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Abstract— Robotic palpation shows significant potential to
improve the accuracy and speed of tumor identification. How-
ever, robotic palpation mechanisms often lack haptic feedback,
making it difficult for the surgeon to identify variations in tissue
stiffness. This paper presents a soft optical sensor integrated
with a wearable haptic glove for tumor detection during robotic
palpation. The sensor contains an array of optical waveguides
that can detect the presence of tumors embedded within a tissue
phantom. Detection of a tumor results in an optical loss from the
waveguide signal, triggering proportional inflation of the soft
microfluidic actuators in the glove. The glove consists of four
modular actuators placed at the fingertips, each corresponding
to a sensing location on the waveguide array. The inflation
of each actuator is proportional to the incident loss on the
palpation sensor array, which is dependent on tumor depth.
Thus, the glove is capable of alerting the user to the location
of tumors during remote palpation.

I. INTRODUCTION

With the growing adoption of minimally invasive surgical
procedures across medical fields, robotic and remote pal-
pation of tissue is becoming more commonplace [1], [2].
Robotic palpation can serve as an effective alternative to
manual palpation, by potentially providing higher accuracy
of tumor detection and reduced application of forces [3]. This
can reduce the time required for the identification of condi-
tions such as cancer and other abnormalities [4]. However,
unlike manual palpation, robotic palpation is performed by
an end-effector and does not allow the surgeon to directly
feel the tissue. Thus, the end effector must be sensorized
to quantify the variability in stiffness to identify tumors
and other abnormalities [5]. Despite the sensorization of
the end effector, the surgeon still cannot directly feel the
transmission of forces and distinction of tissue stiffness.
Additionally, the lack of tactile feedback is further exac-
erbated in cases of remote palpation, as the surgeon may
not be physically present in the operating room and must
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Fig. 1. Proposed system for remote and robot-assisted palpation: soft
optical palpation sensor and wearable haptic glove. A) 3D rendering of the
wearable haptic glove with labelled components. B) Soft optical palpation
sensor with top waveguide layer highlighted in blue and bottom waveguide
layer highlighted in red and corresponding detection points where the
waveguides intersect. C) Image of wearable haptic glove showing numbered
actuators on fingertip corresponding to detection points on the soft optical
palpation sensor.

rely purely on teleoperation [6], [7]. Thus, there is a crucial
need to restore tactile sensation to the surgeon’s hand so that
they are able to discern tissue and force interactions during
the procedure [8]. Haptic feedback combined with sensing
can improve performance and increase the intuitiveness and
efficiency of robotic palpation [9], [10]. However, there are
challenges present in restoring feedback to the surgeon,
including choosing the optimal method of sensory feedback,
avoiding distracting the surgeon with an overload of sensory
information, and ensuring the device does not impede the
clinical workflow [11]–[14]. Feedback to the surgeon in such
cases is often provided through sensory substitution, i.e., the
replacement of direct haptic forces with vibrotactile feedback
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or audiovisual methods, which affects the intuitiveness of the
procedure [6], [9].

Previous works have attempted to eliminate sensory sub-
stitution by providing direct pneumatic haptic feedback via
soft actuators that inflate to press against the user’s fingertip.
However, these solutions present ergonomic limitations, such
as bulkiness or require the user to continuously hold or pinch
the device with their fingertips, thereby constraining the
free movement of the user’s hands [15]–[17]. Furthermore,
most pneumatic haptic systems provide only single-point
feedback, making it harder to convey the localization of
features and tumors within a given palpation region [15].
Additionally, non-pneumatic haptic feedback solutions often
utilize expensive and complex rigid mechanisms to generate
forces against the fingertip [18], [19]. Thus, there is a
need for a multi-finger direct haptic feedback system that
is ergonomic, soft and cost-effective.

Similarly, palpation sensors often consist of rigid probes
and linear mechanisms, which may pose difficulties as they
require existing instruments to be modified [5], [9], [20].
Palpation sensors have also utilized piezoresistive and capac-
itive technologies but suffer from biocompatibility issues and
noise [21]. Soft optical sensors have also been widely used
due to their passive and biocompatible nature along with their
small size [21]. However, many optical palpation sensors
use expensive electronic equipment such as imaging cameras
and fiber Bragg gratings [22], [23] and require complex
manufacturing techniques. Due to the cost and complexity
of their components, optical palpation sensors usually are
not disposable after each palpation procedure and must be
sterilized [24].

This paper presents a low-cost and easy to fabricate soft
optical sensor and haptic feedback system for remote and
robot-assisted palpation (Fig. 1). The soft optical sensor
can detect the location of tumors embedded in a tissue
phantom via monitoring the change in optical signal during
palpation (Fig. 1, B). The sensor output connects to a
wearable haptic glove equipped with multi-finger silicone
actuators that inflate upon tumor detection (Fig. 1, A, C). The
soft optical sensor is made from readily available materials,
using tubing as optical waveguides immersed in soft silicone
elastomer. This allows the sensor to be rapidly fabricated
and disposed of after use. The actuators provide combined
cutaneous pneumatic and vibrotactile feedback. The wearable
glove is lightweight, has a low profile and the actuators
wrap around the user’s fingertips in an ergonomic manner
(Fig. 2, A-D). The actuators are easy to fabricate and can be
easily disposed of after use, if needed.

II. MATERIALS AND METHODS

This section describes the soft palpation sensor and haptic
feedback glove design, fabrication, as well as the fluidic
control circuit and pulse-width modulation (PWM) control
strategy.

Fig. 2. Soft robotic actuators embedded in the wearable haptic glove.
A) Image showing actuator and fabric straps in an unwrapped configu-
ration. B) Image showing actuator and fabric straps wrapped around the
finger. C) Deflated microfluidic actuator. D) Inflated microfluidic actuator
with embedded pneumatic channels visible. Scale bar measures 1 cm.

A. Haptic Palpation System Design

1) Palpation Sensor Design: The soft optical palpation
sensor consists of a simple, easy to fabricate design utilizing
readily available materials such as PVC tubing as optical
waveguides and soft silicone elastomer. The sensor can be
manufactured rapidly (see Section II-B.1) and at a low
cost. This allows it to be removed from the robotic end
effector between procedures and disposed of, if necessary.
Furthermore, the inertness of the optical sensor makes it
inherently safe for palpation. There is no voltage or current
inside the sensing apparatus nor is there any heat or magnetic
fields. As seen in Fig. 1 B, the sensor consists of four clear
PVC tubes that serve as waveguides. The optical clarity
of the tubing is conducive to the transmission of light.
The tubes are arranged in two layers, consisting of two
waveguides each. The bottom and top waveguides form a
lattice-shaped array encased within a soft silicone cladding
(Ecoflex 00-50, Smooth-On Inc.), see Fig. 1 B and Fig. 3 F.
Rigid indenters are attached to the soft silicone cladding
beneath the four locations where the waveguides intersect
each other (Fig. 1 B). The indenters serve as detection
points to enable effective palpation of tissue and translate
any incident force from tumors onto the waveguides. The
transmission of light through the waveguides can be recorded
as a voltage using the optoelectronic circuit described in
Section II-C. The presence of a hard tumor within the tissue
phantom will cause a higher measured optical loss (reduction
in light transmission) at the detection points when compared
to palpating the tumor-less phantom. The waveguides in the
bottom layer are most sensitive to deformation due to their
proximity to the top of the indenters (Fig. 1. B). This layer
exhibits higher optical losses upon pressing against a tumor.
The waveguides in the upper layer are further removed from
the indenters (due to the silicone cladding) and thus exhibit
a lower loss. Consequently, the bottom layer of the sensor is
used to estimate the tumor depth (i.e., magnitude of optical
loss) whereas the top layer of the sensor is used to locate
and triangulate the tumor. This allows the user to locate the
presence of the tumor at the four detection points (Fig. 1. B).
The sensor measures 51 mm× 51 mm and each detection
point is 27 mm apart. The silicone cladding is 5.7 mm thick,
with the attached indenters protruding 10 mm. The sensor is
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Fig. 3. Top - Soft Optical Palpation Sensor Fabrication. A) Align tubes within 3D printed mold. B) Pour silicone elastomer into mold and cure. C) De-mold
sensor and attach indenters. Bottom- Actuator Fabrication for the wearable haptic glove. D) Pour silicone into actuator base mold. E) Heat cure and de-mold
actuator base after curing. F) Spin coat silicone membrane onto silicon wafer and bond actuator base. G) Cut out the silicone actuator and glue to fabric
straps.

attached to a 3D printed holder that allows the device to be
attached onto a robotic end effector.

2) Haptic Glove Design: The wearable robotic glove
consists of four pneumatic actuators connected to a main
glove piece that guides pneumatic tubing along the user’s
hand (Fig. 1, C). The glove is designed to be lightweight
and modular, thereby being able to fit a variety of hand
sizes using adjustable Velcro straps. The pneumatic actuators
are composed of microfluidic arrays made of a silicone base
with a thin silicone membrane at the top (Fig. 2, A-D). The
actuators inflate upon detection of an incident loss (tumor),
pressing and vibrating against the user’s fingertips at 20 Hz
via a PWM control algorithm. This provides a combined
sensation of direct pneumatic feedback and vibrotactile feed-
back to alert the user to the presence of a tumor. Each of
the four actuators on the glove map to a specific detection
point on the palpation sensor. For example, when a tumor
is located at the indenter detection point (Fig. 1, B), i.e, the
intersection of one bottom layer and top layer waveguide,
then the corresponding actuator inflates in proportion to
the optical loss. The actuators are placed sequentially on
the fingertips instead of a matrix on another area of the
hand primarily due to the sensitivity of the fingertips to
haptic feedback compared to other areas of the hand. If the
resolution of the sensor were to increase, the number of
actuators on the fingertips would correspondingly increase
as well. The actuator straps and the main glove are made
from 1.5 mm thick neoprene (SewSwank) thereby proving

a lightweight design and low vertical profile. The actuators
and the main glove piece can be fabricated rapidly at a low
cost due to the nature of materials used (see Section II-B.2).
This means the glove and its actuators can be easily disposed
of, if necessary (e.g., if the glove becomes contaminated or
dirty).

B. Fabrication

1) Palpation Sensor Fabrication: The optical waveguides
consist of clear PVC tubing (2 mm OD, 60A durometer,
McMaster-Carr Supply Company). The tubing is cut into
8 cm lengths and arranged symmetrically in a lattice-shaped
3D printed mold (Form 2, Formlabs) (Fig. 3, A). The
tubing is temporarily reinforced with 0.38 mm steel rods
(McMaster-Carr Supply Company) to prevent deformation
during the silicone curing process. Ecoflex 00-50 silicone is
then poured into the mold and cured at 70◦ C for 15 min
(Fig. 3, B). The metal rods are removed after the sensor is
fully cured. The cladding and tubing waveguides are then
de-molded and attached to a flat acrylic backing (1.3 mm
in thickness, McMaster-Carr). 3D printed indenters (Form 2,
Formlabs) are then attached to the cladding using silicone
rings (Smooth-Sil 950, Smooth-On Inc.) and flexible adhe-
sive (Loctite 4861) (Fig. 3, C). The sensor is then mounted
onto a 3D printed holder that can attach onto a robotic end
effector. The total fabrication time for the sensor is ≈60 min.

2) Haptic Glove Fabrication: The base of the microfluidic
actuators on the glove are fabricated by pouring silicone
elastomer (Mold Star 30, Smooth-On Inc) into patterned 3D
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printed molds (Form 2, Formlabs) (Fig. 3, D). The silicone
in the mold is then cured at 70◦ C for 15 min (Fig. 3, E).
Dragon Skin 30 (Smooth-On Inc) silicone elastomer is then
spin coated onto a silicon wafer (5 s ramp, 40 s dwell,
500 rpm) to form a 300 µm thin layer. The Dragon Skin
30 layer is cured for 10 minutes at 70◦ C. This serves as
the top membrane of the actuator. A thin layer of Ecoflex
00-30 (Smooth-On Inc.) is spin coated (5 s ramp, 30 s dwell,
1000 rpm) onto the silicone coated wafer. The Ecoflex serves
as a flexible glue to bond the actuator base onto the top
Dragon Skin 30 membrane. The actuator base is then pressed
onto the wafer and cured at 70◦ C for 5 min (Fig. 3, F).
The actuator is cut into shape and glued to the 1.5 mm
Neoprene fabric straps (Fig. 3, G). The main glove piece
is also cut from Neoprene and Velcro straps are attached.
Finally, tubing (2 mm OD, McMaster-Carr Supply Company)
is inserted into the actuators to form the completed glove.
The actuator design allows it to fold around the fingertips
using Velcro straps. This provides a secure fit and direct
contact between the microfluidic actuator array and finger
pads. The total fabrication time is ≈30 min. Please refer to
the accompanying video for additional information.

C. Control

The four microfluidic actuators on the haptic glove are
pneumatically controlled by four solenoid valves that are
attached to a manifold (GVP-321C-24D, Nitra® Pneumatics).
The on/off switching of the solenoid valves is controlled by
a multi-channel MOSFET module (Hilitand). The MOSFET
module is in turn connected to an Arduino® Mega 2560
micro-controller. The control strategy for the palpation sys-
tem uses pulse width modulation (PWM) to set the duty
cycle controlling the solenoid valves based on the palpation
sensor input during robotic palpation (Fig. 4). Thus, the
magnitude of the optical loss caused by the tumors (i.e.,
incident force on the sensor’s indenters) determines the value
of the duty cycle. This in turn triggers proportional inflation
of the pneumatic actuators to alert the user of the presence
of the tumor.

The duty cycle equation can be calibrated depending
on the type of robotic palpation i.e., tumor hardness and
indentation depth. The general duty cycle equation is as
follows:

Duty Cycle [%] = Optical Loss (dB) × T (1)

The duty cycle is calculated by multiplying the
Optical Loss (dB) by a constant T . The constant can
be set so that the duty cycle triggers inflation of the
actuators when the optical loss crosses an threshold value
and reaches 100% when the optical loss from tumor
palpation saturates at its highest value. The threshold and
saturation values of the optical loss are ultimately dependent
on the specific palpation procedure and tumor hardness.
Thus they can be calibrated as needed. The optical loss is
calculated using the following formula:

Loss (dB) = 10 × log10(Io/I) (2)

Fig. 4. Block diagram showing control circuit. 1) Palpation sensor. 2) Ar-
duino. 3) 4-channel MOSFET board. 4) Solenoid valves. 5) Microfluidic
actuators.

where Io is the output power of the undeformed tubing
waveguide on the soft palpation sensor when it is not
pressing on any tissue, and I is the power through the
waveguide when the sensor is deformed due to the incident
force caused by pressing the tissue phantom. The change in
output power I is measured as a change in voltage recorded
by the optoelectronic circuit. The circuit consists of four
930 nm, infrared LEDs (IF E91-A, Industrial Fiber Optics)
that emit light through the waveguides connected to four
photo-transistors (IF D92, Industrial Fiber Optics). Please
refer to the accompanying video for additional information.

III. RESULTS AND DISCUSSION
This section describes the experiments performed in this

work to validate the soft palpation sensor and haptic feedback
glove. This includes actuator characterization tests, i.e., the
PWM duty cycle vs pressure validation and blocked force
testing, as well as sensor characterizations, i.e., the tumor
depth estimation and in-vitro evaluation.

A. Pressure Holding Validation

The microfluidic actuators on the glove were subjected to
periodic and incremental changes in the input duty cycle. In
response to changes in the duty cycle, the actuators inflated
proportionally and the corresponding pressure was measured
using a pressure transducer (BSP000W, Balluf Inc.). This
test was performed to evaluate the ability of the microfluidic
actuators to hold distinct and discernable pressure values as
the input loss from the palpation sensor increases during
palpation of tumors at different depths. This is necessary
as the surgeon must be able to feel the approximate depth
of the tumor during the palpation process i.e., a tumor near
the surface of the tissue will cause greater inflation of the
actuators (pressure) compared to a deeper tissue. As seen in
Fig. 5, the duty cycle increases in 10% increments from 0
to 100% at a PWM frequency of 20 Hz. The corresponding
pressure in the actuators increases linearly starting from 30%
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Fig. 5. Test results displaying periodic increase in microfluidic actuator
pressure as the duty cycle is increased by 10% increments.

of the duty cycle value to 100% to a max pressure of 60 kPa.
The actuators do not inflate at duty cycle values below 30%
as the time fraction of the cycle during which the solenoids
are open is too short to cause sustained inflation of the
actuators. Additionally, the graph shows oscillating pressure
values at each duty cycle step, this is due to the PWM control
of the solenoids causing the actuator membrane to vibrate.
This is perceived by the user as a combined vibrotactile
and pneumatic feedback. At higher values of the duty cycle,
the vibration from the oscillating pressure decreases and
pneumatic feedback begins to dominate.

B. Blocked Force Testing

Blocked force testing was performed in order to quantify
the magnitude of force that the actuators exert upon complete
inflation. The microfluidic actuators were placed underneath
a compression anvil that was fastened to a load cell (2580,
Instron Corp.) connected to an Instron table frame (5943,
Instron Corp.). The PWM duty cycle increased linearly such
that the actuator reached full inflation at 60 kPa. As seen in
Fig. 6, the force increase from 0 N to an average value of
1.6 N as the pressure reaches 60 kPa. The rate of change of
the blocked forces increases faster as the pressure reaches the
upper values of 40-60 kPa. While the blocked force testing
anvil may not mimic the soft and deformable nature of the
fingertip, it provides an estimate of the force behaviour of
the actuator in response to changes in the stimuli (loss from
palpation).

C. Tumor Detection and Localization

This test was conducted to assess the ability of the soft
palpation sensor to detect tumors at varying depths within
a tissue phantom. In order to localize the tumor, the sensor
must be able to estimate the depth of the tumor underneath
the phantom, in addition to its location in the X-Y plane
on the surface of the palpated tissue. A 16 mm thick tissue
phantom was fabricated out of Ecoflex 00-10 (10 shore 00
hardness, Smooth-On Inc.). The tissue phantom contained
four embedded spherical tumors of 50A shore hardness
(Smooth-Sil 950, Smooth-On Inc.). The 10 mm diameter

Fig. 6. Test results displaying blocked force in response to actuator
inflation.

tumors were embedded at depths ranging from 2 mm to
5 mm beneath the tissue surface. The palpation sensor was
mounted onto an Instron frame (5943, Instron Corp.). The
sensor was then pressed onto the tissue phantom to a depth
of 8 mm and rate of 2 mm/s to simulate palpation. Each
detection point was pressed onto the four tumor locations
and the subsequent loss was recorded. As seen in Fig. 7,
both the bottom layer and top layer waveguides show a
sustained increase in optical loss when pressing on a location
with a tumor compared to the tumor free location. As the
tumor depth increases, the loss experience by the waveguides
decreases linearly. The bottom waveguides are more sensitive
to the presence of the tumor, showing an average optical loss
ranging from 4.5 dB to 3.2 dB as depth increases from 2 mm
to 5 mm. The baseline average loss of the bottom layer when
there is no tumor is 1.3 dB. The top waveguide layer is less
sensitive to the tumor but it also shows distinct loss when
palpating a tumor. The loss ranges from 1.5 dB to 1 dB from
tumor depths ranging from 2 to 5 mm. The baseline average
loss when there is no tumor is 0.2 dB. Thus, the sensor is
able to distinguish the presence of a tumor and its location,
as the resultant loss is significantly higher than the baseline
loss when palpating only the tissue phantom.

D. In-Vitro Validation

An in-vitro validation of the soft optical palpation sensor
and wearable haptic glove was conducted to evaluate the
performance of the system in a clinical setting i.e., a robotic
palpation test. The palpation sensor was mounted onto a UR-
5 robotic arm (Universal Robots) and placed directly above
a tissue phantom (00-10 shore hardness) with embedded
tumors of 50 A shore hardness (Fig. 8). First, the robot arm
presses directly into the tissue phantom at the center, where
there are no embedded tumors. The arm palpates the tissue
at a rate of 1 mm/s to a final depth of 8 mm. The robot arm
then moves up from the surface and moves the sensor to a
tumor location that is 15 mm along the x-axis and 15 mm
away on the y-axis from the defined center origin. Herein lies
a tumor embedded 3 mm below the surface. The arm then
presses the sensor into the tissue phantom at the same rate
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Fig. 7. Test results displaying average optical loss of the sensor in
response to palpating tumors embedded at varying depths for 50A shore
hardness tumors. The dotted lines show the mean loss for the top and bottom
waveguide layers when there is no tumor in the phantom.

and depth as previously mentioned. As seen in Fig. 9, when
the sensor is pressed on the phantom with no tumors (10 s to
40 s in Fig. 9), the bottom two waveguides that are closest to
the indenters show the same loss of 1.5 dB, which is beneath
the set tumor detection threshold for the bottom layer. The
top waveguide layers show differing losses, with the top
waveguide 1 showing approximately 0.5 dB loss while the
second top waveguide shows 0.1 dB loss. However, both
waveguides are below the set tumor detection threshold for
the top layer. The robotic arm then moves the sensor to the
next location, where the palpation motion is performed again.
As the sensor presses against the embedded tumor (70 s to
85 s in Fig. 9), the loss from the first waveguide in the bottom
layer increases beyond the threshold loss value and reaches
3.5 dB. Concurrently, the loss from the first waveguide in the
top layer also increases beyond the set loss threshold value.
Using the loss signal from the two waveguides, the position
of the tumor can be localized to detection point 1, i.e., the
position above the first indenter where the bottom waveguide
1 and top waveguide 1 intersect in a lattice. Consequently,
the microfluidic actuator on the glove corresponding to the
detection point inflates. Upon tumor detection, the duty cycle
value of the actuators rises to around 70% and stays constant
as the sensor is pressed against the tumor. Once, the sensor
completes the palpation process and rises up, the duty cycle
drops as well. Please refer to the accompanying video for
additional information. In future works, the haptic glove
will be evaluated through user trials. This would assess how
haptic feedback could improve tumor detection during the

Fig. 8. In-vitro validation test setup showing the soft optical palpation
sensor, UR-5 robot arm, and tissue phantom with embedded tumors

Fig. 9. Figure showing the loss signals of the sensor and duty cycle data
during the in-vitro palpation test. A) Loss of the bottom two waveguides
when pressing against the tumor-free region and embedded tumor. B) Loss
of the top two waveguides when pressed on the tumor-free region and
embedded tumor. C) Loss of the detection point (Bottom waveguide 1 and
Top waveguide 1) and the resulting duty cycle signal.

palpation procedure based on feedback from clinicians. User
trials would also help determine the optimal sensitivity of
haptic feedback to provide to the surgeon.
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CONCLUSION

This work describes an integrated palpation sensing and
haptic feedback system for tumor detection in robotic-
assisted palpation procedures. A soft optical palpation sensor
is connected to a wearable haptic glove. The glove has
multi-finger microfluidic actuators that inflate in response to
tumor detection by the sensor. The sensor and the glove are
made from easily available, cost-efficient materials including
tubing and silicone. This allows quick fabrication of the
sensor and glove and enables the sensor and actuators to
be easily disposed of between procedures. The sensor is
able to feel and localize the presence of tumors beneath the
tissue phantom surface based on optical loss from its four
waveguides. The sensor can detect the presence of tumors
ranging from a depth of 2 mm to 5 mm beneath the surface
of a tissue phantom. Concurrently, the sensor exhibits a
downward trend in loss as the depth of the tumor increases.
The actuators inflate proportionally to the loss encountered
by the sensors via a PWM control algorithm to provide haptic
feedback to a user (i.e., clinician). The system was able to
be integrated with a Universal robot arm to perform a mock
robotic palpation procedure (i.e., with a tissue phantom).

The next steps for this work would be to improve the
resolution of the sensor, i.e, increasing the density of inden-
ters and detection points. The sensor could also be improved
to differentiate and quantify detecting tumors of different
hardness. Lastly, the sensor circuitry could be further minia-
turized to enable easy integration onto various robotic end
effectors for palpation.
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