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Abstract

Background: The loss of tactile feedback in minimally invasive robotic surgery remains a major
challenge to the expanding field. With visual cue compensation alone, tissue characterization via
palpation proves to be immensely difficult. This work evaluates a bi-modal vibro-tactile system as
a means of conveying applied forces to simulate haptic feedback in two sets of studies simulating
an artificial palpation task using the da Vinci surgical robot.

Methods: Subjects in the first study were tasked with localizing an embedded vessel in a soft
tissue phantom using a single-sensor unit. In the second study, subjects localized tumor-like
structures using a three-sensor array. In both sets of studies, subjects completed the task under
three trial conditions: no feedback, normal force tactile feedback, and hybrid vibro-tactile
feedback. Recordings of correct localization, incorrect localization, and time-to-completion, were
used to evaluate performance outcomes.

Results: With the addition of vibro-tactile and pneumatic feedback, significant improvements in
the percentage of correct localization attempts were detected (p=0.0001 and 0.0459, respectively)
during the first experiment with phantom vessels. Similarly, significant improvements in correct
localization were found with the addition of vibrotactile (p=2.57E-5) and pneumatic significance
(p=8.54E-5) were observed in the second experiment involving tumor phantoms.

Conclusions: This work demonstrates not only the superior benefits of a multi-modal feedback
over traditional single modality feedback, but also the effectiveness of vibration in providing
haptic feedback to artificial palpation systems.
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Introduction.

Despite advantages such as shorter recovery time and reduced postoperative pain,
minimally-invasive surgical approaches like laparoscopic and robotic surgery have been
associated with a compromise or loss of tactile feedback, defined as the ability to recreate
the sense of touch by applying forces and/or vibrations to the surgeon. Tactile feedback has
been found to be essential for delicate surgical tasks including tissue retraction, dissection,
and manipulationl=3. A large part of a minimally invasive surgeon’s learning curve is spent
on adopting to this loss with compensation via visual cues. By partially restoring tactile
feedback to the surgeon, studies have found decreased number of errors during blunt
dissection tasks3 and reduced frequency of intraoperative tissue damages*®.

One important yet infrequently explored utility of tactile feedback lies in tissue
characterization®’.During open surgery, abnormal tissues, such as tumor or inflamed soft
tissue, are detected by their different mechanical properties from neighboring structures®.
Such differences in mechanical properties are detectable only by the surgeon’s fingers but
not eyes. Furthermore, the ability to localize anatomical structures buried under soft tissue,
such as a mesentery vessel, the ureter, or a hidden lymph node, is critical in order to avoid
injuring key structures®. In order to effectively distinguish anatomical structures from
background soft tissue, a force sensitive instrument capable of providing artificial force
feedback is required.

Haptic feedback technologies to date are comprised of two primary components, sensors and
actuators. Sensors detect forces applied to the tissue by the surgical instrument, while
actuators relay this information to the surgeon’s fingertips. Most existent haptic feedback
systems rely on sensors that require significant modification of robotic instruments, thereby
limiting their application in clinical settings913. In our current report, we seek to utilize
sensors installed directly on the robotic instruments as an add-on component, allowing a
wider range of compatibility with different robotic systems. In addition, most existent haptic
feedback systems rely on auditory or visual cues for conveying the sense of touch to the
surgeon, i.e. sensory substitution10:11.14 However, sensory substitution requires additional
processing time by the surgeon and may lead to sensory overload in noisy environments like
the operating room?®. Surgeons have been found to prefer haptic feedback to sensory
substitution as it is perceived as being more intuitivel®. Furthermore, most systems focused
on providing kinesthetic feedback only, i.e. sense of proprioception provided via sensors in
large muscle tendons and joints, ignoring the role of tactile feedback, i.e. fine touch and
vibration sensations provided by sensors in the epidermis and dermis of the fingertips!’:18,

In the current ex-vivo study, we seek to evaluate the efficacy of tactile feedback restoration
in improving the ability of the surgeon to quickly localize structures hidden in soft tissue.
Furthermore, we evaluated whether the addition of a vibrotactile feedback, i.e. an on-off
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vibratory component, to a graded normal force feedback, provided additional discriminatory
power for the surgeon in discerning underlying anatomical structure.

Methods and Procedures

Experimental Design

We employed a repeated measures study design, whereby study subjects were asked to
palpate soft tissue phantoms with the artificial palpation system mounted on a da Vinci robot
(Intuitive Surgical, Sunnyvale, CA), in an attempt to localize the underlying hidden
structure. Each subject was asked to perform the same task three times: once with no tactile
feedback (i.e. visual feedback alone), once with graded normal force feedback, and once
with both graded normal force feedback and vibrotactile feedback, i.e. bi-modal feedback.
The order of the three trial conditions was randomized to eliminate any bias arising from the
subject gaining experience with the artificial palpation system.

Prior to commencement of the trials, subjects were allowed to palpate a separate soft tissue
phantom sample with native fingers to familiarize themselves with the shape and size of the
target structure. Subsequently, they were instructed to scan the entire surface of the phantom,
ensuring that the sensor array remained parallel to the surface of the table where the
phantom was mounted. Subjects would then either point out the location of the target
structure or simply state that no target organ was present (in case none could be found).
Subjects were not told that all phantoms did in fact contain the target structure. Furthermore,
even though subjects were told that a different phantom may have been used in each trial, the
same phantom was simply repositioned in between the trials to change relative location of
the target structure in relation to the camera. This approach eliminated any bias that could be
introduced from variation in the depth and size of the target structure between phantom
samples.

Using similar experimental designs, two separate trials were conducted. The first trial
involved the use of a single force sensor in detection of a long tubular structure while the
second trial sought to localize a small discrete tumor using a three-sensor array.

Artificial Palpation System Designs

In order to evaluate the impact of tactile feedback in tissue characterization, we have
independently developed an artificial palpation system composed of a sensor component
installed at the tip of a robotic instrument and a bi-modal haptic actuator, capable of
providing both graded normal force feedback and vibrotactile feedback. The graded normal
force feedback was provided via the use of pneumatic balloons in touch with the surgeon’s
fingertips. The balloons inflate in correspondence with the force value detected by the sensor
on the instrument tips. The vibrotactile feedback was provided with the use of a vibratory
motor, which is activated in a binary manner based on thresholds that could be programmed
depending on its utility (Figure 1a). The system is modified from previously reported haptic
feedback systems from our research group, which was originally developed for minimizing
robotic grasp forcel® 21 (Figure 1b). It is fully compatible with the da Vinci robotic surgical
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system and could potentially be modified to be used with most commercially available
robotic surgical systems.

The primary modifications made to the previously reported system that allowed the
execution of the below-described experiments were a newly-designed sensor array as
described below.

Trial 1: Single Sensor for Detection of Tubular Structure

Sensor Design: The initial artificial palpation prototype utilized a single FlexiForce A201
force sensor to detect forces applied to the tissue. The sensor was mounted at the end of da
Vinci Fenestrated Bipolar forceps using a custom 3-D printed support (Figure 2a). The
control system (Figure 1b) for the bi-modal vibrotactile HFS was implemented by
configuring the logic engine of the HFS control software with two sets of rules. The first
ruleset controlled the behavior of the pneumatic normal force feedback actuators, whereby
incremental inflation of the pneumatic balloon in contact with the surgeon’s fingertip was
induced corresponding to the force value detected by the single sensor on the bipolar forcep.
The second ruleset controlled a vibratory motor that provided vibration to the surgeon’s
fingertip when the detected force value exceeded the 75™ quartile of the force range
recorded.

Phantom Design: To simulate the presence of a tubular structure inside soft tissue, akin to
ureter in the retroperitoneal fat or mesentery vessels in the mesentery, a phantom was created
by placing a semi-compressible, silicone-based tube, inside a soft Eva foam material and
then covering it up with a soft, but thick, patterned cloth (Figure 2b). The cloth made visual
localization of the tubular structure challenging.

Trial 2: Sensor Array for Detection of Discrete Tumor

Sensor Design: The use of a single sensor in Trial 1 showed that sequential palpation of
background tissue, target organ, and background tissue and accurate retrospective
comparison of the gathered force information was required in order to localize the target
organ. This is markedly different from native human fingers, which could simultaneously
detect thousands of data points in neighboring regions covered by the surface area of the
finger and localize the underlying structure based on its distinct force value from its
neighboring background tissue. Based on this observation, we developed the second iteration
of the artificial palpation prototype, which sought to further enhance its discriminatory
power with the use of a three-sensor array (Figure 3a) in place of a single sensor. This
configuration utilized the two outer sensors in the array as reference sensors and the middle
sensor as a data sensor. This approach ensured that detection of semi- and non-compressible
structures surrounded by soft tissue could be more easily achieved. The algorithm that
controlled the incremental inflation of the pneumatic balloon now provided balloon inflation
correspondent with the maximal force value detected by the three sensors. The threshold for
activating the vibratory motor has been programmed in such a way that, instead of using an
arbitrary force value threshold, the vibratory motor was now activated when the data sensor
recorded higher forces than the two reference sensors (figure 3b).
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Phantom Design: A solid tumor phantom was created by injecting epoxy inside a low-

density soft sponge material measuring approximately 15x10 cm, simulating a tumor
approximately 1cm in diameter that could be easily palpated but not visualized from the
sponge surface (Figure 4a & 4b).

Data Analysis

Results

For both trials, three outcomes of interest were recorded: correct localization, false
localization (failure to localize the structure or localizing it to the wrong site) and the time-
to-completion. For the first two outcomes, statistical analysis of the ordinal data (i.e.
detections, faults) would ideally be performed using One-way Repeated Ordinal
Regression?2. However, this test would fail due to the binary nature of the data in our current
study. For this reason, Friedman’s test, which is a non-parametric alternative to Repeated
Measures ANOVA, was used instead. For time-to-completion, Log?2 transformation was used
to achieve normality, followed by statistical analysis using Repeated Measures ANOVA.
Follow up post-hoc analysis was performed using Tukey correction method when the p-
value was < 0.05.

Trial 1: Single Sensor for Detection of Tubular Structure

A total of 19 subjects participated in trial 1, each repeating the same trial under three
separate conditions: 1) when no tactile feedback was provided, i.e. using visual cues alone,
there were 4 (21%) instances of mis-localizations, 10 (53%) instances of subject not finding
the tube, and 5 (26%) correct detections of the tube when no tactile feedback. 2) When
graded normal force feedback was provided, there were 3 (16%) mis-localizations, 4 (21%)
instances of subject not finding the tube, and 12 (63%) correct detections. 3) When the
vibrotactile feedback was added to the graded normal force feedback,i.e. bi-modal feedback,
there were no instances of mis-localizations, 2 (11%) instances of the subject not being able
to locate the tube, and 17 (89%) correct detections.

For the purposes of statistical analysis, a fault/false-positive was identified as either a subject
not being able to locate the tube or incorrectly identifying the location of the tube. A correct
detection was defined as correct localization of the vessel-like structure (Figure 5). The bi-
modal feedback performed significantly better than no feedback with regards to mis-
localizations (p = 0.0001, Friedman) and correct detections (p = 0.0001, Friedman). When
comparing the unimodal graded normal force feedback with the no feedback conditions, a
significant reduction in faults (p = 0.0457, t-test, Tukey) and correct detections (p = 0.0459,
t-test, Tukey) could also be observed. No significant difference was observed between the bi-
modal and unimodal graded normal force feedback with regards to fault (p = 0.2086, t-test,
Tukey) nor correct localization of the tube (p = 0.206, t-test, Tukey).

With regards to the time-to-completion of the tasks (Figure 6), the bi-modal feedback
performed significantly better (shorter completion times) than both the no feedback (p =
0.0033, t-test, Tukey) and the unimodal graded normal force feedback (p = 0.029, t-test,
Tukey) conditions. No significant difference was present between the time-to-completion
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time between the no feedback and unimodal graded normal force feedback conditions (p =
0.762, t-test, Tukey).

Trial 2: Sensor Array for Detection of Discrete Tumor

A total of 14 subjects participated in trial 2, with each subject repeating the same task three
times, each time with three different tactile feedback conditions, i.e. no tactile feedback,
unimodal graded normal force feedback alone, or bimodal vibrotactile feedback.

Similar to trial 1, the results of trial 2 showed (Figure 7) that the ability of the subject to
detect the tumors was significantly improved compared to the no feedback conditions, both
when using unimodal normal force feedback (p = 8.54E-5, t-test, Holm) and bi-modal vibro-
tactile feedback (p = 2.57E-5, t-test, Holm). The bimodal vibrotactile feedback also
performed better than the unimodal pneumatictactile feedback with regard to the number of
correctly detected tumors (p = 0.019, t-test, Holm). Looking at the total number of correctly
detected tumaors, the no feedback condition resulted in 3 correctly identified tumors out of a
total of 56. Providing unimodal normal force feedback increased this number to 33/56 and
providing bimodal vibro-tactile feedback resulted in 44/56 correctly identified tumors.

With regard to the number of mis-localizations, the bimodal vibrotactile feedback system
performed significantly better than the unimodal normal force feedback (p = 0.025 t-test,
Holm). This corresponds to total false positives of 4/56, 15/56, and 4/56 for no feedback,
unimodal feedback and bimodal feedback conditions, respectively.

It is worth mentioning that while there is also a significant difference between the unimodal
normal force feedback and the no feedback conditions with regard to the number of mis-
localizations, in reality this value does not correctly represent the observations of the
experiment. In nearly all no feedback cases, the subject simply gave up on finding a tumor in
the phantom and reported that the phantom contained no tumors at all, therefore leading to a
low mis-localization value.

Discussions.

While expert surgeons are able to compensate for the loss of haptic feedback during
minimally-invasive procedures with visual cues in many respects?3, tissue characterization
remains an irreplaceable utility of tactile sensation?4. The increased incidence of biliary duct
injury associated with laparoscopic cholecystectomy is frequently attributable to the
surgeons’ compromised ability to localize firm structures behind adhesions and fat25. In
addition, surveys of robotic surgeons have demonstrated consensus of need for enhanced
detection of tissue consistency differences and localization of hidden vessel, tumor or lymph
nodes26. In order to address this need, researchers have developed artificial palpation devices
specifically for the characterization of prostate tumors, arterial stenotic lesions, and kidney
stones®27:28, Furthermore, recent efforts have focused on the development of a general-
purpose artificial palpation system compatible with commonly used laparoscopic and/or
robotic instruments that allows simultaneous tissue characterization during the performance
of clinically relevant tasks?% 31, Nearly all such systems to date rely on customized and
modified versions of existing laparoscopic and robotic instruments, making them
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incompatible with existing clinically used solutions. Here we describe a general-purpose
solution, implemented as an add-on, and compatible with existing robotic surgical systems
and instruments. This system can be used to provide feedback without requiring any
modification to existing robotic systems. Additionally, rather than relying on a single
modality of feedback, this study has investigated the benefits that utilizing additional
feedback modalities can provide to artificial palpation systems.

The benefits of the vibro-tactile HFS over single-modality feedback solution highlight the
value of vibration as a feedback modality. Vibration feedback, when applied in a continuous
fashion, can be distracting and lead to increased mental load. When used in an intermittent
fashion however, vibration feedback is extremely effective in directing the brain’s attention
to a specific event or area of the body32. This unique benefit is what allows the robotic
operator to rapidly scan a large area of tissue and quickly identify potential structures.
Ultimately, the graded feedback provided by the pneumatic normal force feedback actuators
is a must for palpating the target area and identifying the margins and/or tissue
characteristics. However, as seen in the results of these studies, such graded feedback
modalities alone, cannot improve the time-to-completion of such surgical tasks.

In addition to the single-sensor unit, a three-sensor array was designed to allow kinetic
scanning of a soft tissue surface as opposed to point-by-point indentation of the surface.
Outcomes were further improved with the observed reduction of the instances of false
positives. However, future efforts are required to estimate the optimal sophistication of
sensor array required to achieve adequate tissue characterization fidelity and limit device
footprint and cost.

It is worth mentioning that the experimental design of the second set of experiments
involving detection of tumors led to a much more challenging task compared to the more
straightforward detection of vessels in the initial vibro-tactile HFS study. This is clear from
the mere 5% correct detection rate for the no feedback condition, demonstrating the
inadequacy of visual inspection (i.e. without feedback) for localizing structures hidden in
soft tissue. On the other hand, providing tactile feedback increases this number to 59%,
while the multi-modal feedback raises this number further to 79%. Considering that this
system relies on a low-resolution array consisting of only three normal force sensors, this
value demonstrates how effective multi-modal haptic feedback systems can be in resolving
one of the most critical limitations facing robotic surgical systems. Furthermore, these
results also highlight the benefits of multi-modal feedback systems over traditional single
modality feedback methods.

The bi-modal vibro-tactile system investigated in this work was representative of only a
proof of concept implementation of HFS for artificial palpation. Despite this, it clearly
shows the benefits of a multi-modal haptic feedback system over single-modality solutions.
The synergistic relationship between the two feedback modalities presented in this vibro-
tactile system resembles how fast adapting mechanoreceptors in the skin work together with
slow adapting pressure sensors to allow rapid scanning of an area and identification of
various structures not visible to the naked eye.
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The outcomes of this work demonstrate that even a single-sensor, naive implementation of a
tactile feedback system can significantly improve the surgeons’ tissue characterization
capabilities. This implementation, once further enhanced with better sensing and software
detection algorithms, clearly outlines the benefits of tactile feedback systems for artificial
palpation applications in robotic surgery. Most importantly, the results show that simulating
the symbiotic relationship of multiple sensory modalities involved in human touch can
significantly impact the effectiveness of artificial palpation systems. Ultimately, the results
of this work highlight the importance of further research into haptic feedback solutions that
can easily integrate into existing surgical robotics solutions and utilize multiple modalities of
feedback to provide a more natural artificial palpation solution.
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Figure 1:
(a) 3D Printed Pneumatic Actuators with Vibration Motors (b) HFS Control System

Overview
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Figure 2:
(a) Normal Force Sensor Installed on da Vinci Fenestrated Bipolar Forceps (b) Phantom

Made of a Polyurethane Tube Hidden Inside a Soft EVA Foam
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Figure 3:
(a) Sensor Array with Two Outer Reference Sensors and a Center Data Sensor (b) Control

System of Vibro-Tactile Hybrid HFS using Normal Force Sensor Array
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b)

Figure 4
(a) View of Phantom from Underneath. Phantom is Made of Soft Sponge Material with

Injected Epoxy Used to Simulate Tumors. (b) Soft Sponge Phantom with Spherical Tumor-
Like Structures Hidden Inside, Palpated Using Normal Force Sensor Array
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Figure5:
Comparison of Correctness Score (Number of Correct Detections) and Number of Faults

(False Positives and Not Detected) in Detecting Non-Compressible Structure in Soft Tissue,
Under Different Feedback Conditions
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Figure®6:
Comparison of Time-to-Completion for Localization of Non-Compressible Tubular

Structure Under Different Feedback Conditions
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Figure7:

Comparison of the Number of Faults and Correctness Score (Number of Correct Detections)
for Artificial Palpation in Robotic Surgery, Under Different Feedback Conditions
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