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THE BIGGER PICTURE Tactile perception is essential for safe robot interaction with humans and complex
environments, particularly as emerging healthcare and wearable systems require large-area, conformable
tactile interfaces. However, scaling tactile systems remains challenging, as increasing sensor density is often
accompanied by greater wiring complexity, bulky electronics, and limited reconfigurability, hindering prac-
tical deployment. Modular tactile systems have been proposed to improve flexibility and reconfigurability,
but many still rely on complex electrical interconnections that constrain scalability. Addressing these limita-
tions requires a system-level design shift. To bridge this gap, we present a modular tactile platform based on
sequential optical sampling that decouples hardware complexity from sensor scalability. Combined with ma-
chine learning-enhanced super-resolution, this approach provides a customizable and practical solution for
next-generation human-robot interfaces.

SUMMARY

Tactile sensors are essential for physical human-machine interaction, but array architectures are limited in
scalability, wiring complexity, and adaptability to nonuniform surfaces. Here, we present a modular tactile
sensor platform based on sequential optical sampling that enables scalable signal acquisition from arbitrarily
arranged sensor modules using a fixed number of electrical connections. Each module integrates a light-
emitting diode (LED) and a photodiode (PD) within a unified optical readout scheme. The system supports
pressure mapping over a 0-100 kPa range with a 0.15 s response time, plug-and-play reconfiguration, and
miniaturization down to 4 x 4 mm per module. A machine learning-assisted force localization approach
achieved a spatial resolution of 2.5 mm with a mean prediction error of 16.0 mN. Robotic integration demon-
strated contact detection and safety-triggered control.

INTRODUCTION the requisite bulkiness of multi-channel circuit boards.”® These
constraints are particularly critical in conformable applications,
where excessive interconnects on curved geometries exacer-
bate integration difficulties and the risk of mechanical entangle-
ment or failure.

To overcome these challenges, researchers have explored

modularization strategies in tactile sensor design. Module-level

Tactile sensors allow machines to detect and respond to phys-
ical contact, providing feedback in tasks that involve manipula-
tion, interaction, or safety.'™ As robotics continue to expand
into healthcare, manufacturing, and consumer environments,
there is an increasing need for scalable, reconfigurable, and

conformable tactile sensors.*~° Conventional readout strategies,
such as discrete wiring and row-column addressing, face severe
scalability bottlenecks due to increasing wiring complexity and

integration of microcontrollers and analog-to-digital converters
has been proposed to support distributed processing and
flexible layouts.’®'> Such approaches lead to high power
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consumption and increased cost due to duplicated electronics.
Event-based spike sensing has been introduced as an energy-
efficient readout strategy that generates potential spikes only
when dynamic forces occur. While this principle enables low-po-
wer operation through event-based sensing with a fixed number
of wirings, it lacks the capability to detect static loads."® Fre-
quency domain encoding enables signal distinction through
resonant frequencies but suffers from spectral interference and
requires per array recalibration.®’ Machine learning-assisted
identification based on shape-induced response variation can
improve performance, but it requires more training data, as the
number of sensor modules increases.”'* These prior methods
show practical limitations in power consumption, sensing capa-
bility under static and dynamic loading, calibration complexity
for individual sensors, and recalibration requirements for each
array. It is necessary to develop a modularized sensor that can
be customized into various array configurations while maintain-
ing a fixed number of connections between the sensor array
and the central controller, overcoming the remaining limitations.
To clarify the distinctions among existing modular and optical
tactile sensing strategies, a comparative summary of represen-
tative approaches—including discrete, multiplexer-based, elec-
trical impedance tomography (EIT), frequency domain, and ma-
chine learning-based methods—is provided in Table S1.

In this work, we present a modular tactile sensor platform
based on a shift register-based sequential optical sampling
(SRSOS) method. Using shift registers,'>'® where digital data
cascade sequentially through a chain of flip-flops triggered by
a clock signal, this approach enables pressure data acquisition
from a large number of sensor modules through a compact set
of control and readout lines. By sequentially activating each
light-emitting diode (LED) via a shared clock and data input
and reading photodiode signals through a common analog
output, the number of physical connections to the central circuit
remains constant regardless of the array size. This architecture
eliminates the need for individual-addressing or complex rout-
ing, simplifying integration and enhancing scalability. Each mod-
ule integrates a light-emitting diode (LED), a photodiode (PD),
and a soft reflective layer and is electrically and mechanically in-
dependent. In this architecture, the central circuit board remains
compact and fixed in size, while the number and arrangement of
sensor modules can be freely customized. By sequentially acti-
vating each LED and reading the PD signal through a shared
analog channel, the system performs time-multiplexed sensing
without requiring individual wiring for each module. The modular
design supports cost-effective and user-friendly reconfiguration
of tactile sensor arrays. Sensors can be flexibly arranged to
match arbitrary geometries, and modules can be reused or
replaced without changes to the central circuit. This platform
supports plug-and-play functionality, on demand scalability,
and mechanical adaptability, with miniaturization down to
4 x 4 mm per sensing pixel. We demonstrate that the system
maintains stable performance across varying mechanical loads,
ambient lighting conditions, and array configurations. Machine
learning-based signal processing enhances the spatial resolu-
tion 10-fold, enabling force localization at 2.5 mm intervals
without increasing sensor density. The system also provides
real-time visual feedback, allowing intuitive monitoring of tactile
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information through pressure-dependent color or brightness
modulation. The system is validated through integration with a
collaborative robotic arm, where it enables real-time feedback
and safety-based interaction, highlighting its potential as a
tactile interface for human-machine integration.

RESULTS AND DISCUSSION

Sequential optical sampling for scalable tactile sensing
The system concept illustrates a modular tactile platform that
employs serial sensor connections and sequential optical sam-
pling to enable flexible array configurations while minimizing
structural and circuit complexity (Figure 1A). Signal acquisition
is streamlined via time-multiplexed sampling, and the modular
architecture ensures signal integrity without crosstalk, even in
multi-sensor configurations. The concept is validated through
real-time visual feedback under varying pressure inputs and
physical interaction with robotic systems, supporting its use in
human-machine interface applications. Each sensor module in-
tegrates an LED, a PD, and a compressible elastomeric layer
with a reflective surface (Figure 1B). Pressure-induced compres-
sion reduces the distance between the LED and PD, increasing
reflected light intensity and thereby the PD current, which is
then converted into voltage via a transimpedance amplifier
(TIA), where the PD is operated in photovoltaic mode to minimize
dark current (Figure 1C).

The system architecture comprises a central measurement cir-
cuit and an expandable sensor array (Figure 1D). Each module in-
cludes a control block that receives a global clock and data input
(Figure 1E). Sequential sampling is achieved via a shift register,
activating one LED at a time while maintaining a fixed number
of input/output (I/0) lines. All PDs are connected in parallel to
form a single PD output channel, which is fed into the inverting
input of the TIA circuit. All PD outputs are combined and read
through a single PDg ot @nalog channel, enabling system oper-
ation using five wires: power, ground, data input, PD output, and
clock. The modular architecture ensures spatial separation be-
tween sensing elements, while the measured voltage variation
is primarily governed by the compression-induced change in
the optical path length between the LED, reflective surface, and
PD. This process corresponds to the SRSOS method. A signal
model is provided in Equation 1. In Equation 1, Vjy is the output
voltage of the TIA, I,is the photocurrent, the d' thPD when its
d' thLED is activated, Ryis the feedback resistor in the TIA circuit,
and f(Pressure,) denotes the relationship between the applied
pressure on the @’ th module and the resulting sensor response:

V/N = (/1 +/2+ ...+Id+... +lm_1 +/m)*Rf

~ Iy * Re~f (Pressurey) when d'th LED is on.  (Equation 1)

Based on the SRSOS mechanism, the modules can be fabri-
cated individually and conveniently interconnected to expand
the array size. Figure 1F demonstrates the plug-and-play capa-
bility, where arrays can be reconfigured in real time without
additional fabrication. The sequential activation of LEDs based
on shift register control is illustrated in a timing diagram
(Figure 1G), where each rising clock edge advances the data
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Figure 1. Overview of the modular optical tactile sensor system and measurement architecture
A) Schematic of the modular pressure sensor array with sequential sampling and visual feedback.
B) Exploded view of a single sensor module consisting of a light-emitting diode (LED), a photodiode (PD), and a compressible elastomer with a reflective layer.

C) Working principle of the optical pressure-sensing mechanism.
D) System diagram of the measurement circuit and sensor array.

F) Schematic and photograph of the proposed optical tactile sensor module with plug-and-play capability.

G) Timing diagram of LED activation using shift register logic.

(
(
(
(
(E) Diagram of shift register-based control using shared clock and data lines.
(
(
(H) Vibration input to the 96th sensor without crosstalk.

stream to trigger the next LED. This simplified control scheme re-
duces overhead compared to conventional row-column scan-
ning approaches. The control is implemented using cascaded
D-type flip-flops, where each rising clock edge propagates one
bit, sequentially triggering LED activation (Figures S1A and
S1B). Based on this mechanism, the system supports scalable
operation across large arrays. As the number of connected
LEDs increases, the control frequency decreases, as character-
ized across up to 1,000 modules (Figure S1C). Sampling rates
were characterized from 100 to 1,000 sensors, yielding consis-
tent operation with frequencies ranging from 380 Hz down to
38 Hz (Figure S1D). This decrease originates from the sequential
readout architecture and represents a typical trade-off between
spatial resolution and temporal bandwidth in multiplexed sys-
tems. Higher frame rates can be achieved by employing multiple
analog-to-digital converter (ADC) channels or faster converters,
depending on the application requirements.

The power consumption of the system was characterized
across different operating clock speeds. The sensor modules
consumed 50 mW regardless of the number of connected units
due to sequential LED operation. System-level consumption,
including the microcontroller, ranged from 0.15 to 0.50 W de-
pending on the clock frequency (Figure S2). The voltage drop
across the sensor array was measured to evaluate signal consis-
tency under extended wiring. A 0.83% decrease (from 3.26 to
3.23 V) was observed across 96 LEDs, with negligible effect on
brightness uniformity (Figure S3). This minor reduction originates
primarily from the finite resistance of the prototype wiring and
does not represent an intrinsic limitation of the proposed archi-
tecture. In practice, thicker or lower-resistance power lines can
suppress such a voltage drop even for larger arrays, while any re-
sidual offset can be compensated during initial calibration.
Because only one LED-PD pair is sequentially activated at any
given time, the effective electrical loading does not accumulate
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with increasing array size and remains stable, with variation
below 1%, as inferred from the voltage drop measurement,
ensuring scalable power distribution.

The timing response of the electronics was evaluated by
introducing controlled delays between LED activation and
signal acquisition. A symmetric readout sequence was imple-
mented, where the PD signal was sampled during both LED-
on and LED-off periods to differentiate sensing from ambient
light (Figure S4A; Video S1). Identical voltage levels were
observed under both slow (5 Hz) and fast (28 kHz) driving con-
ditions, indicating stable behavior across the full range of sam-
pling speeds (Figure S4B). The maximum reliable sampling rate
was determined to be ~28 kHz, corresponding to an ADC con-
version time of ~36 ps. This hardware ceiling at approximately
28 kHz was imposed by the ADC conversion time and the prop-
agation speed of the shift register. As these are not intrinsic to
the sensing mechanism, higher sampling rates can be achieved
by employing faster ADCs and shift control circuits. To evaluate
signal independence, a 10 Hz vibration input was applied to the
96th sensor in a tactile sensor array (Figure S5). The vibration
pattern appeared only in the signal from corresponding mod-
ule, while signals from neighboring modules remained un-
changed, confirming the absence of crosstalk and validating
the signal isolation capabilities of the optical readout system
(Figure 1H).

Tactile sensor design and performance evaluation

The performance of the modular pressure sensor was evaluated
through a series of experiments designed to assess sensitivity,
scalability, signal repeatability, and plug-and-play functionality
(Figure 2). Each pressure sensor module consists of an LED-
PD pair embedded beneath a compressible elastomer and a
thin reflective layer, as previously described (Figures 1B and
1C). Fabrication involved a multi-step molding process,
including elastomer pouring, dye or particle integration, and
spin coating of the reflective surface (Figure S6A). The reflective
layer had a thickness of approximately 0.7 mm. A photograph of
the completed module is shown in Figure S6B. To assess signal
isolation, three sensor modules were sequentially loaded with
40, 50, and 80 kPa pressure (Figure 2A). Each module exhibited
a distinct and isolated voltage change, with no interference
observed in the other modules. Only the targeted module ex-
hibited a voltage change, while others remained inactive, con-
firming signal isolation. This response was validated in separate
trials where pressure was applied to only the second or third
module (Figure S7). Under cyclic loading conditions, consistent
signal patterns were observed across all three modules, demon-
strating stable and synchronized behavior in a multi-module
configuration (Figure 2B). Additionally, the output remained
consistent regardless of whether pressure was applied to a
single module or multiple modules simultaneously, validating
the independence and robustness of the readout mechanism
(Figure 2C).

The scalability of the platform was assessed by increasing the
number of connected modules up to 25 and comparing the re-
sulting sensor responses. For each configuration, a step load
of 160 kPa was applied only to the last module, while the other
connected modules remained unloaded. Under a step loading
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of 160 kPa, the sensor maintained a rise time of approximately
15 ms regardless of the number of modules (Figure 2D). The
sensor output remained consistent up to 100 kPa across all con-
figurations, indicating that module expansion does not affect
sensitivity or calibration characteristics (Figure 2E). In addition,
material selection of the reflective layer was optimized to
improve response uniformity. A series of experiments confirmed
that reflectivity increased with dye concentration but saturated
beyond 5%, which was adopted as the standard for sensor fabri-
cation (Figure S8). Mechanical reliability was validated through
1,000-cycle pressure loading tests at 150 kPa. The sensor
demonstrated repeatability with minimal drift across all cycles
(Figure 2F).

The system supports plug-and-play operation without recon-
figuration, as demonstrated in Figure 1F. Each module integrates
electrical and mechanical connectors, enabling real-time recog-
nition upon addition or removal. When a module is connected,
the corresponding control signal activates its embedded LED,
and the emitted light is detected by the paired PD within the
same module, generating a voltage output. This output is
compared against a predefined threshold voltage of 500 mV.
Activation of the LED results in a PD response that exceeds
this threshold, confirming the presence of the newly attached
module. In contrast, if the module is absent or has been discon-
nected, then the same control signal cannot trigger LED emis-
sion, and, consequently, the PD output remains below the
threshold level. This difference in the PD response provides
a robust function of real-time detection for both connection
and disconnection events. This behavior is demonstrated in
Figures 2G and 2H and Video S2, where real-time detection of
modules 2 and 3 was achieved.

To ensure operation under varying lighting conditions, the sys-
tem utilizes the sequential LED control mechanism of the shift
register architecture (Figure 2I). During normal operation, a
logical “1” is shifted through the register to sequentially activate
one LED at a time. When no LED is active (i.e., the “1” has
passed through all modules), then the system enters an all-off
state. The signal acquired at this point is defined as the reference
voltage V1, representing the ambient light condition. For each
module, the calibrated pressure signal is computed as Vg, =
Von — Vier, Where Vo, is the signal when the module’s LED is
active. This reference stabilizes the sensor baseline and enables
reliable pressure detection even under changing illumination, as
demonstrated in Figures 2J and Video S1. The proximity sensi-
tivity test was conducted to verify that non-contact proximity
does not interfere with the tactile response of the sensor. The
proximity sensitivity of the sensor was evaluated by observing
signal changes as a reflective object approached the surface
without contact. White dye resulted in a 17.2% signal increase
due to proximity, while metallic particles showed only a 1.36%
change (Figure S9). Reflective layers incorporating white dye
exhibit higher optical transmittance, making them more respon-
sive to proximity effects compared to metallic layers. Although
higher transmittance increases proximity sensitivity, it can be ad-
vantageous for visual feedback and interactive functions in hu-
man-machine interface applications, while metallic reflective
layers, with lower transmittance, provide superior precision in
tactile measurements.
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Figure 2. Characterization of the modular pressure-sensing system
A) Time-resolved pressure response of three individual modules.

B) Consistent multi-module response under repeated

loading.

C) Signal consistency under single and multi-point loading.
D) Time-resolved pressure response with an increasing number of modules.

F) Signal stability over 1,000 pressure cycles.

G) Schematic of the plug-and-play modular connection mechanism.
H) Real-time signal response upon sequential module connections.
1) Schematic of ambient light calibration using LED-on and LED-off reference signals.
(J) Calibrated sensor response under alternating pressure and ambient light conditions.
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Force localization with enhanced spatial resolution
To enhance spatial resolution beyond the physical limits
imposed by discrete sensor spacing, a force localization sensor
was developed using a continuous elastomeric medium and a
spatially distributed LED-PD configuration. In conventional
discrete sensor arrays,”* each sensor module has a confined
receptive field, meaning that force detection is spatially con-

Time (sec)

strained by the physical footprint of the module itself. As illus-
trated in Figure 3A(i), this architecture limits spatial resolution
to the sensor pitch, since each module responds only when
pressure is applied directly above it. Introducing a continuous
optical layer above multiple LEDs and PDs allows mechanical
deformation caused by indentation to influence the optical paths
across a wider area. As a result, individual LED-PD pairs exhibit
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Figure 3. Force localization using a modular tactile sensor and machine learning
(A) Conceptual schematic illustrating the extended receptive field of an LED-PD pair through a continuous optical transmission medium.
(B) Schematic of the force localization sensor based on optical path changes induced by indentation.

(C) Sensor response curves for various indentation positions and depths.

(D-F) Simulated normalized intensity maps for indentation at (D) the center (x = 0), (E) the right side (x > xPD), and (F) the left side (x < XxLED).

(G) Architecture of the machine learning model used for force localization.

(H) Prediction and ground-truth force profiles on the test set, showing high agreement.
(l) Root-mean-square error (RMSE) values across five data splits, each using one press-release cycle as the test set.

broadened, overlapping receptive fields (Figure 3A(ii)) so that a
single indentation affects multiple sensor channels simulta-
neously, enabling interpolation of force position and magnitude
beyond the physical sensor spacing. Alternating LEDs and
PDs create overlapping receptive fields that jointly indicate
force location and magnitude through differential sensitivity
(Figure 3B), enabling interpolation for localization. This configu-
ration preserves the same shift register-based control logic
and sequential sampling method as described in Figures 1D
and 1G while expanding the LED-PD spacing and distributing
PDs across a continuous sensing surface. Although this layout
departs from the modular structure introduced in Figures 1
and 2, it is introduced as a complementary architecture to demon-
strate high-resolution tactile sensing based on overlapping optical
fields and machine learning-assisted signal decoding.

As shown in Figure 3B, when a local indentation is applied,
deformation of the reflective surface alters the light paths reach-
ing the PDs. Depending on the indentation location, light may be
redirected toward or away from the PD, resulting in a signal in-
crease or decrease, respectively. The sensor module consisted

6 Device 4, 101081, May 15, 2026

of multiple PDs and LEDs arranged in an interleaved arrange-
ment with 2.5 cm spacing. The sensor was fabricated by posi-
tioning the LED-PD device onto a rigid mold, followed by pouring
of the prepolymer and a reflective particle mixture (Figure S10).
After leveling the reflective mixture via bar coating and room-
temperature curing for 3 h, the sensor was demolded to reveal
a flat surface with integrated optical elements (Figure S10A). A
photograph of the completed sensor is shown in Figure S10B.
Before characterizing the sensor response under applied inden-
tation, mechanical and environmental stabilities were evaluated
through repeated loading and varying temperature/humidity
conditions, respectively. The module withstood 200 cycles of
loading and unloading under a 15 N force (6 mm indentation
depth), showing minimal signal drift (Figure S11). Stable opera-
tion was also observed under varying temperature (20°C-80°C)
(Figure S12A) and relative humidity (20%-80%) (Figure S12B)
conditions, with negligible changes in signal output.

The output signal (AV/V,) was measured at various indentation
positions and depths using a 15 mm cylindrical indenter and
5 mm indentation depth (Figure 3C). Spatially distinct signal
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patterns were observed depending on whether the force was
applied at the center (x = 0), right (x > xpp), or left (x < x.ep)
side of the sensor. The response characteristics reflect how light
rays are blocked or redirected as the reflective surface deforms.
These behaviors were confirmed through ray optics and me-
chanical simulations, showing good agreement with experi-
mental data (Figures 3D, 3E, and S13).

To develop a force localization model, signal outputs from
multiple LED-PD channels were collected at varying force mag-
nitudes and positions. The sensor was indented at 2.5 mm inter-
vals along the sensing area using a linear stage, and the mea-
surement process was repeated five times to ensure sufficient
training data (Figure S14). Figure S13C-S13F show the sensor
responses for each PD pair as the force was incrementally
increased from 0 to 20 N. The resulting intensity patterns ex-
hibited unique gradients depending on the position and direc-
tion of deformation, enabling their use as features for machine
learning-based regression. A fully connected multilayer percep-
tron (MLP) was implemented to predict force magnitude at
enhanced spatial resolution, with four input nodes; three hidden
layers containing 64, 64, and 18 units; and 30 output nodes
(Figure 3G). The 4 inputs were defined as signals from LED+-
PD4, LED4-PD,, LED,-PD,, and LED,-PDs;. The 30 outputs
were defined as indentation forces at discrete positions from
x = 13.75-86.25 mm each, spaced at 2.5 mm intervals. The da-
taset enabled five test splits; in each case, one press-release
cycle was used as the test set and the remaining four as the
training set. Figure 3H visualizes the predicted force distribu-
tions for the split 1 test set, where ground-truth forces of 5,
10, 15, and 20 N were applied at positions x = 21.25, 41.25,
61.25, and 81.25 mm, respectively. Results for all position no-
des are summarized in Figure S15, which compares predicted
and ground-truth forces at 5, 10, and 15 N, showing improved
accuracy at higher force levels. Figure 3| presents the node-
averaged root-mean-square error (RMSE) across all splits,
with a mean RMSE of 16.0 mN and a standard deviation of
0.955 mN. During training, the data were divided into training
and validation sets at a 3:1 ratio to mitigate overfitting. Early
stopping was applied with a patience of 100 epochs, and
training was terminated when the validation loss no longer
decreased, using the Adam optimizer. These findings demon-
strate that a 10-fold enhancement in spatial resolution can be
achieved over the 2.5 cm sensor-to-sensor pitch without
increasing hardware complexity or sensor density. The
approach preserves the compact and scalable nature of the
modular platform while enabling precise, data-driven force
localization through machine learning.

Modular tactile system as a human-machine interface

Leveraging the modular structure and integrated optoelec-
tronics, the tactile sensor was adapted as a customizable
human-machine interface (HMI) capable of pressure detection
and visual feedback (Figure 4A). Each module uses its
embedded LED to reflect pressure magnitude through color
and intensity modulation, forming a closed feedback loop that
enables intuitive user interaction without the need for an external
graphical interface. In this system, the LED driving and PD
readout are synchronized within a single microcontroller unit

¢? CellPress

program. For each module (n), the LED is first activated for signal
acquisition, and the PD output is sampled. The same LED is then
reactivated for visual feedback according to the measured pres-
sure, while signal sampling is disabled during the feedback illu-
mination period. This time-sequential operation prevents optical
feedback from influencing the PD response, ensuring signal fi-
delity. In the demonstration, six sensor modules were arranged
with blue-green-red feedback colors in a repeating pattern
(Figure 4B). LED intensity scaled proportionally with applied
pressure and could be tuned to accommodate user-specific
thresholding or color mapping preferences (Video S3). As shown
in Figure 4B(i-iv), the system generated distinct visual output
corresponding to both single and multi-module inputs, validating
its use as a self-contained tactile interface.

Miniaturization was realized with a single sensor size of
4 x 4 mm by utilizihg compact commercial components,
includinga 1.5 x 1.5mmLEDanda2 x 1.5 mmPD. A3 x 3
sensor array with 6 mm spacing was fabricated to demonstrate
scalable integration with a fixed number of channels (Figure 4C(i-
ii)). Each module output was normalized using its maximum
pressure-induced voltage change (Figure S16), and pressure
calibration was performed via polynomial fitting. Inter-sensor
normalization by dividing each signal by its maximum value
further reduced variability (Figure S16A). A second-order polyno-
mial fitting yielded a strong agreement across modules (R? =
0.9998) (Figure S16B).

Real-time pressure mapping was achieved by assigning cali-
brated outputs to a 3D visualizer, which displayed both isolated
and distributed pressure inputs (Figures 4D; Video S4). The array
operated with a fixed number of channels and demonstrated
consistent behavior across various loading scenarios. These
demonstrations confirm that the proposed modular sensor plat-
form can function as a responsive and reconfigurable HMI. The
integration of sensing and feedback within each module sim-
plifies system design and enables user-friendly interaction. The
modularity and scalability of the platform provide the potential
of tailoring to different surface geometries and application
environments.

Robotic demonstration with a modular tactile sensor

To ensure safe and responsive physical interaction between ro-
bots and external stimuli, tactile sensors must be scalable, soft,
and conformable to the robot’s geometry (Figure 5A). These re-
quirements are important for integration into articulated robotic
arms used in human-robot interaction scenarios. To demon-
strate this concept, a modular sensor strip was developed and
integrated into a collaborative robotic arm (UR5e, Universal Ro-
bots). Each strip contains eight tactile sensor units arranged lin-
early and includes exposed electrodes at both ends, enabling
interconnection using standard commercial connectors. The
strips were fabricated on flexible printed circuit boards (FPCBs)
to conform to the curved surface of the robot and arranged in an
L-shaped configuration, covering both the axial side of the link
and the circumferential surface of the wrist (Figures 5B and
5C). The modular structure enabled straightforward integration
without altering the existing hardware layout, and power and
data lines were shared across modules to minimize wiring
complexity.
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Figure 4. Real time feedback and miniaturization of the modular pressure-sensing system
(A) Schematic and demonstration of the closed-loop sensing-feedback mechanism, where each module uses its embedded LED to visualize applied pressure.
(B) Color- and intensity-coded responses of six modules arranged in a blue-green-red repeating pattern, showing distinct outputs for single and multi-module

inputs.

(C) Photograph of a miniaturized 4 x 4 mm sensor unit and a 3 x 3 sensor array with 6 mm spacing.
(D) Real-time pressure mapping via 3D visualization of calibrated sensor outputs.

To evaluate real world interaction, a series of human hand ges-
tures (finger tap, grasp, and push) were applied to the robotic
arm (Figure 5D(i-v)). The system localized physical contact
events in real time and displayed corresponding voltage re-
sponses and pressure profiles. A predefined voltage threshold
(Vinag) equivalent to 100 mV was set for impact detection. When
the peak signal exceeded this threshold, the robot halted its
operation to prevent excessive force, as shown in Video S5.

Quantitative response profiles from the link-mounted sensor
strip are presented in Figure 5E. Contact events at two time
points generated distinct responses in sensors 1-8, with corre-
sponding voltage peaks reaching up to approximately 0.4 V.
Similarly, Figure 5F shows the voltage response from the wrist-
mounted sensor array, where sensors 9-24 detected multiple
signals throughout the 0-16 s time period in response to different
contact events. Circumferentially placed sensors enabled direc-
tional detection of wrist-applied forces (Figure 5D(ii, iii, v)), while
axially mounted sensors captured longitudinal contact patterns
(Figure 5D(i, iv)).
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Conclusion and outlook

We developed a modular tactile sensor platform that combines
scalability, compact architecture, and high configurability
through the SRSOS method. By decoupling sensing from wiring
complexity, the system enables customizable tactile arrays us-
ing a fixed number of electrical lines.

Using the SRSOS method, the pressure sensors exhibited
consistent performance across configurations, demonstrating
high repeatability, and plug-and-play functionality. Ambient light
effects were mitigated through LED on/off-based calibration,
and sensor normalization ensured inter-module uniformity.
Machine learning extended the sensing capability to high-resolu-
tion force localization, achieving a 10-fold spatial resolution
enhancement without increasing physical sensor density. A
key feature of the platform is its modularity at both the hardware
and system levels. Plug-and-play interconnects and flexible sub-
strates allow sensors to be rearranged, replaced, or scaled to
match application-specific requirements. This was demon-
strated in robotic applications, where the tactile sensor strips
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(A) Schematic illustrating the use of soft, conformable, and scalable tactile sensors for human-robot interaction and collision prevention.

(B) Integration of the modular sensor strip into a robotic arm.

(C) Flexible deployment along both axial and circumferential robot surfaces in an L-shaped configuration.
(D) Demonstration of physical interaction through user hand gestures, showing localized and multi-point responses. The robot recognizes forces on multiple

(E) Sensor response on the link-mounted sensors.
(F) Sensor response on the wrist-mounted sensors.

were mounted on the link and wrist of a collaborative robotic
arm. The system identified contact events in real time and trig-
gered safety responses based on calibrated pressure thresh-
olds, validating its potential for physical human-robot
interaction.

The system’s underlying circuit architecture, control logic, and
SRSOS method remain unchanged regardless of the target stim-
ulus. This enables diverse sensing modalities to be implemented
by modifying the mechanical or optical components. For
example, a thermochromic reflective layer could enable temper-
ature sensing,'” while a customized LED-PD layout may support
multi-axis force or strain detection. This decoupling between
electronic architecture and sensing function highlights the plat-
form’s potential as a generalizable solution for multimodal tactile
and structural sensing.

Despite these advantages, the sampling rate is inversely
related to the number of connected modules, and the current
response time may limit applications involving high-frequency
dynamic stimuli. These limitations are primarily determined by

the ADC conversion time and shift register speed and could be
alleviated by employing faster readout electronics. The system
is designed for normal-pressure sensing; however, it can be
extended toward multi-axis tactile perception, including shear
and bending responses. This can be achieved by incorporating
modified mechanical and optical stack designs while maintain-
ing the same scalable electronic architecture. Although the cur-
rent robotic demonstration utilized linear strip configurations, the
modular design inherently supports more complex geometries.
Flexible branching, angled interconnects, or multi-plane modular
assemblies can enable tactile coverage on highly contoured sur-
faces such as articulated joints or curved robot exteriors. Future
versions of the platform may incorporate wireless communica-
tion or onboard signal processing to reduce system footprint
and latency, enhancing mobility and integration in untethered
applications. Systematic optimization of the LED-PD spacing
and alignment could further enhance spatial resolution and
improve the regression accuracy of the machine learning-based
force localization.
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METHODS

Fabrication of the optical tactile sensor

The tactile sensor was fabricated by integrating an LED and PD
onto a custom-designed PCB, followed by encapsulation in a
soft elastomer and application of a reflective surface. The spe-
cific component configurations varied by sensor type. For
10 x 10 mm pressure sensors and the force localization sensor,
5 x 5 mm LEDs (SK6812, NeoPixel) and 4 x 2 mm PDs
(TEMT6000X01, Vishay) were used. The sensor strip utilized
2 x 125 mm LEDs (LS-SP172DBW91, Hsukwang) and
2 x 1.5 mm PDs (SFH2716, Osram), while the 4 x 4 mm minia-
turized array used 1.5 x 1.5 mm LEDs (SK6805, NeoPixel) and
2 x 1.5 mm PDs (SFH2716, Osram). Custom molds were fabri-
cated via a fused deposition modeling (FDM) 3D printer (Ulti-
maker, the Netherlands), with mold designs tailored to each
sensor geometry. The elastomer (Ecoflex 00-31, Smooth-On)
was mixed at a 1:1 weight ratio, degassed, poured over the
mounted components, and cured at room temperature under a
flat glass plate. For the reflective layer, a mixture of metallic pow-
der and Ecoflex (10:10:1 by weight) was spin coated (for pres-
sure sensors) or bar coated (for strips and localization sensors),
followed by an additional curing step. The complete step-by-
step fabrication process and resulting sensor form factors are
illustrated in Figures S6A and S11A. Representative photo-
graphs of the fabricated sensors are shown in Figures S6B and
S11B. Each sensing unit based on the FPCB architecture was
supported by a rigid FR-4 (1 mm) backing beneath the flexible
circuit layer to prevent global bending during fabrication and
testing, ensuring that the optical response originated solely
from vertical deformation of the elastomer.

Sensor performance characterization

The sensing characteristics were evaluated usinga 10 x 10 mm
module subjected to compressive loading via a universal testing
machine (AGS-X, Shimadzu, Japan) equipped with a 15-mm-
diameter cylindrical indenter at 0.1 mm/s. A calibrated load cell
connected to a 24-bit analog-to-digital converter (HX711, Avia
Semiconductor) measured the applied force, while a custom
MCU was used to acquire the sensor voltage output. To investi-
gate the sensor response (AV/V0) under different conditions,
three sensor modules were connected in series. For both sin-
gle-module and multi-module loading conditions, pressure was
applied to only the target sensor by adjusting the indenter size
to match the sensing area of the intended module.

Mechanical and optical simulation

To analyze how mechanical deformation influences optical
signal transmission, finite element analysis (FEA) and ray optics
simulations were performed sequentially. Mechanical simula-
tions were performed using Abaqus software (Dassault Sys-
témes Simulia, Johnston, RI, USA). To model the deformation
of the elastomer (Ecoflex 00-31, Smooth-On), the Yeoh hypere-
lastic model was applied. Material parameters were experimen-
tally obtained and set to C4 = 0.0175 and C, = —0.0006. The
sensor geometry used in the simulation was identical to that of
the actual force localization sensor. Automated simulations
were conducted via Python scripting, and the resulting profiles
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of the deformed reflective surface were exported according to
indentation depth and location.

Based on the simulated reflective surface profiles, optical sim-
ulations were carried out using the Geometrical Optics module in
COMSOL Multiphysics 5.6. The simulation was automated using
scripting to extract the ray intensity reaching the PD. Considering
that the LED chip used has a planar packaging structure, the
emission intensity decreases as the radiation angle increases
by the refraction at the interface of package and the air. Accord-
ingly, the LED was modeled as a point source embedded in a
medium with a refractive index of 1.5. The reflective surface
was assumed to be specular, with rays propagating through a
vacuum and terminating upon contact with the ground.

To quantify the ray distribution at the ground surface, the
spatial coordinates of scattered rays were extracted. An intensity
distribution was then calculated from the discrete ray coordi-
nates using the Epanechnikov quadratic kernel method, with a
kernel size of 20 mm.

Human-interactive robotic skin

Two sensor strips were interconnected in an L-shaped configu-
ration using a custom-designed curved connector and mounted
onto a collaborative robotic arm (UR5e, Universal Robots). One
strip was attached along the axial direction of the arm link and
the other along the circumferential direction around the wrist
joint. Each sensor strip was interfaced with a custom-built mea-
surement circuit consisting of a microcontroller board (Teensy
4.1, PJRC) with onboard central processing unit (CPU), ADC,
and general purpose input/output (GPIO) and connected to a
TIA, configured with an operational amplifier (LMP7721, Texas
Instruments) and a 10 MQ feedback resistor. The robot was pro-
grammed to perform a repeated bidirectional sweeping motion
(forward, backward, and lateral). A predefined threshold of
0.1 mV was implemented so that motion automatically stopped
when the measured peak pressure exceeded this value and
resumed when the pressure dropped below the threshold. This
experiment was approved by the institutional review board of
the Electronics and Telecommunications Research Institute
(ETRI; 2025-HR-0012).
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