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Abstract—Soft pneumatic robot manipulators are popular
in industrial and human-interactive applications due to their
compliance and flexibility. However, deploying them in real-
world scenarios requires advanced sensing for tactile feed-
back and proprioception. This work introduces a novel vision-
based sensing approach for soft robots, demonstrated through
PneuGelSight, a pioneering pneumatic manipulator equipped
with an embedded camera for high-resolution proprioceptive and
tactile sensing. Experimental evaluations validate the sensor’s
advanced sensing capabilities when integrated as an end effector
for object manipulation.

I. INTRODUCTION

Soft robots are increasingly recognized as the future of
robotics due to their flexibility and intrinsic safety. Their
compliance with external environments makes them ideal
for applications in agriculture[1], [2], the food industry[3],
assistive and rescue robotics[4], [5], and medical fields[6]–
[8]. However, sensing remains a major challenge. Unlike rigid
robots with discrete joints, soft robots exhibit continuous
deformation, leading to a high-dimensional state space that
complicates modeling and control.

This paper introduces PneuGelSight, a vision-based sensor
for soft robotic fingers that integrates proprioception and
tactile sensing. Embedded in a pneumatically actuated soft
finger, it leverages high-dimensional visual input and deep
learning to model nonlinear soft robot behavior. Experimental
results demonstrate its ability to accurately capture large-scale
deformations and fine surface details, enhancing both shape
perception and contact sensing.

II. RELATED WORKS

A. Sensing for Soft Robot

Soft robotic sensing has traditionally relied on point-based
and string-based sensor units utilizing resistive [9]–[11], ca-
pacitive [12], [13], magnetic [14], [15], optical waveguide
[16], [17], and acoustic [18] mechanisms. These sensors
estimate deformation and provide tactile information, such as
contact location and force. However, point-based sensors face
challenges in spatial resolution and scalability, while string-
based sensors integrate signals along their length, reducing
contact localization accuracy.

Vision-based sensing, originally developed for high-
precision texture reconstruction, remains underutilized in soft
robotics. For instance, [19] employs a bottom-mounted cam-
era for high-resolution shape perception but lacks detailed
contact information. These limitations underscore the need for
advanced sensing techniques that achieve both high resolution
and precise spatial localization in soft robotic applications.
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Fig. 1. (A) Overview of the proposed soft robotic tactile and proprioceptive
system. (B) Mechanical design of the PneuGelSight sensor.

B. Vision-based Tactile Sensing

Vision-based sensing utilizes embedded cameras to detect
optical signal changes linked to physical parameters. A key
example is GelSight [20], [21], which captures high-resolution
contact geometry. GelSight sensors use an embedded camera
to analyze light reflections from a reflective surface, inferring
surface normals through multiple colored light sources.

Various GelSight designs [22]–[24] have been developed
for different robotic applications. However, they rely on a
rigid base for housing electronic and optical components,
restricting deformation to just a few millimeters. In contrast,
our approach enables high-fidelity sensing in a compact, fully
deformable design, seamlessly integrating proprioception and
tactile perception in soft robotics.

III. DESIGN AND FABRICATION

PneuGelSight is a pneumatic soft finger integrating an em-
bedded camera and internal illumination for high-resolution
proprioception and tactile sensing. It features a 3D-printed
bellow-shaped back and a silicone slab that bends inward
for grasping. The inner silicone surface is transparent and
metallic-coated, allowing the camera to capture an unob-
structed contact view for 3D shape reconstruction (Fig. 1).
Optical fibers and diffusers ensure uniform illumination with
color-coded lighting for precise control.

Inspired by the human palm, PneuGelSight measures 110
mm in length with a 55 mm semi-circular cross-section.
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Fig. 2. Accuracy of proprioception and tactile sensing. We analyze the impact of sampled point cloud intensity on proprioception accuracy (top right) and
qualitatively assess the sensor’s texture reconstruction capability (bottom row)

The silicone slab is cast in three layers: an opaque diffuser,
crystal-clear silicone (varying hardness), and a semi-specular
aluminum-coated protective layer. The actuated body is 3D-
printed using flexible silicone. The lighting system consists of
24 fibers (6 green, 7 blue, 7 red, 4 additional blue), secured
with semi-cylindrical protrusions. A 160-degree FOV wide-
angle Arducam is embedded and sealed with silicone for
airtightness.

IV. EXPERIMENT

A. Proprioception

We trained a conditional auto-encoder for proprioceptive
sensing (detailed structure in the main paper). Evaluation
against RGBD ground truth data shows a mean distance of
4.24–7.10 mm across various bending scenarios, demonstrat-
ing robustness, including in backward bending cases. Higher
point cloud densities improve accuracy but increase inference
time, with N = 512 balancing speed and N = 4096
optimizing accuracy.

B. Tactile Sensing

We trained a MLP conditioned on proprioception result,
with detailed structure in the main paper. Results demonstrate
the system’s ability to distinguish surface normals using opti-
cal signals, achieving reliable reconstruction across different
bending angles. The sensor accurately captures fine textures,
including those of nuts, screws, and lemons. While resolution
decreases near the fingertip, the system effectively adapts,
preserving detailed surface reconstruction while minimizing
errors in less sensitive regions.

V. CONCLUSION

We introduce PneuGelSight, a vision-based sensing system
for soft robots that integrates high-resolution proprioception
and tactile sensing using a single embedded camera. By
combining precise point cloud proprioception with detailed
tactile feedback, PneuGelSight overcomes key challenges in
soft robotic sensing. Compared to existing methods, it offers a
simpler, more efficient implementation while achieving high-
fidelity sensing.
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