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Abstract— The tactile properties of tissue, such as elasticity
and stiffness, often play an important role in surgical oncology
when identifying tumors and pathological tissue boundaries.
Though extremely valuable, robot-assisted surgery comes at the
cost of reduced sensory information to the surgeon, with vision
being the primary. Sensors proposed to overcome this sensory
desert are often bulky, complex, and incompatible with the sur-
gical workflow. We present PalpAid, a multimodal pneumatic
tactile sensor to restore touch in robot-assisted surgery. PalpAid
is equipped with a microphone and pressure sensor, converting
contact force into an internal pressure differential. The pressure
sensor acts as an event detector, while the acoustic signature
assists in tissue identification. We show the design, fabrication,
and assembly of sensory units with characterization tests for
robustness to use, repetition cycles, and integration with a
robotic system. Finally, we demonstrate the sensor’s ability to
classify 3D-printed hard objects with varying infills and soft ex
vivo tissues. We envision PalpAid to be easily retrofitted with
existing surgical/general robotic systems, allowing soft tissue
palpation.

I. INTRODUCTION

The sense of touch is fundamental in our ability to perceive
and identify objects. Clinicians regularly employ palpation
as feedback for initial assessment for cancer diagnostics
[1], [2] based on the contour, composition, and stiffness
of tissues. The advent of robot-assisted minimally invasive
surgery (RAMIS) has been transformative for improvements
in postoperative patient care. It offers dexterous and precise
operation through minimal incision, leading to reduced com-
plication rates and enhanced patient outcomes. However, the
minimally invasive nature prevents surgeons from directly
palpating tissues and limits the surgeon’s access to crucial
sensory feedback. While popular platforms like da Vinci 5
[3] have recently integrated force feedback, it is limited to a
coarse resolution that could be insufficient for subtle changes
in tissue composition.

Works using vision-based force estimation exist, where
a mapping from 3D tissue deformation to applied force is
learned [4]. However, prior knowledge of tissue parameters is
typically needed, which is often unavailable. Developments
in vision-based tactile sensors (VBTS) have enabled sub-
millimeter spatial resolution and have combined modalities
such as force, texture, and temperature for providing rich
contact information [5]–[8]. While helpful, the dependence
on vision and the general need for illumination render the
sensor complex and bulky. Works [8]–[10] have proposed
VBTS with potential for RAMIS applications, leveraging
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Fig. 1. PalpAid: Multimodal pneumatic tactile sensor with adaptive
palpator for compliance with soft tissue. The presence of a microphone and
a pressure sensor in a connected confined air cavity allows for extracting
rich tool-tissue contact interaction, allowing tissue delineation in a surgical
setting [17].

optically compatible design with computer vision algorithms
to achieve tumor classification and shape estimation while
keeping the form factor small. Yet, the presence of electronic
components and multilayer design limits clinical adoption
due to large form factor, high cost, and incompatibility with
sterilization.

Several recent works have leveraged acoustics as a modal-
ity to differentiate materials under vision occlusion or ab-
sence, as materials vibrate at their characteristic natural
frequency, which is often a strong indicator of tissue type
[11], [12]. Wall et al., [11] showed the potential of using off-
the-shelf MEMS microphones in confined pneumatic cavities
to detect external contact location, force, and temperature.
Since then, various works have used acoustic waves for
force estimation [13], to support vision [14], in optoacoustic
sensing [15], and with a force sensor for material boundary
(fat vs muscle) identification [16].

We present PalpAid (Fig. 1), a multimodal pneumatic tac-
tile sensor that leverages the internal air pressure differential
created through tool-tissue interaction for tissue identifica-
tion. The sensor consists of an enclosed microphone inside
a sealed air cavity with an expandable layer of silicone. A
pressure sensor is attached in line with the air channel. In an
inflated state, contact-induced force variation creates internal
pressure changes that are picked up by the microphone
with air as the conduction medium. The pressure sensor
measurement acts as an indicator for contact-based event
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Fig. 2. System Overview: (a) Exploded view of PalpAid assembly with major components highlighted, (b) System architecture diagram of robot-mounted
sensor with data acquisition and pressure control components.

detection, allowing filtering of temporally synced acoustic
data for the duration of contact. Overall, our contributions
can be summarized as: left=0pt

• Modular & Multimodal: Design and development of a
modular, multimodal pneumatic tactile sensor convert-
ing contact force to an internal pressure differential.

• Material Classification: We validate the effectiveness
of PalpAid on hard 3D-printed material as well as ex
vivo soft-tissue specimens from various animals.

• Multipurpose: The palpator adapts its dimensions as
a function of internal pressure – allowing compliance
with tissues of varied stiffness.

• Clinically compatible: Minimal components, small
form factor, and low-cost manufacturing allow easy
sterilization through simply replacing the palpator head.

Unlike previous work that employed a microphone in
confined air cavities under active and passive sensing [11],
PalpAid uses passive acoustic waves generated by the de-
formation of the palpator in a very small air cavity. Be-
cause of its modular nature, this design has potential for
miniaturization and future adaptation to existing commercial
robots and tools, including surgical trocars. We envision
PalpAid to use the rich and complementary features captured
by a sensitive MEMS microphone and pressure sensors to
distinguish between different tissue and tumor types while
being gentle to the natural shape of the soft tissue.

II. METHODS

PalpAid is designed to leverage acoustic and tactile sens-
ing when interacting with materials. We aim to assist the
surgical workflow with a compliant, yet effective, sensory
data stream to detect and delineate tissues of varied stiffness
via contact.

A. Device Overview

The overall assembly and architecture of the PalpAid
sensor is shown in Figure 2. The sensor is attached to a
UR3e robotic manipulator. The sensor contains a silicone tip,
known as the palpator, that interacts with the sample. The
tip is inflated to maintain an internal pressure of choice. The
internal pressure, and, subsequently, the palpator dimension
can be changed to adjust for tissue stiffness. When the
palpator makes contact with an object, the silicone deforms,
changing the internal pressure and volume of the palpator
cavity to produce a sound. An omnidirectional microphone
contained within the palpator enclosure records the vibrations
produced by this contact.

The pneumatic system consists of a 5V DC motor pump,
6V solenoid valve, BMP280 pressure sensor (Bosch Sen-
sortec, Germany), and a pressure gauge. The pump and
solenoid valve are controlled by the L298N motor driver.
A high signal-to-noise (SNR) mono microphone, ICS43434
(TDK Corporation, Japan), is used. Data from the pressure
sensor and microphone are collected using an ESP32-S3
N16R8 microcontroller (Espressif Systems, China). The sen-
sor is attached to a UR3e robotic manipulator with an FT
300-S Force Torque Sensor (Robotiq, Canada) at its end
effector to ensure consistent contact force during sensing.

B. Fabrication of the Pneumatic Palpator

Every component of PalpAid enclosure (Fig. 2a) was
Stereolithography (SLA) printed using Acrylonitrile Bu-
tadiene Styrene (ABS) thermoplastic polymer resin. SLA
printing allowed 50�m precision and achieved both a smooth
surface finish and better dimensional accuracy than con-
ventional Fused Deposition Modeling (FDM) printing. The



TABLE I

PROTOTYPE PARAMETERS

Component Parameter Dimensions

Enclosure

Height 25 mm
Wall thickness 1.715 mm
Base inner diameter 20 mm
Base outer width 29.842 mm
Internal volume 2142.378 mm3

EcoFlex palpator Thickness 6 mm
Diameter 8.23 mm

Microphone PCB Thickness 1.6 mm
Outer radius 13.5 mm

Enclosure cap Wall thickness 0.75 mm
Top hole diameter 5 mm

TABLE II

PROTOTYPE COSTS

Component $ / device

Fast ABS-like resin 0.31
poxy 0.60
Sil-Poxy 0.31
Pressure sensor 1.47
Solenoid valve 2.95
ICS43434 microphone 5.33
DC pump + tubing 7.95
Eco�ex 00-20 0.00004

Total 19.11004

palpator was fabricated by casting silicone (EcoFlex 00-
20, Smooth-On, PA, United States) in a 3D-printed PLA
(polylactic acid) two-part mold. Silicone was chosen as the
material due to biocompatibility [18], high elasticity (845
%), and low Shore hardness (00-20) [19]. These properties
enable stable, in�ated volume across different pressures
and multiple palpation cycles. The two-part palpator mold
included a tubular cavity (8.23 mm base diameter) and a
piston part to ensure the palpator maintains a 0.8 mm tip
thickness, as shown in Fig. 3. Before casting, the mold
was cleaned with acetone and coated with Smooth-On mold
release spray. To cast the palpator, a 1:1 ratio mixture of
EcoFlex 00-20 part A and B was vacuum-degassed to release
all air bubbles, poured into the mold, and left to cure at room
temperature for � 4 hours.

Once the palpator was cured, it was securely joined to
the enclosure by applying Sil-Poxy (Silicone Epoxy) glue.
Epoxy and Sil-Poxy were used because of their mechanical
and adhesive properties. The microphone was then inserted
into the bottom plate of the palpator, which was later joined
and sealed to the top of the enclosure via epoxy resin.
Then, 5 mm OD tubing was connected to the bottom plate
of the palpator enclosure to interface with the pneumatics
subsystem. Finally, to achieve a small palpator base diameter
of 5 mm, similar to that of a trocar, an offset ”cap” with a
similar-sized hole on top was attached to the enclosure with
four M3 screws.

C. Embedded Electronics and Sensing

MEMS-based sensors were employed because of their
small form factor and low cost. The ESP32-S3 (N16R8)
allows for direct audio recording via the I2 (Inter-IC Sound)

Fig. 3. Sensor Fabrication: (a) A 1:1 ratio EcoFlex mixture was poured
into a two-part mold, (b) EcoFlex was cured at room temperature for a
minimum of 4 hours before integrating it with the palpator enclosure [17].

Fig. 4. Pressure Stability: (a) Effect of valve opening time on pressure
and resultant palpator height; (b) Gradual pressure reduction with time in
relaxed state at palpator initial height of 4 mm over a span of 20 minutes.

serial communication protocol. The microphone employed,
ICS43434, uses a 24-bit I2S interface with a 8000 Hz
sampling rate for digital data acquisition and has a high
SNR and sensitivity. The pressure sensor BMP280 uses I2C
protocol for communicating with ESP32 at a 15.625 Hz
sampling rate in sync with the microphone through serial
transmission.

A 6V solenoid valve is powered by PWM outputs of the
L298N motor driver connected to an Elegoo Uno R3 and a
DC power supply, enabling precise control of valve opening
time. This is needed to achieve desired pressure values and
palpator heights for experimental trials. The input air at a
steady �ow rate of 2:5 litres per minute is supplied to the
palpator by a miniature 5V DC pump powered by the Elegoo
Uno R3.

D. Bench Testing Protocols

Under a zero-load condition, the dimension of the palpator
depends on internal air pressure. We assessed the effect of
valve opening time on internal pressure and palpator height
with height measured from the base of palpator tip.Pressure
values were measured after 10 seconds of in�ation. Trials
were repeated (n=3) at room temperature and pressure. Valve
opening time (40 ms - 70 ms) was chosen experimentally
as a reasonable functional range to maintain corresponding
palpator height between 3 mm - 5 mm (Fig. 4a). A palpator
height of � 4 mm was chosen as the initial condition for
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