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Abstract

Humanoid robots and human-machine interaction technologies are essential for perceiving and manipulating
millimeter-scale objects with irregular surfaces in extreme environments, such as outer space, radioactive zones, and
hazardous sites with explosive ordnance, where human access is restricted. A vision-based perception approach
provides spatial and positional information about objects but relying solely on it for robot manipulation poses
challenges due to limitations in detectable object size, as well as sensitivity to external factors such as focusing issues,
occlusion, and lighting conditions. In contrast, tactile perception offers valuable information about aspects that are
difficult to discern visually, including an object’s shape, surface characteristics, and the forces involved during contact.
This study presents a complementary visual localization and tactile mapping framework that allows robots to
effectively perceive small objects with irregular surfaces in visually restricted environments. The proposed method
draws inspiration from the sequential vision-tactile sensory processing observed in humans when handling small
objects with irregular surfaces. It employs an RGB-Depth camera for visual perception and a soft pressure sensor array,
made using inkjet printing, for tactile perception. We demonstrate the feasibility of implementing a sensory
substitution to detect the size and location of objects through visual perception, as well as identify object surfaces and
reconstruct their three-dimensional profiles using tactile scanning, particularly in environments where visual
information is limited. This study provides a technological foundation for enhancing the autonomy and adaptability of
humanoid robots in unpredictable and unstructured environments, particularly to support precise robot manipulation
in such conditions.

screws and pressing buttons. To achieve this, recent
research in robotics increasingly draw on human sensory
modalities such as vision and tactile’"'°. By leveraging such
sensory information, robots can achieve a comprehensive

Advancements in humanoid robotics and
human—machine interaction have revolutionized dexterity
and adaptability, enabling human-like performance'~.

Specifically, humanoid robots have attracted significant

attention in extreme environments where human access is
restricted, including space exploration, nuclear accident
response, and explosive ordnance disposal*™®. Such robots
are designed to perceive and explore their surroundings like
humans and perform complex tasks such as tightening
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understanding of their environment, accurately perceive the
properties of objects, and ultimately perform precise
manipulation tasks. To ensure reliable perception in
unstructured and unpredictable environments, it is essential
for robots to use visual and tactile information in a mutually
complementary manner that can substitute for one another
depending on the situation, enabling robust and precise
robotic manipulation.

Traditionally, humanoid robot technologies have pre-
dominantly relied on vision-based approaches'"'?,
Advances in deep learning and three-dimensional (3D)
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data processing have facilitated vision-based object
recognition and segmentation, leading to the widespread
adoption of cameras and other optical devices as primary
tools in robot systems'>'*. Vision-based technologies
employ various sensor configurations, including
red—green—blue (RGB), RGB-Depth, and light detection
and ranging (LiDAR), to accurately capture object shape
and position, offering significant advantages in shape
analysis and recognition'>™"”. However, these technolo-
gies are susceptible to environmental factors such as
focusing issues, occlusion, and lighting conditions, which
can hinder precise object detection and pattern analy-
sis'®!?. These limitations can arise suddenly, especially in
unstructured environments. As a result, it becomes diffi-
cult to recognize small objects with complex structural
patterns or respond immediately to changes, thereby
limiting the effectiveness of these robots in precision tasks
for micromanipulation

Touch is a primary sense that humans use to compen-
sate for limited visual information or to obtain informa-
tion that cannot be acquired through vision alone, making
it highly suitable for application in humanoid robots. For
example, tactile sensing can provide information regard-
ing object shape or protrusions, in addition to visual
information®*~**, To meet these demands, tactile sensors
should provide a wide sensing range, high spatial resolu-
tion, and resistance to mechanical deformation artifacts.
However, many existing flexible tactile sensors do not yet
fully satisfy these requirements, which poses challenges in
tasks that demand fine tactile perception, particularly in
distinguishing the geometric and structural details of
millimeter-scale objects with irregular surfaces* 2,
Under such performance limitations, humanoid robots
equipped with these tactile sensors often obtain only
limited information, such as simple contact detection or
pressure localization, when interacting with objects®>*.
As a result, it becomes difficult to acquire fine detailed
shape information, including local geometry, micro-
structures, and small protrusions, which is essential for
precise perception. Moreover, tactile sensing alone has
inherent limitations in unstructured and unpredictable
environments. Although tactile sensing is sensitive to
surface properties, it is relatively limited in identifying a
target’s global position, orientation, and the overall
structure of the surrounding environment. Therefore,
precise perception requires additional sensory support,
such as vision, and more importantly, coordination
between senses that can compensate for one another
when visual information becomes restricted or incom-
plete. Nevertheless, current research still tends to focus
primarily on single sensory modalities, with limited
exploration into complementary multimodal strategies
that can compensate or substitute when one modality is
constrained®' %,
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To overcome these limitations, this study proposes a
complementary visual localization and tactile mapping
approach, enabling robots to effectively perceive small
objects with irregular surfaces, particularly in environ-
ments where visual information is limited. This approach
mimics the human sequential visual-tactile perception
process. Specifically, a single RGB-Depth camera, which
imitates human vision, is used to recognize the spatial and
positional information of objects. When visual informa-
tion is restricted due to environmental factors, a soft
tactile sensor array, fabricated using inkjet printing tech-
niques with soft polymer-based materials, is used to
detect fine shape and surface information of the object,
thereby complementing or substituting the visual input
(Fig. 1). In addition, by employing a tactile scanning-based
fine surface reconstruction technique, this study provides
a technical foundation for extending the sensory cap-
abilities of humanoid robots to support precise robot
manipulation.

Results and Discussion
Tactile Perception for Millimeter-Sized Objects with
Irregular Surfaces

Figure 2a presents a schematic illustrating the deposition
of deformable metallic materials using the inkjet printing
technique employed in this study. Inkjet printing has
emerged as a promising fabrication method for electronic
devices, offering several advantages over conventional
electrode-patterning techniques® *'. In contrast to tradi-
tional methods, this approach enables rapid, high-resolution
electronic device patterning on large-area substrates without
the need for cleanroom conditions or masking. Additionally,
inkjet printing allows the deposition of soft, flexible polymer
metal composite materials, while offering high design-
fabrication adaptability, scalability to large areas, and the
ability to tune electrode thickness and sensing performance
through repeated additive electrode deposition (Table S1).
The fabrication process is described in detail in the Methods
section. Figure 2b demonstrates that the inkjet printing
process, utilizing additive printing, enables the deposition of
metallic materials with a thickness of up to 20% of the
designed line width. Using additive printing technique to
deposit thick metallic layers reduces the electrical resistance
of the electronic device (Figures S1 and S2). Furthermore,
the results presented in Figures S3 and S4 indicate that
additive printing lowers the electrode line resistance and
mitigates leakage currents and signal interference, thereby
enhancing overall device performance.

The functionality of deformable metallic materials and
substrates was evaluated by fabricating a deformable Ag
trace of width 0.5 mm and length 40 mm. Figure 2c presents
the resistance variations measured under applied pressure
as a function of the substrate type. When deformable
metallic material is deposited on a rigid substrate, the
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Fig. 1 Complementary visual localization and tactile mapping approach for robotic manipulation of millimeter-sized objects with irregular
surfaces. Conceptual illustration of complementary visual localization and tactile mapping framework, inspired by human sensory complementation
process to enable cooperative vision-tactile sensing for micromanipulation

electrical properties exhibit minimal changes under external
pressure. In contrast, when fabricated on a soft elastomeric
substrate such as styrene—ethylene—butylene—styrene
(SEBS), the electrical properties undergo significant varia-
tions due to the applied pressure and tensile stress induced
by the mechanical deformation of the substrate. A 2 x 2 mm
electrode was fabricated on the SEBS substrate to assess
electrode deformation under applied pressure using both a
deformable electrode material and substrate (Fig. 2d).
Additionally, the height change of the electrode under
vertical loading was measured, confirming that the resis-
tance variations observed in previous experiments were
from the deformation of the electrode’s cross-sectional area
under applied mechanical force. Notably, this deformable

electrode structure increased the cross-sectional area under
vertical pressure, a crucial characteristic in capacitor sensor
fabrication. When incorporated into tactile sensors, this
property enhances sensor sensitivity under identical pres-
sure conditions. Figure 3a presents the structure of the
fabricated capacitive pressure sensor. The pressure sensor
was designed to replicate the role of Merkel receptors, a
type of human tactile mechanoreceptor specialized in
detecting pressure and subtle surface details**™**, In this
structure, two parallel electrodes are separated by a
dielectric layer. The capacitance of the sensor is determined
by the permittivity of the free space between the parallel
plates, the relative permittivity of the dielectric, the distance
between the electrodes, and the overlapping area of each
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Fig. 2 Inkjet printing process and functional evaluation of deformable metallic materials for tactile sensing applications. a Schematic
illustration of the deposition process for deformable metallic materials using inkjet printing. b Cross-sectional profile of the printed metallic traces.
c Electrical resistance variations under applied pressure depending on the substrate type. d Deformation and height change of the electrode
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electrode. When an external force compresses the sensor,
the distance between the electrodes decreases, resulting in
an increase in capacitance, thereby enabling tactile sensing.
Recent studies have investigated the application of two-
dimensional (2D) interdigitated capacitor (IDC) designs for
tactile sensor integration%. However, such 2D capacitor
structures present inherent limitations in sensor array

scalability, including a low initial capacitance and reduced
sensitivity (Figures S5 and S6). Therefore, in this study, a
parallel-plate capacitor structure was adopted for the fab-
rication of soft tactile sensors.

The proposed parallel-plate capacitive soft tactile sensor
incorporates a microstructured dielectric layer rather than
a uniform dielectric layer to achieve high sensitivity and a
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Fig. 3 Performance evaluation of the parallel-plate capacitive tactile sensor with an ISD layer. a Schematic of the parallel-plate tactile sensor
structure. b Surface roughness measurement of the fabricated ISD layer. ¢ Sensor performance variation based on the roughness of the ISD layer.
d Performance evaluation of the soft tactile sensor based on additive printing cycles. e Detection of an ultralight load (~
soft tactile sensor, demonstrating its high sensitivity, thus mimicking human tactile perception. f Response and recovery time analysis of the tactile
sensor. The sensor exhibits a response time of approximately 48 ms and a recovery time of approximately 204 ms, influenced by the high surface
energy of the soft elastomer substrate, with a sampling rate of 60 Hz. g Evaluation of the sensor’s ability to detect pressure variations. The soft tactile
sensor accurately distinguishes quantitative weight differences, similar to human tactile sensation. h Evaluation of the sensor’s durability under cyclic
loading, showing stable performance after 5000 loading—unloading cycles under an applied pressure of 6.52 kPa

23 Pa) using the proposed

fast response time**™*®, The fabricated microstructured
dielectric layer was developed using sandpaper with an
irregular surface, as opposed to conventional materials
using fabrication techniques such as three-dimensional
(3D) printing or semiconductor lithography. This
approach enables a cost-effective and batch-process-
compatible fabrication method®. Figure 3b and Figure
S7 present the roughness (Ra) measurement results of the
irregular surface dielectric (ISD) layer formed based on
the sandpaper grit size. The roughness of the ISD is clo-
sely related to the sensor’s sensitivity (Fig. 3c). In this

study, ISD 3 was selected as the final dielectric layer, as it
exhibited the lowest roughness and demonstrated an
excellent sensitivity of 0.3458 kPa ' within a low-pressure
range of 0-0.8 kPa.

Figure 3d and Figure S8 show the capacitance variation
of the soft tactile sensor in response to applied pressure.
The electrodes of the tactile sensor were classified based
on the number of additive-printing cycles. The maximum
measurable pressures for electrodes printed once, twice,
and three times were 350, 450, and 600 kPa, respectively.
These results indicate that increasing electrode height
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expands the range of cross-sectional area variation under
pressure. The primary objective of this study was to
develop a tactile sensor suitable for humanoid robots
capable of replicating human activities. Accordingly, a
single-printed electrode was selected, as it exhibited the
most stable response and the lowest hysteresis within
approximately 300 Pa, which corresponds to the typical
pressure range perceived by human fingertips®®. Experi-
mental results shown in Figures S9 and S10 indicate that
the deformable soft sensor with single-printed electrodes
demonstrated approximately a 130% improvement in
performance compared with a conventional flexible sen-
sor with a parallel-plate capacitor structure under the
same load conditions. These findings highlight additive
printing technology as a powerful tool for fabricating
tactile sensors tailored to various humanoid robot appli-
cations with varying pressure requirements.

The ability of the fabricated soft tactile sensor to replicate
tactile perception was experimentally validated. To achieve
human-level tactile sensitivity, a sensor must be capable of
detecting minute loads. The proposed tactile sensor suc-
cessfully detected an ultralight load of approximately 23 Pa
(Fig. 3e). The distinctive properties of the sensor, resulting
from the integration of a microstructured dielectric layer
and a deformable electrode, were further analyzed. The
experimental results for response and recovery times are
presented in Fig. 3f. These measurements were acquired
using a sampling rate of 60 Hz to ensure accurate temporal
resolution. When external pressure was applied, the relative
capacitance increased from its minimum to maximum
value within approximately 48 ms. Conversely, upon pres-
sure release, the recovery time was measured to be
approximately 204 ms, which was slightly longer than the
response time; this was attributed to the high surface energy
of the soft elastomer substrate. Furthermore, the practical
applicability of the fabricated sensor was assessed through
contact detection performance tests. Initially, the sensor’s
ability to detect pressure variations corresponding to
quantitative weight changes was evaluated. The proposed
soft tactile sensor effectively distinguished quantitative
weight differences, mimicking the way humans perceive
variations in contact force through tactile sensation
(Fig. 3g). Finally, the response stability of the sensor was
evaluated under 5000 loading cycles with an applied pres-
sure of 6.52kPa (Fig. 3h). The sensor maintained stable
performance throughout the test, and cross-sectional
inspection before and after cycling confirmed that no elec-
trode detachment from the substrate occurred (Figure S13).

Figure 4a illustrates the structure of the expanded soft
tactile sensor array. The sensor array was designed in a
passive matrix configuration, with 100-pixel electrodes
arranged on both the top and bottom layers, separated by
a microstructured dielectric layer. Pressure data collected
from each pixel electrode were analyzed sequentially
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using a multiplexing technique (Figure S11). The soft
tactile sensor array comprises 13.5 electrodes per cm®
(Fig. 4b), which, although lower than the density of tactile
receptors in the human fingertip, enables not only basic
contact detection but also shape recognition through its
electrode distribution, functionally resembling the spatial
arrangement of human tactile receptors® >, Further-
more, the sensor array exhibited a tensile strength of
approximately 7.06 MPa, which is comparable to that of
human finger skin (4.6-20 MPa)°**°. This similarity
enables localized deformation, rendering the sensor well-
suited for precise tactile-sensing applications. The soft
tactile sensor array, fabricated using an inkjet printing
process, demonstrates scalability in both large-area fab-
rication and miniaturization (Fig. 4c). This adaptability
makes it suitable for a range of applications, including
palm-sized (66.4 x 66.4 mm, 13.5sensors/cm®) and
finger-sized (9.45 x 9.45mm, 71.7 sensors/cm?) imple-
mentations. Figure 4d presents a conceptual diagram of
the ideal shape visualization when a ring-shaped struc-
ture, smaller than the sensor, is placed on its surface.
Theoretically, the developed soft tactile sensor should
enable precise shape detection of objects measuring
several tens of millimeters. Its mechanical response was
evaluated by performing finite element analysis (FEA) in
COMSOL Multiphysics; the stress distributions of the
developed soft tactile sensor substrate was compared
with that of an existing flexible tactile sensor substrate
based on their respective Young’s modulus (Fig. 4e). The
results indicate that, in contrast to the conventional
flexible sensor, the soft tactile sensor exhibits localized
deformation, thereby facilitating fine shape detection
similar to that of human skin.

Based on the simulation results, the developed soft
tactile sensor array was employed for shape-sensing
visualization, demonstrating its applicability in micro-
manipulation. Figure 4f presents a graph depicting the
average pressure data measured in both the contact and
noncontact regions when a ring-shaped structure was
placed on the sensor. The developed soft sensor exhibits
less stress dispersion upon contact, resulting in sig-
nificantly reduced noise propagation. As a result, it shows
a much greater pressure difference between areas where
the target structure makes contact and where it does not,
thereby improving shape detection performance com-
pared to a conventional flexible sensor. This reduced
noise propagation is crucial for accurately detecting fine
structures, such as ring-shaped geometries. Furthermore,
Figure S12 demonstrates that the sensor can capture not
only ring structures but also other complex geometries.
These findings suggest that soft material-based high-
precision shape-sensing tactile sensors can significantly
enhance micromanipulation capabilities, particularly
when integrated into humanoid robots.
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Visual perception for millimeter-sized objects with
irregular surfaces

The object-shape reconstruction capability of the RGB-
Depth camera was then evaluated, thereby realizing the
performance assessment of the vision-based part of the
system. The vision system comprised an RGB camera and
a stereo depth sensor equipped with an infrared (IR)
projector. The evaluation experiment was performed by
maintaining a fixed distance of 30 cm between the object
and camera, reflecting the arm length of the robot while
varying the illumination conditions. When only the RGB
camera was utilized, object position information could be
acquired; however, distinguishing height variations on the
object’s surface proved challenging. Moreover, under low
illuminance conditions below 101x, the Mean Average
Precision at Intersection over Union (IoU) 0.5 (mAP50)
decreased to 0.706, whereas under normal lighting above
100 Ix, the model maintained a highly stable performance
with an mAP50 of approximately 0.995. This degradation
is a typical phenomenon observed in RGB based vision
systems, as insufficient lighting makes it difficult to cap-
ture reliable color, contrast, and contour information of
the target object. Here, mAP50 is a standard evaluation
metric for object detection models, measuring whether
the predicted bounding box achieves at least 50% IoU
with the ground truth. Thus, the reduced mAP50 in low
light conditions indicates that the model struggles to
accurately estimate the object’s position and outline,
demonstrating that RGB based vision alone becomes less
reliable for object recognition when illumination is
unstable (Fig. 5a). This limitation can be partially miti-
gated through the incorporation of a depth module. The
depth module, equipped with an IR projector, facilitated
the recognition of both the overall shape and position of
the object, irrespective of illumination conditions (Fig.
5b). However, the depth module primarily provides
macroscopic depth information, such as object bound-
aries; it exhibits limitations in capturing fine surface
details within the object. By contrast, the developed soft
tactile sensor effectively detected fine surface details, even
under varying environmental conditions, by directly
interacting with the target object. This tactile sensing
capability complements the limitations of the vision sys-
tem, enabling the acquisition of surface information that
visual input alone could not provide (Fig. 5c).

Evaluation of complementary visual and tactile sensing for
object recognition

The performance of the tactile sensor, as a means to
complement or substitute the vision system, was eval-
uated through experiments assessing its ability to detect
fine surface structures. Figure 6a illustrates the conceptual
framework for complementarily utilizing humanlike
vision—tactile perception into a robotic system. The robot
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initially acquires spatial and positional information about
the target object from a distance using an RGB-Depth
camera.

In situations where visual perception is constrained by
environmental factors, fine surface features are acquired
through direct contact with the object via the soft tactile
sensor. An experiment was conducted to examine the
impact of a complementary vision—tactile sensing
approach on recognizing objects with complex surface
structures for humanoid robotics applications. The
detection of a single object with microscopic surface
protrusions (4.8 x 4.8 x 3 mm in width, length, and height)
was independently investigated using the vision and tac-
tile systems (Fig. 6b). When only the RGB camera was
employed, the system determined the presence and
position of the object based on pre-trained data within the
camera’s field of view. Moreover, scanning the object’s
surface with the tactile system verified the presence of
surface protrusions and precisely captured height varia-
tions. The developed tactile system successfully detected
not only a single protrusion but also multiple protrusions
of varying sizes (each of width and length 2 x 2 mm,
4.8 x4.8 mm and 7.6 x 7.6 mm) simultaneously (Fig. 6c).
Furthermore, the tactile system effectively identified
height variations in surface protrusions of different
heights (2 mm, 3 mm, and 4 mm) (Fig. 6d). These results
indicate that vision and tactile sensors serve com-
plementary functions. While each modality has its
strengths, the tactile sensor was particularly effective in
capturing surface shape information that is challenging to
obtain through vision, suggesting its potential to support
shape perception under visually constrained conditions.
Finally, this study evaluated the potential of the tactile
sensor to substitute for vision under visually constrained
conditions. The experiment was designed to mimic the
sequential perception process of humans, in which visual
sensing is used first to recognize the object and estimate
its position. Then, under conditions where visual infor-
mation becomes limited due to environmental changes,
the tactile sensor was employed to assess whether it could
compensate for the information that is difficult to obtain
visually.

Figure 7a presents the results of the object recognition
experiment conducted using a vision sensor. In this
experiment, the YOLOV11 algorithm®® was employed for
object detection in RGB images, with training data col-
lected using an RGB-Depth camera. Various color cor-
rection and data augmentation techniques were applied to
enhance the sensor’s performance under different envir-
onmental conditions. The trained vision system success-
fully measured the shape of a tablet blister pack
(6.6 x 13 cm width and length) and accurately recognized
objects within the typical operational range of the robotic
arm (~400 mm)>’. However, despite bright conditions
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(above 12001x), object detection was hindered due to
focus issues at close range and occlusion. Additionally, it
failed under highly low-light conditions (below 50 Ix).
These limitations emphasize the need for an alternative
sensing modality, suggesting that tactile sensing may not
only serve as a complementary input but also as a sub-
stitute when visual perception is unreliable or fails.

Visual sensing limitations were addressed by investi-
gating the potential of tactile sensing in conditions where
visual sensing was infeasible. Figure 7b illustrates the
experimental setup used to recognize surface textures and
geometric features at the millimeter scale using a soft
tactile sensor. As the tactile sensor was smaller than the
target object, simultaneous scanning of the entire surface



Jang et al. Microsystems & Nanoengineering (2026)12:91

Page 10 of 13

; RGB-depth
| A Camera sensor

W 10 x 10 Soft tactile
&  sensor array

Object position information

Object

Target object
RGB Image

Side view

"‘ ,

.

Vision localization

Object localization

Fig. 6 Complementary vision-tactile sensing for object recognition. a Conceptual framework of sequential vision-tactile perception, shape and
surface detection for (b) single protrusion, (c) multiple protrusions of the same height, and (d) multiple protrusions of different heights

Object shape & surface information

Tactile mapping

2D heatmap 3D Surface modeling

Low s High
Capacitance response

* Shape 3

-

was not possible. Hence, a tactile scanning technique was
implemented, segmenting the object’s surface into mul-
tiple regions and integrating the scanned data to recon-
struct a complete surface profile. Relative surface height
variations were introduced by randomly removing tablets
from the tablet blister pack. The final visualization con-
firmed that the system successfully reproduced fine sur-
face features at the millimeter level, accurately capturing
the shapes of individual pills (7 x 18 mm width and
length). These results suggest that in situations where
visual perception is restricted, tactile sensing can identify
the shape and intricate surface patterns of objects through
direct contact. This capability not only complements
visual information but may also serve as a viable

substitute for vision. This function extends beyond a
simple auxiliary modality and proposes the possibility of
incorporating a sensory substitution mechanism.

Conclusion

This study proposed a complementary visual localiza-
tion and tactile mapping approach that enables stable
object perception across diverse environments, ultimately
providing a technical foundation for precise robot
manipulation. The proposed method utilizes a single
RGB-Depth camera to gather spatial and positional
information about the target object. In visually con-
strained conditions due to environmental changes, it also
incorporates a soft, inkjet-printed tactile sensor as a
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complementary modality. Subsequently, the developed
tactile scanning system successfully mapped the shape
and millimeter-scale surface height variations of the
object. These results suggest that the tactile sensor not
only complements visual information but can also serve as
an alternative sensing modality when visual perception is
limited.

The findings of this study provide a foundation for
designing sensory substitution mechanisms that enhance
the autonomy and adaptability of robots in unstructured
environments through a simple system inspired by the
human sequential sensory perception process, ultimately
enabling reliable perception and control for precise robot
manipulation. Future work will focus on developing
algorithms that integrate sequential visual and tactile
inputs in a complementary manner to improve real-time
applicability and extend system performance under
diverse environmental and object conditions. Addition-
ally, efforts will be directed toward improving the reso-
lution of the tactile sensor to further increase the
precision of manipulation tasks.

Methods
Fabrication of pressure sensor

The soft substrate was prepared by drop-casting a
solution of styrene—ethylene—butylene—styrene (SEBS)
H1062 (Asahi Kasei, Japan) and toluene (1:10) onto a
trichlorosilane ~ (99%, Sigma-Aldrich)-treated glass

surface. Subsequently, silver (Ag 50-90%, benzyl alcohol
1-50%, NanoPaint) electrodes were inkjet-printed onto
the SEBS H1062-coated glass using a Nova (Voltera)
printer. The inkjet printing parameters were optimized
prior to sensor fabrication. The nozzle diameter was
selected to match the designed line width, and the
printing speed was adjusted to obtain continuous and
uniform line formation. The printing height, defined as
the distance between the nozzle and the substrate, was
subsequently tuned to ensure stable deposition without
line discontinuity. The final parameter set was deter-
mined by comparing the printed patterns with the
designed geometries to ensure high fidelity and stable
electrode formation (Figure S14). The printed electrodes
were then cured at 120 °C for 20 min to remove the sol-
vent, resulting in the formation of solid Ag electrodes. An
ISD thin film was fabricated by spin-coating a SEBS
H1062/toluene solution (1:10 ratio, identical to the sub-
strate) onto a trichlorosilane-treated irregularly struc-
tured replica mold. The coated film was subsequently
heated at 120 °C for 1 min to eliminate any residual sol-
vent. The structured layer, composed of SEBS H1062,
exhibited elasticity across a broad temperature range.
Adhesion was enhanced by spin-coating a layer of sticky
and highly deformable ISD SEBS H1221 under identical
conditions. Due to the extreme thinness of the ISD layer,
a water-soluble tape was applied to facilitate its transfer
onto the SEBS substrate with Ag electrodes.
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Electrical & physical characterization

Pressure was applied by simultaneously connecting and
operating a force gauge (Series 7, Mark-10) and a
motorized stage (ESM303, Mark-10). Capacitance mea-
surements of the tactile sensor under applied pressure
were conducted using an LCR meter (E4908a, Keysight) at
1V and 2 MHz, with data acquisition via NI LabVIEW
program (NI, National Instruments). Electrical resistance
variations due to electrode and substrate deformation
were measured by applying, 1 V DC using a source meter
(Model 2400, Keithley). The surface roughness (Ra) of the
ISD was measured using a DektakXT profilometer (DXT-
A). The equation for roughness measurement is as fol-
lows:

1 L
Ra = Z/0|r(x)|dx

Stress distribution was simulated using COMSOL
Multiphysics (v6.2) with a Solid Mechanics module.
Material properties, such as Young’s modulus, were
defined, and a pressure load of 0.216 N was applied. The
von Mises stress was analyzed to evaluate mechanical
performance under fixed boundary conditions. Surface
and slice plots were used to visualize the stress distribu-
tion in the model.

System configuration

A Z-axis conductive tape (ACF, 3 M) was affixed to the
contact pad of the tactile sensor array and a flexible flat
cable was attached to connect the sensor. A multiplexer
(CD74HC4067, SparkFun) was employed to sequentially
measure pressure from each electrode in the sensor array.
The acquired pressure data were transmitted to a
microcontroller unit (MCU) (Arduino Uno) via serial
communication, where they were converted into digital
values. The processed data were visualized in real-time
using MATLAB plots, reshaped into a 10 x 10 matrix, and
displayed using an interpolated color map. To establish a
stable baseline after sensor integration, the initial capa-
citance was calibrated in the attached state. The MCU
first collected an 10 x 10 set of readings, discarded the first
nine points to remove transients, and stored the tenth
value as the baseline C,. Subsequent measurements were
processed in real time as AC/Cy. This procedure ensured
stable reference values even when the sensor was moun-
ted on slightly curved surfaces. RGB and depth images
were captured using an RGB-Depth camera (Intel
RealSense D455).

Object detection using YOLO algorithm

The YOLOv1l algorithm was employed to detect
objects in the RGB images with the training data collected
using an RGB-Depth camera. A customized training
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pipeline was designed to enhance the robustness and
performance of the model. The model was trained for 100
epochs with a batch size of 16 and input image size of
224x224. The generalization and ability to address var-
iations in the data was improved by applying several
augmentation techniques: hue shift (hsv_h=0.015),
saturation gain (hsv_s = 0.7), and value gain (hsv_v=0.4)
to account for color variations, along with vertical and
horizontal flipping (probability =0.5 each) to introduce
spatial diversity. Mosaic augmentation was used to create
more complex training samples by combining multiple
images, and random rotations within 30° further diversi-
fied the dataset. These augmentations, combined with the
optimized hyperparameters, were designed to maximize
the detection performance of the model for a given
dataset.
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