ, high-density perception of fine
details such as surface shape, texture, and roughness. To further
enhance robustness and adaptability, the sucker’s mechanical
design is also optimized by refining its profile, adding a com-
pliant lip, and incorporating surface microstructure. Extensive
experiments, including challenging tasks such as robotic cloth
manipulation and soft mobile robot inspection, demonstrate the
superior performance and broad applicability of the proposed
system.

I. INTRODUCTION

Sucker is one of the most critical end effectors for robots
with highly redundant, nondestructive, and compliant inter-
action [1], and facilitates diverse applications, such as object
picking [2], [3], [4], tool manipulation [5], [6] and climbing
locomotion assistance [7], [8]. However, its performance
depends on a tight seal and a smooth surface, making it
difficult to stick to uneven or discontinuous objects. For a
robot to plan its grasping strategy and achieve a robust hold,
its sucker needs to perceive the state of the target surface
and make an effective decision [2], [3], [9], [10], [11]. It is
important to equip the sucker with high-performance sensing
and tactile capabilities.

Researchers have explored diverse perception approaches
for suckers. Some previous work has introduced pressure
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Fig. 1. Bionic camera-based tactile sucker and its biological inspiration
and robotic applications: (a) Octopus utilizes suckers to feel the surface
condition of target; (b) Enlarged view of the natural sucker structure; (c)
The proposed bionic camera-based tactile sucker can support a robot arm
to classify and pick objects as (d), and assist path planning for soft robot
crawling in (e).

perception to estimate suction force and surface roughness,
using tools like flow sensors, strain gauges, or LiDAR [3],
[9], [10]. Unfortunately, these methods cannot precisely
perceive the target’s geometric morphology, which is sig-
nificant for a seamless seal and stable suction. On the
other hand, some researchers have introduced vision-based
surface detection methods [12], [13] to find the best contact
regions [14], but direct observation is strongly affected
by the object appearance, environmental illumination and
optical conditions. It is difficult for these methods to obtain
high-precision and high-density sensing information, such as
texture, shape, and other details of the surface, which affects
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the sucker’s mechanical and functional performance, and in
turn makes robust locomotion and grasping challenging.

We draw inspiration from the suction cups of cephalopods,
as shown in Fig. 1(a) and (b), which not only possess stable,
robust, and adaptive adhesion abilities but are also equipped
with high-density, multi-modal sensing capabilities. We rec-
ognize that high-performance sensing, such as high-density
tactile capabilities, can effectively improve the performance
of the sucker. Therefore, it is crucial to integrate a high-
density tactile sensor into the sucker’s design.

Among diverse tactile technology, camera-based tactile
sensors utilize the image sensor to observe the soft skin
deformation when the robot fingertip interacts with the target
surface, and estimate the geometry, contact force and surface
friction, which provides a high-density, robust, stable and
low-cost tactile approach for robots. GelSight is the first
to integrate with a robot gripper and provides high-density
tactile images for robots [15], then GelSlim adds markers on
the gel surface to estimate contact forces, and enables more
compact and integrable designs [16]. With fast development,
camera-based tactile sensors have become the most popular
sensors in the robot community [17], providing robots with
abundant tactile information for environmental perception,
dexterous grasping, and complex manipulation [18].

This high-performance sensing mechanism provides a
potential approach for developing an intelligent sucker with
integrated structure-perception capabilities. Recent studies
have thus focused on combining camera-based tactile sensing
with robotic hands and compliant grippers, such as the
GelSight Svelte [19] and the Soft-bubble gripper [20], as
well as integrating the sensor into a pneumatic gripper for a
low-cost swab sampling tool [21].

However, most prior work has focused on integrating
these sensors with rigid grippers or fingertips, with limited
exploration into their use with soft actuators—particularly
the industrially ubiquitous suction cup. A notable exception
is an integrated camera-based sensor for a sucker [11], whose
marker-based design could only detect orientation and failed
to resolve surface texture and roughness. These factors are
critical for predicting and ensuring reliable suction, leaving
a significant gap in both research and application.

To address the limitations of classical suckers and advance
their use in embodied intelligence, we propose a camera-
based tactile sucker named SuckTac, as shown in Fig. 1(c).
This design integrates high-density tactile sensing directly
into the sucker’s structure and features a jointly optimized
configuration for robust suction. Specifically, we use a multi-
material integrated casting technique to embed a camera
and its light source within the sucker. This provides high-
density, in-situ, and detailed tactile perception. To further
enhance suction performance, we also improve the sucker’s
profile, add a lip, and incorporate surface microstructure. By
combining integrated perception with actuation, the proposed
SuckTac achieves robust, adaptive grasping and locomotion.
This is demonstrated in its ability to perceive surface texture
and roughness, and to handle tasks like robotic clothes
grasping and soft mobile robot inspection.

Fig. 2. The detailed structure of SuckTac. The camera-based tactile sensor
is artfully integrated into the sucker (Right: exploded view).

We believe the proposed SuckTac can improve the per-
formance and applications of suckers, as well as expand the
potential and frontiers of suckers for the research commu-
nity.The contributions of this work can be summarized as
follows:

• Propose a smart camera-based tactile sucker for inte-
grated high-density sensing capability;

• Jointly optimize the sucker design structure for improv-
ing the suction performance and adaptiveness;

• Extensive robot grasping and locomotion tests demon-
strate the tactile potential of the proposed SuckTac.

II. CAMERA-BASED TACTILE SUCKER DESIGN

This section introduces the design and optimization pro-
cess for the proposed SuckTac. First, to integrate high-
resolution tactile sensing, we engineer a multi-material com-
posite structure to house the internal camera and illumination
components. This design effectively embeds a camera-based
tactile sensor within the sucker. Second, we systematically
optimize the sucker’s geometry to enhance its functional
performance in three key areas: the profile is shaped to
maximize detachment energy, the lip design is iterated to
improve adaptability to uneven surfaces, and a microstructure
is added to ensure robust attachment on rough textures. As
a result of these enhancements, the SuckTac combines high-
performance sensing with powerful suction, demonstrating
remarkable adaptability.

A. SuckTac Design and Fabrication

To enable robust attachment on unstructured surfaces,
we introduce a camera-based tactile sucker (SuckTac) that
captures high-resolution contact information. The overall
structure consists of a suction cap, a flexible membrane,
a corrugated lip, and an embedded camera-based tactile
sensing module [Fig. 2]. The suction cap, inspired by the ac-
etabulum of octopus suckers, is fabricated from SYLGARD
184 with high stiffness to provide structural support and
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prevent collapse or excessive deformation. The flexible mem-
brane, made of transparent Solaris silicone, forms a sealed
cavity with the cap, thereby generating negative pressure for
suction. The corrugated lip, made of ultra-soft Ecoflex 00-
10, mimics the infundibulum to ensure conformal contact
and airtight sealing on rough or irregular surfaces.

The camera-based tactile sensing module comprises a
compact camera, an RGB LED array for illumination, and
an ink-coated film attached to the flexible membrane. When
the sucker approaches a target surface, positive pressure is
applied inside the cavity, causing the membrane to bulge out-
ward and conform to the surface. This deformation presses
the ink-coated film into intimate contact, allowing it to
adapt to local irregularities. Micro-scale surface features
then induce corresponding deformations in the ink pattern,
which are illuminated by the LED array and captured by
the camera as high-resolution images. This mechanism al-
lows the system to encode fine-scale surface characteristics,
including roughness and micro-texture, into optical tactile
information that can be subsequently analyzed for perception
and classification.

To realize the proposed design, we develop a fabrication
process consisting of several sequential steps. First, the
suction cap is cast in a mold and allowed to cure. After
curing, the RGB LED array is bonded to the interior of the
cap. Next, the flexible membrane is cast onto the underside
of the suction cap, forming the internal cavity. Once the
membrane is solidified, the ink-coated film is uniformly
applied to the membrane surface via spray coating and
allowed to dry. Subsequently, a separately molded corrugated
lip is bonded to the base of the membrane using a silicone
adhesive. Finally, the compact camera is positioned, focused
and encapsulated to complete the assembly.

B. Sucker Modeling

The modeling of sucker primarily focuses on the flexible
membrane, since the deformation of the sucker cap can
be neglected when the negative pressure is less than −15
kPa, which is sufficient for the intended applications. The
membrane is simplified as a circular thin film with radius R
and thickness t. When a negative pressure Pcavity is applied,
the membrane deforms under the pressure difference:

∆P = P − Pcavity, (1)

where P is the pressure inside the gap between the deformed
membrane and the substrate. The deflection profile of the
deformed membrane is approximated by a parabola:

z(r) = w

(
1− r2

R2

)
, (2)

where w is the central deflection.
The arc length of the deformed membrane L is expressed

as:

L = 2

∫ R

0

√
1 +

(
∂z

∂r

)2

dr. (3)

TABLE I
PARAMETERS USED IN THE ANALYTICAL MODEL

R (mm) t (mm) C (MPa) Patm (MPa) h (mm)
20 2 0.098 0.101 2

The pressure difference ∆P is balanced by the vertical
component of the radial stress σr at the membrane edge:

πR2∆P = −2πRtσr sin θ, (4)

where θ is the angle between the tangent at the membrane
edge and the horizontal direction. For small deformations,
the sine of the angle can be approximated by its tangent,
which equals the derivative of the deflection curve z(r):

πR2∆P = −2πRtσr
2w

R
, (5)

For the thin membrane considered here (t ≪ R), the axial
strain can be assumed negligible, while the circumferential
and radial strains are taken to be equal. The Solaris silicone
used for the membrane is incompressible, and its hyperelastic
behavior is described by the neo-Hookean model. Under
these assumptions, the radial stress in the membrane can be
calculated as

σr = 2C

((
L

2R

)2

−
(
2R

L

)4
)
, (6)

where C = 0.098 MPa is the material constant obtained from
uniaxial tensile tests. This formulation provides a direct link
between the membrane geometry, material properties, and
the resulting radial stress.

The internal pressure in the gap between the deformed
membrane and the substrate can be estimated based on the
ideal gas law, yielding

P πR2
(
h+

w

2

)
= Patm πR2h, (7)

where h is the initial height between the undeformed mem-
brane and the substrate.

The resulting attachment force acting on the substrate is
then

F = πR2 (Patm − P ) . (8)

By combining Eqs. (1)–(8), the attachment force F can
be expressed explicitly as a function of the applied negative
pressure Pcavity, providing an analytical link between the
actuation input and the resulting adhesion. To assess the
validity of this model, we compare its predictions with ex-
perimental measurements [Fig. 3(a)]. The comparison shows
good agreement, particularly in the small-deflection regime,
demonstrating the accuracy of the proposed model. The
parameters used in the analytical calculations are listed in
Table I.

C. Cross-Sectional Shape Design

In unstructured environments, suckers are prone to distur-
bances that can compromise attachment stability. However,
increasing the flexibility of the sucker has been shown to
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Fig. 3. Characterization and performance evaluation of the SuckTac: (a) Modeling of the sucker (Left: modeling parameters; Right: a comparison
between theoretical predictions and experimental results). (b) Suction force–displacement relationships of four different sucker structures. (c) Suction force
comparison of suckers with four lip designs on four types of periodic curved surfaces. (d) Suction force of suckers with different sub-millimeter structure
densities tested on sandpapers of varying grit number.

effectively enhance adhesion reliability. Higher flexibility
allows the sucker to better conform to the contact surface
during attachment, and also requires greater energy to cause
detachment afterward, thereby improving overall contact
quality.

To investigate the effect of cross-sectional geometry on at-
tachment, we design four suckers with identical base area and
height but different cross-sectional shapes [Fig. 3(b)]. Experi-
ments are conducted on a smooth acrylic substrate, with each
sucker subjected to the same preloading force (5 N) and neg-
ative pressure (-10 kPa). The resulting force–displacement
curves quantify the energy required for detachment (detach-
ment work).

Although all four shapes exhibit similar maximum attach-
ment forces, their detachment work differs markedly. Shape 1
requires substantially more energy to recover its deformation
and overcome membrane–substrate adhesion, owing to its
favorable flexibility and improved conformability. Conse-
quently, Shape 1, which demonstrates the highest detachment
work, is chosen for subsequent optimization.

D. Corrugated Lip Design

Although conventional circular suction lips exhibit a cer-
tain degree of adaptability, their performance often becomes
insufficient when interacting with curved or compliant sur-
faces. To further enhance adhesion reliability, we introduce
a structural modification to the sucker lip [Fig. 3(c)]. The lip

contour is parameterized by the function:

x(s) =
(
R0 +A sin(Ns)

)
cos(s),

y(s) =
(
R0 +A sin(Ns)

)
sin(s),

(9)

where s is the angular parameter, N denotes the number of
sinusoidal cycles, R0 = 28.5 mm is the baseline radius, and
A = 1.5 mm is the amplitude. Four suckers are fabricated
with N = 0, 6, 8, and 10, while keeping the inner diameter
d = 40 mm identical.

The suction performance is evaluated on sinusoidal sub-
strates of varying wavelength, described by

y(x) = 0.5 cos

(
2π

T
x

)
, (10)

To systematically evaluate adhesion performance, we test
four substrate conditions with D/T = 0, 1, 2, and 4, where
D = 60 mm is the maximum outer diameter of the cor-
rugated lip. During each test, all suckers are subjected to
the same preload (5 N) and negative pressure (−10 kPa). On
relatively flat surfaces, all lips achieve reliable adhesion, with
the circular lip (N = 0) performing slightly better due to
continuous contact and uniform sealing. As surface curvature
increases, however, the circular lip’s performance deterio-
rates rapidly. In contrast, corrugated lips with sinusoidal
contours can locally deform, creating multiple independent
contact regions that better adapt to surface irregularities.
Among the tested variants, the lip with N = 8 provides
the most consistent adhesion across different substrates.
Although higher corrugation numbers may further improve
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Fig. 4. SuckTac perception experiments: (a) Surface texture samples of 18 daily objects acquired by the SuckTac. (b) Confusion matrix of texture
classification using a ResNet18 network. (c) Differential images of sandpaper surfaces (Top row) and the corresponding frequency spectra (Bottom row).

adhesion on substrates with extreme sinusoidal curvature,
such cases are uncommon and beyond the scope of this study.

E. Lip Microstructures Design

Although a wavy lip can effectively enhance the adapt-
ability of suckers to highly curved surfaces, its adhesion
performance remains limited on surfaces with microscopic
roughness, such as sandpaper. To further enhance adhesion
on rough surfaces, we introduce a sub-millimeter microstruc-
ture on the lip bottom. Specifically, circular holes with a
diameter of 0.5 mm and a depth of 0.3 mm are uniformly
distributed on three concentric rings with an interval of
0.6 mm [Fig. 3(d)]. This design serves two purposes: 1)
the holes expel air under compression, thereby strength-
ening the negative pressure effect; and 2) the microhole
array introduces local compliance, allowing the lip to better
conform to fine surface irregularities and improving sealing
performance.

To systematically evaluate the effectiveness of this de-
sign, we compare the original lip without holes and three
lips with different hole densities, corresponding to n=60,

120, and 180 holes per ring, respectively. Adhesion tests
are performed under the same preload (5 N) and negative
pressure (−10 kPa). The results show that all four suckers
maintain stable adhesion on smooth surfaces with negligible
differences. However, on increasingly rough surfaces, lips
with microstructures show clear advantages over smooth lips,
and these advantages become more pronounced as the hole
density increases. Considering both manufacturability and
performance, the configuration with 180 holes per ring is
chosen as the standard lip design for subsequent experiments.

III. EXPERIMENTS AND ROBOT APPLICATIONS

A. Texture Classification Characterization

For a tactile sensor, the ability to classify surface textures
is crucial for accomplishing perception tasks. To this end, we
design a camera-based tactile characterization experiment to
evaluate the capability of the SuckTac in classifying surface
textures, using 18 daily objects with distinct surface patterns
[see Fig. 4(a)]. In the experiment, we first collect tactile
images by pressing the SuckTac on different objects under
randomly sampled preload (3–5 N), pressure (5–8 kPa), and
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Fig. 5. Grasping-classification experiments with the SuckTac: (a) Experimental setup and three leather surfaces of distinct textures. (b) System framework
integrating vision, robotic arm control, and pneumatic actuation. (c) Workflow of the grasping-classification procedure.

contact position, acquiring 100 images for each object. To
further enhance prediction accuracy, a mask is subsequently
applied to preserve only the central effective tactile region.

The tactile images are then fed into a ResNet18-based
convolutional neural network for training. The network takes
preprocessed 640× 480 tactile images as input and outputs
one-hot labels for 18 categories. Eighty percent of the images
are used as the training set, while the remaining twenty
percent serve as the test set to validate the network’s gen-
eralization performance. Cross-entropy loss and the Adam
optimizer are used for iterative training, with a learning rate
of 3× 10−6 over 100 epochs.

The experimental results are presented as a confusion
matrix [Fig. 4(b)], which visually illustrates the classification
accuracy for each object texture and highlights frequently
confused pairs. Analysis shows that the sucker achieves
over 90% tactile recognition accuracy for most objects,
with slightly reduced accuracy for some pairs of visually
or texturally similar objects, such as orange and brush.
This observation not only reveals the inherent challenges
of distinguishing between subtly varying textures, but also
points to opportunities for further improvement through more
advanced feature extraction or multimodal fusion. Overall,
this experiment demonstrates that the SuckTac possesses
strong perceptual capability in distinguishing surface tex-
tures, providing a reliable foundation for subsequent multi-
object classification tasks.

B. Surface Roughness Characterization

To quantitatively evaluate the SuckTac’s perception capa-
bility across different roughness levels, we conduct a system-
atic characterization experiment using standard sandpapers
with grit sizes ranging from 36 mesh to 400 mesh. In each
trial, the SuckTac is applied under identical preload (5 N) and
positive pressure (8 kPa), while images are simultaneously
captured. To emphasize local texture variations induced

by roughness, each sandpaper-contact image is processed
by subtracting a reference image acquired on a smooth
surface, yielding difference images that intuitively visual-
ize microstructural distinctions [Fig. 4(c)]. Additionally, to
quantitatively assess the SuckTac’s recognition capability,
the difference images are subjected to a two-dimensional
Fast Fourier Transform (FFT). To enhance the visibility
of low-amplitude high-frequency components, logarithmic
scaling is applied to the resulting spectra, providing clearer
representation of texture features across different spatial
scales.

Experimental results show that as sandpaper grit size in-
creases, high-frequency spectral components diminish while
low-frequency components become more pronounced, high-
lighting the SuckTac’s ability to sense micro-scale roughness.
For grit sizes below 400 mesh, frequency-domain analy-
sis clearly distinguishes different roughness levels, whereas
beyond 400 mesh the attenuated high-frequency content
reduces recognition capability, largely due to the combined
effects of contact mechanics and the sensor’s resolution lim-
its. These observations define the effective sensing envelope
of the SuckTac and suggest clear avenues for improvement
through higher-resolution imaging or optimized contact con-
ditions. Ultimately, the results demonstrate that the SuckTac
effectively perceives surface roughness variations across a
wide range, highlighting its potential to ensure reliable
attachment even on complex rough surfaces through active
perception.

C. Grasping-Classification Experiment

To assess its practical performance, the SuckTac is
mounted on a robotic arm end-effector and evaluated in
a grasping-classification experiment involving three types
of leather surfaces with distinct textures (Fig. 5(a)). The
experimental system comprises three interconnected modules
[Fig. 5(b)]: 1) a vision processing and classification module,
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Fig. 6. Locomotion perception-planning with the SuckTac-integrated soft robot. (a) Structure and dimensions of the robot. (b) Crawling and steering gaits.
(c) Experimental setup with obstacle arrays. (d) Pneumatic actuation sequence and corresponding robot states.

where images of the sucker–leather contact are acquired by
a camera, preprocessed (including cropping and normaliza-
tion), and then fed into a trained ResNet18 network for real-
time texture classification; 2) a robotic arm control module,
in which the computer communicates with the robotic arm
via ROS to execute positioning, pressing, and transport
operations; and 3) a pneumatic control and actuation module,
where the pneumatic system is controlled in real time through
dSPACE to regulate positive and negative pressure for sur-
face perception, reliable attachment, and release. Together,
these modules form an integrated perception–action loop,
where tactile sensing, precise robotic control, and dynamic
pneumatic actuation work in concert to enable texture-aware
grasping and classification.

The experimental procedure is illustrated in Fig. 5(c), with
full demonstrations provided in the Supplementary Video.
Under computer control, the robotic arm first moves the
SuckTac close to the target leather surface, and a positive
pressure of 8 kPa is applied to prepare for tactile perception.
The SuckTac is then pressed onto the surface to capture
contact images, which are processed by the classification
network to predict the texture category. Following image
classification, the pneumatic system switches to -10 kPa for
firm attachment, and the robotic arm moves the object to the
designated location based on the predicted category, where
the SuckTac releases the leather, completing the closed-loop

process of texture-aware grasping and manipulation.
This experiment demonstrates the effectiveness of inte-

grated tactile sensing in the sucker. Its success stems from
the synergy between stable attachment provided by the
suction mechanism and surface classification enabled by
tactile sensing, which together enable informed and adaptive
grasp decisions. This capability exhibits the potential of the
SuckTac for texture-aware cloth picking and manipulation in
the real world, where both secure attachment and accurate
perception are essential.

D. Texture-aware Guided Locomotion Experiment

With the integrated illumination, the SuckTac enables the
robot to perceive surface textures even in low-light condi-
tions, and to detect and avoid obstacles during navigation. We
demonstrate on a soft robot with a flexible segment actuated
by four fiber-reinforced pneumatic actuators, a SuckTac
at the head, and a conventional suction cup at the tail.
Coordinated pressure control allows the robot to perform
crawling and steering gaits while actively sensing the terrain
[Fig. 6(a)].

As illustrated in Fig. 6(b), crawling locomotion proceeds
through four sequential steps. Initially, the tail sucker anchors
while the head sucker is pressurized to reduce friction. Next,
the body elongates forward symmetrically. This is followed
by anchoring of the head sucker and release of the tail.
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Finally, the body contracts back to its initial configuration,
completing one locomotion cycle. Steering follows the same
sequence, but actuation is applied only to one lateral side to
induce rotation.

During experiments [Fig. 6(c)], the robot advances by de-
fault while the head sucker captures ground textures at each
step. The sensor detects the surface status in movement. If
no hole is present, the robot continues forward; otherwise, it
checks right and left directions in sequence and turns toward
the obstacle-free side before resuming straight motion. The
corresponding pressure control sequence and robot states are
shown in Fig. 6(d), and comprehensive demonstrations are
provided in the Supplementary Video.

This experiment demonstrates that the soft robot, equipped
with the SuckTac, can achieve autonomous obstacle
avoidance on uneven surfaces using a simple percep-
tion–decision–action strategy. Such capability underscores
the practical value of integrating camera-based tactile sensing
into locomotion control, enabling robots to handle environ-
ments with subtle surface variations. These findings highlight
the potential of texture-aware adaptive locomotion for reli-
able operation in unstructured real-world scenarios.

IV. CONCLUSION

In this paper, we introduce a smart sucker with high-
density tactile perception and robust suction capabilities. By
integrating a camera-based tactile sensor, we equip the sucker
with high-performance tactile skills. This design not only
enhances the intelligence of sucker-based manipulation and
locomotion but also opens up new research directions for
both tactile sensors and robotic suckers. We conduct exten-
sive experiments to demonstrate the mechanical and percep-
tual performance of the SuckTac, showcasing its potential in
target sensing, grasping, and environmental perception for
soft robots and locomotion. These experiments highlight the
wide frontier for smart suckers that integrate sensing and
actuation.

Although SuckTac demonstrates impressive performance,
there are still some limitations. The illumination and optical
path still need to be improved for more uniform illumination.
Additionally, the pneumatic structure and the fabrication
process need to be strengthened for more stable and durable
service. Furthermore, we have not fully explored the joint
design between tactile perception and structure, which may
yield more effective and higher-performance smart suckers.
In the future, we will explore more challenging applications,
integrate our system into diverse robots, and combine it with
embodied intelligence for more general tasks in environmen-
tal exploration, tool operation, and household organization.
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