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Abstract— Vision-based tactile sensors are highly promising
for enabling robots to perform dexterous, contact-rich manip-
ulation tasks by providing high-resolution tactile data. Recent
studies have attempted to implement shape reconstruction and
force estimation capabilities for sensors with omnidirectional
sensing surfaces and a compact form factor. However, achieving
a small diameter comparable to that of a human fingertip
remains challenging, and integrating the multiple functionalities
within the fingertip form factor poses significant challenges.
In this study, we present UVDtact, a vision-based tactile
sensor with a fingertip-like form factor that incorporates
a switchable translucent elastomer. The proposed switchable
translucent elastomer, which integrates ultraviolet (UV) ink
and a translucent elastomer, decouples tactile images for shape
reconstruction and force estimation. The independent tactile
images ensure that shape reconstruction remains unaffected
by UV markers, making them visible when needed, thereby
enabling effective force estimation. For shape reconstruction,
we leverage the darkening effect of the translucent elastomer
in response to tactile stimuli and introduce a calibration
method that utilizes this effect in an all-around curved sensor
configuration. Furthermore, we validate that embedding UV
markers enhances tactile features, improving force estimation
performance while preserving the quality of tactile images used
for shape reconstruction. By integrating various tactile sensing
capabilities into a compact, fingertip-like design, UVDtact
contributes to developing robotic systems with human-like
dexterity.

I. INTRODUCTION

Tactile perception is essential for humans to perceive and
interact with their environment. The dense arrangement of
tactile receptors in the skin enables humans to gather various
tactile information, such as the shape, texture, and contact
force of objects, facilitating object recognition, grasping,
assembly, and tool manipulation [1], [2]. Similarly, robots
require tactile sensors with high-fidelity tactile imaging to
achieve delicate and contact-rich manipulation [3], [4]. To
this end, various tactile sensors have been developed by
arranging elements based on different transducing methods,
such as piezoelectric [5], resistive [6], and capacitive [7]
principles, in an array format [8]. However, these solutions
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Fig. 1. UVDtact sensors mounted on an anthropomorphic robotic hand [9]
holding a spring. (a) Tactile image captured from the sensor at the thumb
position in white LED mode. (b) Corresponding shape reconstruction result.
(c) Tactile image captured from the same sensor in UV LED mode. (d)
Visualization of the force estimation result.

often face limitations such as high costs and complex man-
ufacturing processes.

Vision-based tactile sensors have recently gained popular-
ity by embedding a miniature camera within the sensor to
obtain high-resolution tactile information in a straightforward
manner [10], [11]. To approach the human skin’s ability to
recognize the shape of an object and the force with which
it interacts, various vision-based tactile sensors, including
prominent examples such as GelSight [12] and TacTip [13],
have been developed. Additionally, a range of algorithms
has been proposed to implement the functions of surface
reconstruction and force estimation using high-resolution
tactile images [14]–[22]. More recently, advancements have
led to the development of compact designs, such as GelSlim
3.0 [23], DelTact [24], and 9DTact [25], which can perform
both functions without replacing the elastomer. However,
despite their functionality and compactness, the limited form
factor of a flat sensing surface may not be suitable for
common manipulation tasks that can be performed by the
human hand.

The design of vision-based tactile sensors is advancing to-
ward the form factor of a human fingertip with an all-around
shape. This design is beneficial for effectively manipulating
a variety of tools designed to match the shape of the human
fingertip and is essential for replicating human-like dexterity
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in robotic systems. To achieve this, various all-around vision-
based tactile sensors capable of omnidirectional sensing,
such as DenseTact 2.0 [26], Minsight [27], GelSight360 [28],
AllSight [29], and RainbowSight [30], have been recently
developed. However, existing designs still exhibit consid-
erably large diameters due to the size of the embedded
camera and its field of view. Furthermore, achieving both key
functionalities, shape reconstruction and force estimation, at
such form factors has remained challenging.

Here, we present UVDtact (Fig. 1), a vision-based tactile
sensor with a fingertip-like form factor design that incor-
porates a switchable translucent elastomer. The proposed
switchable translucent elastomer, which integrates ultraviolet
(UV) ink and a translucent elastomer, decouples tactile
images for shape reconstruction and force estimation. The
independent tactile images ensure that shape reconstruction
remains unaffected by UV markers, making them visible
when needed, thereby enabling effective force estimation.
For shape reconstruction, we leverage the darkening effect
of a translucent elastomer under tactile stimulation and
propose a calibration method that utilizes this effect in an
all-around curved sensor configuration. Additionally, UV
markers enrich tactile features, further improving force es-
timation. Performance evaluations were conducted to assess
the shape reconstruction and force estimation capabilities,
demonstrating an error of 0.172 mm for shape reconstruction
and 0.120 N for force estimation. To highlight the effective-
ness of the sensor design, sensors with fewer or no markers
were fabricated and compared. Experimental results showed
that integrating UV markers reduces force estimation error
by approximately 60 % compared to configurations without
UV markers, while preserving the quality of tactile images
used for shape reconstruction.

The paper is organized as follows. After the introduction,
Section II reviews related works. Section III presents the
sensor design of UVDtact, and Section IV presents methods
for shape reconstruction and force estimation. Section V
shows experimental results, and the conclusion and future
work are discussed in Section VI.

II. RELATED WORKS

With advancements in image sensors and computer vision
technologies, vision-based tactile sensors have gained popu-
larity for providing high-resolution tactile information. These
sensors typically operate by tracking changes in images
caused by tactile stimuli, employing a camera placed inside a
soft elastomer [10], [11]. The captured tactile images enable
the extraction of various tactile features, such as detailed
surface geometry, as well as normal and shear contact forces.

One of the popular examples, GelSight [12] utilizes
photometric stereo techniques to reconstruct the shape of
the sensing surface. Similar to TacTip [13], GelForce [31],
FingerVision [32], and other sensors that rely on marker
information, GelSight also incorporated markers placed on
an elastomer membrane from its early versions to extract
marker motion information [12]. Gelslim 3.0 achieved shape
reconstruction and force map estimation in a compact form

TABLE I
COMPARISON OF ALL-AROUND VISION-BASED TACTILE SENSORS

Sensor Elastomer size (mm) Contact features
DenseTact 2.0 [26] ϕ 32 × 16 Shape, Force

Minsight [27] ϕ 22 × 30 Contact location, Force map
GelSight360 [28] ϕ 28 × 29.5 Shape

AllSight [29] ϕ 24 × 26 Contact location, Force
RainbowSight [30] ϕ 20 × 21.5 Shape

Digit Pinki [34] ϕ 15 × 16 Contact area, Force
UVDtact (ours) ϕ 18 × 24 Shape, Force

Note: The comparison was conducted only on the latest sensors developed after 2023.

by combining photometric stereo with marker information
[23]. However, the areas occupied by black markers cannot
be used for shape reconstruction, leading to a decrease in
shape reconstruction performance, which has been attempted
to be addressed through interpolation methods [33].

To address these issues, tactile sensors utilizing various
principles have been developed recently. Our previous work,
UVtac [16] used UV-reactive fluorescent inks (UV ink) to
achieve effective force estimation and object localization.
DelTact utilized densely arranged color patterns on the
elastomer, instead of sparsely placed markers, and employed
dense optical flow and natural Helmholtz-Hodge decompo-
sition to achieve shape reconstruction and force map estima-
tion [24]. 9Dtact utilized the phenomenon of a translucent
elastomer darkening with contact to perform shape recon-
struction and implemented force estimation using a dense
gel flow [25]. While these sensors have achieved multi-
functionality and compact form factors, their flat sensing
surface may not be suitable for general manipulation tasks.

Recent developments have advanced beyond flat sensing
surfaces, proposing various sensors with all-around shapes
and trending toward smaller diameters that approximate
human finger sizes. The Minsight sensor [27], similar to
its predecessor Insight [35], utilizes photometric stereo and
structured light to achieve contact location estimation and
force mapping in a compact size. However, using an internal
skeleton limits the contact force to within 2 N. DenseTact 2.0
[26], building on DenseTact [36], enhances tactile features
with randomized patterns and simultaneously achieves shape
reconstruction and force estimation. Nonetheless, using a
hemispherical elastomer without a rigid structure may af-
fect durability. AllSight [29] offers a low-cost, easy-to-
manufacture solution that achieves contact location estima-
tion and force estimation, utilizing the TACTO simulator
for data efficiency. GelSight360 [28] and RainbowSight [30]
each utilize a crossed LED PCB and rainbow illumination
strategy to apply photometric stereo technology to the all-
around shape sensor and achieve shape reconstruction. The
recently presented Digit Pinki [34] achieved the smallest
diameter by utilizing fiber optic bundles, but it involves a
bulky imaging and illumination system outside the sensing
elastomer.

Table 1 provides a comparative summary of all-around
vision-based tactile sensors, highlighting their sizes and func-
tionalities. Although all-around vision-based tactile sensors
have made significant strides through the aforementioned
studies, achieving a human fingertip-like form factor along
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Fig. 2. Exploded view of UVDtact sensor.

with shape reconstruction and force estimation remains chal-
lenging.

III. DESIGN AND FABRICATION

A. Design Criteria

The design criteria of UVDtact, aimed at achieving both
shape reconstruction and force estimation within a human
fingertip-like form factor, are as follows: 1) The sensor
should have a size comparable to that of a human fingertip
and feature an all-around 3D sensing surface. 2) An elas-
tomer design, fabrication process, and algorithms should be
devised to achieve effective shape reconstruction and force
estimation. 3) The sensor must be easy to manufacture,
durable, and designed such that all components, except the
wires for powering the LEDs and transmitting image data
from the camera, are housed inside the sensor.

To meet these criteria, the shape of the elastomer, which
determines the sensing surface, was designed as a half-
ellipsoid shape with a diameter of 18 mm and a height of
24 mm, based on the diameter [37] and surface area [38]
of a human index fingertip. Additionally, UV ink and a
translucent elastomer were utilized to embed tactile image
features that effectively support each function. Lastly, other
components were carefully designed to ensure durability and
ease of production. The structure and dimensions of the
UVDtact sensor are illustrated in Fig. 2. In the following
section, we describe the elastomer design developed to
meet the criteria. This is followed by a description of the
design choices and fabrication process for the detailed sensor
components.

B. Switchable Translucent Elastomer Design

To achieve shape reconstruction and force estimation, we
constructed a strategy to integrate the sensor features of
UVtac [16] and DTact [17], which had flat sensing surfaces
and applied them to an all-around sensor configuration. Our

previous work, UVtac, utilized the switchable properties of
UV ink to achieve effective force estimation under UV light
while preserving the quality of tactile images under white
light. Meanwhile, DTact demonstrated shape reconstruction
by leveraging the reflective properties of a translucent elas-
tomer using only white light without the need for RGB
lighting. By combining the advantages of both sensors, we
attempted to obtain separate tactile images for implementing
shape reconstruction and force estimation by integrating
switchable properties and the reflective characteristics of
the translucent elastomer. The independent tactile images
facilitate shape reconstruction by utilizing translucency while
keeping the markers invisible, and they can enhance force
estimation by incorporating marker-based features.

To realize this, we created a mixed elastomer by blending
a translucent elastomer with UV ink, which displays color
under UV light while maintaining translucency under white
light. Additionally, to ensure that UV markers are visible in
images captured by the camera due to color differences, we
designed a two-layer structure of mixed elastomer using two
different colors of UV ink. The two-layer mixed elastomer
was set to a thickness of 2 mm, considering the sensor size,
and each layer was designed with slots and protrusions. The
inner mixed elastomer layer was designed with a baseline
thickness of 1.5 mm and included slots corresponding to
the number of markers, while the outer mixed elastomer
layer had a baseline thickness of 0.5 mm and was designed
with protrusions to fill the slots. The shapes of the slots
and protrusions were designed as cylinders with a radius of
0.5 mm and a height of 0.5 mm, extended with hemispheres
of 0.5 mm radius, considering ease of fabrication and the
visibility of UV markers.

The colors of the two UV inks were carefully selected to
ensure that the mixed elastomer maintains similar translu-
cency under white light, preventing UV markers from being
visible and preserving the quality of tactile images. Red and
blue UV inks, which exhibited similar translucency in the
mixed elastomer under white light, were chosen. The red
UV ink was applied to the inner mixed elastomer layer,
while the blue UV ink was used for the outer mixed elas-
tomer layer. Lastly, to absorb internal light passing through
the translucent elastomer layers, a 0.4 mm-thick black gel
was placed around the outer edges of the mixed elastomer
layers. As a result, we developed an all-around translucent
elastomer design for shape reconstruction that appears darker
in camera images under white light, depending on the degree
of deformation. Additionally, the proposed switchable design
enhances tactile features for force estimation by allowing
the elastomer to darken based on the degree of deformation
under UV light, while simultaneously making the movement
of UV markers visible.

C. Details of the Components and Fabrication Process

Camera and Illumination system: Most compact vision-
based tactile sensors utilize miniature cameras equipped with
fisheye lenses and image sensors, such as the OV5647 and
IMX219, to capture the entire sensing surface. However,
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Fig. 3. The elastomer fabrication process of UVDtact. (i) Preparation of 3D-printed negative molds. (ii) Fabrication of silicone molds. (iii) Fabrication
of inner mixed elastomer. (iv) Fabrication of outer mixed elastomer. (v) Fabrication of black gel. (vi) Merging the elastomer with the acrylic shell.

these cameras typically have a large diameter of over 10 mm,
and the illumination system should be positioned outside this
diameter, making it challenging to achieve the compactness
of a human fingertip. To address this issue, we adopted a
commercial endoscopic camera (muC103P, COMedia Ltd.)
equipped with a CMOS image sensor (OVM6946, OmniVi-
sion), commonly used in medical applications. The adopted
endoscopic camera features a highly compact size with
a diameter of 1.5 mm and a height of 3 mm, providing
a 120-degree field of view (FOV). A 0.5 mm wire con-
nected to the camera transmits images to a desktop Uni-
versal Serial Bus (USB) port via a USB video processing
board (C8209DP, COMedia Ltd.), allowing the desktop to
stream 400 × 400 images at 30 fps.

For the illumination system, we designed a lighting printed
circuit board (PCB) capable of switching between emitting
UV light and white light. The lighting PCB consists of four
white LEDs, four UV LEDs (with a peak wavelength of
365 nm), two resistors, and a dual Single Pole Single Throw
(SPST) switch. The white and UV LEDs are alternately
arranged every 45 degrees to ensure uniform illumination,
with each forming separate parallel circuits connected to
resistors. The switch is connected to a 5V power source
and digital pins for controlling the white and UV LEDs
in a manner similar to [16]. Using the GPIO pins of a
Raspberry Pi board, the lighting mode can be switched
between white and UV LED modes. Additionally, a white
diffusion ring, fabricated using stereolithography (SLA) 3D
printing, was designed to prevent over-reflections from the
LEDs. However, since UV light does not pass through the
diffusion ring effectively, holes were created in the areas
corresponding to the UV LEDs, allowing UV light to directly
reach the entire sensing surface.

Elastomer Fabrication: The elastomer is composed of
two layers of mixed elastomer and a black gel, and it
is fabricated sequentially, starting from the inner layer.
Considering the manufacturability of the mixed elastomer
with a slot-and-protrusion structure, we adopted a method
utilizing negative molds, and the fabrication process begins
by printing these molds using an SLA 3D printer (Form 3,
Formlabs) (Fig. 3 (i)). Then, using the negative molds and
Mold Star 30 (Smooth-On), silicone molds corresponding
to the outer and inner boundaries of each layer are fabri-
cated (Fig. 3 (ii)).

The materials for the inner mixed elastomer, which is the
first to be fabricated using silicone molds, were selected as

Ecoflex 00-50 (Smooth-On, shore 00 hardness 50) and water-
based red UV ink (UV invisible ink, Ceres), considering
translucency and sensor sensitivity. Once Ecoflex 00-50 Part
A, Part B, and red UV ink are mixed in a ratio of 10:10:1
and degassed, the mixture is poured into the outer silicone
mold, then combine the inner silicone mold with the outer
mold to produce the inner mixed elastomer. After curing for
3 hours, the outer silicone mold is removed, and the inner
mixed elastomer along with the inner silicone mold is used
for the subsequent process (Fig. 3 (iii)).

The outer mixed elastomer is fabricated using the same
mixing ratio and process as the inner mixed elastomer,
with the only difference being that, among the materials,
the red UV ink is replaced with blue UV ink (Fig. 3 (iv)).
Subsequently, the black gel, which serves to absorb internal
light and block external light, is fabricated using a mixture
of Ecoflex 00-30 (Smooth-On, shore 00 hardness 30) Part
A, Part B, and black Silc-Pig (Smooth-On) in a 5:5:1 ratio,
following the same process (Fig. 3 (v)). After a curing time
of 4 hours, silicone molds are removed from the elastomer.
For sensor durability, a custom-fabricated transparent acrylic
shell from JLCPCB was utilized to serve as a rigid internal
skeleton. The acrylic shell is machined using computer nu-
merical control (CNC) and finished with vapor polishing, and
its half-ellipsoid section has a thickness of 2 mm, designed
considering the camera’s FOV. The fabrication process of the
elastomer part is finalized by attaching this acrylic shell to
the elastomer using clear silicone sealant (Fig. 3 (vi)).

Sensor Assembly: For the sensor assembly, the camera
holder, shell holder, and sensor base are fabricated using an
SLA 3D printer. As shown in Fig. 2, the sensor base, camera,
camera holder, lighting PCB, and diffusion ring are arranged,
and the components are secured to the sensor base using
instant adhesive. Likewise, the acrylic shell of the elastomer
part is attached to the shell holder with instant adhesive. To
ensure the fixation and easy replacement of the elastomer,
the sensor base and shell holder are fastened together with
three M1.2 bolts, completing the sensor assembly.

IV. SHAPE RECONSTRUCTION AND FORCE ESTIMATION

In this section, we introduce the methods for shape re-
construction and force estimation of UVDtact. The sensor
can switch between white LED mode and UV LED mode,
performing shape reconstruction in white LED mode and
force estimation in UV LED mode, as illustrated in Fig. 4.
The following subsections provide a detailed explanation of
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Fig. 5. (a) Data collection system, (b) Indenter used for the shape
reconstruction dataset, (c) Indenters used for the force estimation dataset.

the data collection process, shape reconstruction, and force
estimation methods for performing each function in the all-
around sensor configuration.

A. Data Collection

The data collection system, as shown in Fig. 5 (a), com-
prises an XYZ stage (EzROBO-5GX, Iwashita Engineer-
ing, INC.), two servo motors (MX-64AT, Dynamixel), a
force/torque (F/T) sensor (Nano 17, ATI), and indenters for
pressing the sensor. The XYZ stage, equipped with the
indenter, controls the indenter through Cartesian movement
across three degrees of freedom while the two servo motors,
to which the F/T sensor and UVDtact are attached, adjust
the sensor’s orientation (yaw and roll).

For the shape reconstruction dataset, a 3D-printed hemi-
spherical indenter with a diameter of 4 mm (Fig. 5 (b)) was
pressed in a normal direction onto the sensor surface to
depths of up to 1.6 mm. The collected dataset consists of
a total of 33,803 probing coordinates, comprising tactile
images and reference images paired with the 3D coordinates
of the indenter relative to the sensor.

For the force estimation dataset, six 3D-printed indenters
of various shapes were utilized, as shown in Fig. 5 (c). After
the indenter makes contact with the sensor surface in the

crop

crop

Tactile image

Reference image Extract 

Difference image

Image frame Sensor frame

(a) (b)

Fig. 6. (a) Image and sensor frame of the sensor, (b) Preprocessing
procedure of the shape reconstruction dataset.

normal direction at various positions, it applies normal and
shear deformations to the sensor. The normal and shear
deformations are applied up to a maximum of 1.4 mm, which
exerts a force magnitude (∥F∥) of up to about 8 N on the sen-
sor. The collected dataset includes 6,167 measurements per
indenter, totaling 37,002 image-force pairs, each consisting
of a measured force, a tactile image, and a reference image.
For comparison of force estimation performance, sensors
with fewer markers or without markers were also fabricated,
and a dataset of 37,002 samples was collected for each sensor
under the same deformation conditions.

B. Shape Reconstruction

The shape reconstruction of UVDtact is conducted in
white LED mode following the pipeline shown in the top
dashed box of Fig. 4. In white LED mode, the sensor exhibits
a darkening characteristic in response to deformation, where
the intensity variation value I∆(u, v) at a pixel position (u, v)
is influenced by both the three-dimensional position resulting
from the deformation and the pixel position (u, v). This rela-
tionship is nonlinear, making it difficult to derive an explicit
inverse function. Therefore, an appropriate mapping method
is required to estimate the 3D position using pixel positions
and intensity variation values for shape reconstruction.

To address this, we first considered the all-around na-
ture of the sensor and incorporated geometric relation-
ships by computing the ϕ value in the spherical coordi-
nate system (Fig. 6 (a)). Specifically, using the pixel coor-
dinates (uc, vc) at the sensor’s center, we directly com-
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Fig. 7. Tactile signals collected when different objects are pressed at various locations on the UVDtact, along with the corresponding shape reconstruction
results.

puted ϕ through a geometrically derived equation (ϕ =

tan−1
(

v−vc
u−uc

)
). Meanwhile, for the remaining two coor-

dinates (R, θ), a data-driven approach using a multilayer
perceptron (MLP) was employed to learn the nonlinear re-
lationship. Through this method, shape reconstruction can
be achieved while maintaining geometric consistency and
accounting for nonlinear relationships. Similar to [17], which
established a mapping list between intensity variation value
and depth and applied it across the entire sensing surface,
we applied this mapping to all pixels within the region of
interest (ROI) on the sensing surface, resulting in a point
cloud matching the pixel count of the ROI.

To implement the mapping above, preprocessing of the
shape reconstruction dataset is required (Fig. 6 (b)). First,
image processing is applied to the circular acrylic region
visible in the raw image to determine the center pixel
coordinates (uc, vc) and the radius of the ROI. Using this in-
formation, both the tactile and reference images are cropped
to 311 × 311, and the pixel values outside the ROI are set to
zero. Next, a difference image is obtained by subtracting the
cropped tactile image from the cropped reference image and
then converting it to a grayscale image. From the difference
image, we extract the pixel position with the highest intensity
variation along with its corresponding intensity variation
value. These extracted values are then paired with the sensor-
frame coordinates (R, θ) of the tip of the indenter. For
training the MLP, a dataset of 33,803 pairs was split into
training and test datasets in an 8:2 ratio. A small MLP model
with three hidden layers (3-32-32-32-2) was constructed
using ReLU activation, following a similar network structure
as [33]. The model was trained for 100 epochs with a batch
size of 64, using the mean squared error (MSE) loss function
and a learning rate of 0.001.

C. Force Estimation

The force estimation of UVDtact is conducted in UV LED
mode following the pipeline shown in the bottom dashed
box of Fig. 4. For force estimation, Resnet was selected as
the neural network, similar to [29]. The preprocessing of
the force estimation dataset followed a process similar to
that of the shape reconstruction dataset, where a difference
image was obtained. A difference image was then resized
to 224 × 224 × 1 and paired with the corresponding 3-axis
force values. Additionally, as shown in Fig. 5 (c), the dataset
of these pairs was divided into training and test datasets
based on the object. For training, the Resnet-18 implementa-
tion from the PyTorch library was used, with modifications
to set the input channel of the first convolutional layer to 1
and the output channel of the fully connected layer to 3. The
model was trained for 100 epochs with a batch size of 32,
using the L1 loss function and a learning rate of 1× 10−4.

V. EXPERIMENTAL RESULTS

A. Shape Reconstruction

To quantitatively evaluate shape reconstruction perfor-
mance, we assessed the shape reconstruction test dataset.
The mean and standard deviation of the L2 distance between
the predicted and actual 3D coordinates were measured as
0.172 mm and 0.136 mm, respectively. In Fig. 7, the qualita-
tive performance of shape reconstruction is demonstrated by
pressing various objects at different locations on the sensor.
The objects that made contact with the sensor included a
metal ball, a bolt head with a groove, a connector head, bolt
threads, and a multi-touch using a hand. The reconstructed
point clouds effectively captured the features of these diverse
objects. Since the sensor is compact, it frequently interacts
with relatively larger objects; however, even in such cases,
no significant distortions were observed, and the point cloud
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TABLE II
COMPARISON OF THE FORCE ESTIMATION PERFORMANCES

Sensor Mean absolute error (N) Standard deviation (N)
Fx Fy Fz Fx Fy Fz

Sensor 1
(85 UV markers)

0.110 0.116 0.134 0.142 0.154 0.178

Sensor 2
(43 UV markers)

0.166 0.167 0.256 0.219 0.223 0.402

Sensor 3
(no UV marker)

0.266 0.239 0.384 0.333 0.298 0.645

was reconstructed while reflecting the geometric features of
the object over a wide area. Additionally, due to the mapping
method that incorporates geometric relationships, the sensor
demonstrated consistent performance across contacts from
various orientations.

B. Force Estimation

We conducted a force estimation performance evaluation
to verify that the switchable translucent elastomer design
enhances tactile feature richness in UV LED mode, improv-
ing force estimation accuracy, while preserving tactile image
quality in white LED mode. To this end, in addition to the
sensor with 85 UV markers implemented using the slot-and-
protrusion structure, we also fabricated a sensor with 43 UV
markers. Furthermore, a sensor without UV markers was
produced by fabricating the inner and outer mixed elastomers
at once using red UV ink. Example reference, tactile, and
difference images of the fabricated sensors are shown in
Fig. 8.

The force estimation results for the test objects are pre-
sented in Fig. 9 and Table 2. The sensor with 85 UV markers
achieved an average mean absolute error (MAE) of 0.120 N
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Fig. 10. Example of force estimation results for a test object captured in
a real-time demonstration.

and an average standard deviation (Std) of 0.158 N. As the
number of markers increased, the average MAE tended to
decrease, with Sensor 1 exhibiting approximately a 60 %
reduction in average MAE compared to Sensor 3. These re-
sults highlight that UVDtact enriches tactile features for force
estimation by incorporating marker movement (Fig. 10). A
denser arrangement of markers contributes to a more de-
tailed representation, leading to improved force estimation.
Furthermore, we confirmed that the markers embedded in
the sensor are not visible in white LED mode, ensuring that
the tactile images for shape reconstruction are not compro-
mised (Fig. 8). Although force estimation performance could
be further improved through different model architectures
and marker arrangements, we focused on validating the
effectiveness of this design.

VI. CONCLUSION

In this work, we present UVDtact, a vision-based tac-
tile sensor with a fingertip-like form factor. By proposing
a switchable translucent elastomer that combines UV ink
with a translucent elastomer, the sensor selectively utilizes
UV markers to enhance tactile features while leveraging
the reflective properties of the translucent elastomer. This
design supports uncompromised shape reconstruction and
enhanced force estimation by ensuring that shape recon-
struction remains unaffected by the markers while making
them visible when necessary for force estimation. To achieve
shape reconstruction in an all-around sensor configuration by
leveraging translucency, a data-driven calibration method was
adopted, and the shape reconstruction error was measured
as 0.172 mm. Furthermore, the impact of UV markers on
force estimation performance was validated by comparing
elastomers with different marker configurations. A dense
arrangement of UV markers resulted in a force estimation
error of 0.120 N, marking a 60 % reduction compared to a
configuration without markers. Notably, the placement of UV
markers did not affect the quality of tactile images used for
shape reconstruction.

Nevertheless, the proposed sensor has several drawbacks
that need to be addressed. The sensor has a diameter of
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18 mm, which is comparable to a human index finger but
larger than a little finger. Achieving a more compact design
would require selecting a smaller UV LED that still provides
adequate illumination instead of the relatively large 3.5 mm
diameter UV LED currently used. Additionally, integrating
transfer learning capabilities, as demonstrated in [26], [29],
is necessary to improve data efficiency. Future work will
address the considerations mentioned above and utilize the
integrated UVDtact with an anthropomorphic robotic hand
to perform various dexterous object manipulation tasks.
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