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Abstract

Background: It was suggested that the lack of haptic feedback, formerly considered
a limitation for the da Vinci robotic system, does not affect robotic surgeons because
of training and compensation based on visual feedback. However, conclusive studies
are still missing, and the interest in force reflection is rising again.

Methods:

designed tissue grasping, palpation, and incision tasks with robotic surgeons, to be

We integrated a seven-DoF master into the da Vinci Research Kit. We

performed by three groups of users (expert surgeons, medical residents, and

nonsurgeons, five users/group), either with or without haptic feedback. Task-
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Results:

Conclusions:

specific quantitative metrics and a questionnaire were used for assessment.

Force reflection made a statistically significant difference for both palpa-

tion (improved inclusion detection rate) and incision (decreased tissue damage).

Haptic feedback can improve key surgical outcomes for tasks requir-

Italy. ing a pronounced cognitive burden for the surgeon, to be possibly negotiated with
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1 | INTRODUCTION

Haptic feedback holds the promise to restore the sense of touch in
applications ranging from human-robot interaction and gaming to
surgery and training. Kinesthetic (force/joint-related) and tactile
(cutaneous/skin-related) sensations are both closely connected to
the concept of haptic feeling, as two sides of the same coin. Convey-
ing such a range of additional information to the human end-user
increases their sense of telepresence at the remote site.? The restora-
tion of haptic feedback, therefore, is supposed to improve accuracy
and safety.®> As a matter of fact, haptics in robot-assisted surgery
received a growing interest in the last decades.*

A loss of haptic sensation occurred when minimally invasive
surgery (MIS) procedures became the golden standard over open
surgeries: The long shafts characterizing laparoscopic tools prevent
the surgeon from properly perceiving forces. Haptic distortion became

conclusive when robotic MIS was introduced to enhance dexterity-

longer completion times.

and vision-related MIS issues.> Multiple control modalities were
proposed for robotic MIS: teleoperation frameworks to perform
small-scale precise procedures®; autonomous systems to also foster
repeatability’; and hands-on control, possibly complemented by
virtual fixtures, to keep decisionmaking on the surgeon side for a safer
approach.® Teleoperated robotic MIS systems, in particular, eliminated
direct haptic perception because of the physical separation between
the master and the slave side. Any subsequent attempts to reintegrate
force reflection capabilities had to face technical challenges, including
a balance between system stability and transparency and the need to
codevelop smart-sensing tools also compatible, eg, with sterilization
and biocompatibility issues.

Actually, the introduction of the da Vinci (dV) Surgical System
(Intuitive Surgical Inc., Sunnyvale, CA, USA), FDA cleared in 2000,
induced some separation between the research and the commercial
take on the problem of haptic feedback restoration. On one hand, the

dV market supremacy sensibly deflated the focus on haptics:
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After several years during which the lack of haptic feedback was
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considered a limitation for the dV,? the mainstream opinion has become
that robotic surgeons (necessarily trained on the dV) can compensate by
using visual feedback, so that they do not suffer from that shortage.'®
On the other hand, many research studies claimed clear benefits from
haptic feedback restoration for clinical applications/tasks requiring
mechanical contrast perception for tissue discrimination (intraoperative
palpation®**%), precise tool-tissue interaction force rendering (incision/

3,16-19 21-25)

dissection, catheter steering,?® needle driving/suturing , or

tissue/organ safe manipulation (tissue clutching, organ retraction®4%7).
Furthermore, haptic information could also enrich the training phase
of robotic surgeons.?83* Not all the market players, however, shared
the reluctance. For instance, the Sensei Robotic Catheter System
(Hansen Medical, Mountain View, CA, USA), FDA cleared in 2007 and
used for treating cardiac arrhythmia, is able to provide force feedback>?
using a customized omega.medical haptic interface (Force Dimension,
Nyon, Switzerland). Moreover, a novel system for laparoscopic surgery
in the abdomen/pelvis of human adult has been FDA cleared earlier this
year (2018), namely the Senhance Surgical System (TransEnterix Inc.,
Morrisville, NC, USA). Such a system, which features force sensing for
multiple degrees of motion and force awareness for the entire length
of the instrument during surgery,®® can be regarded to as a dV
competitor, in particular for gynecologic and colorectal procedures.
Therefore, even the core market sectors seem to be questioning
their pristine reluctance, and the claim that haptic feedback is not
needed seems not to be monolithic.

Considering research literature, several studies tried to quantita-
tively assess the role of haptic feedback and to explore its potential
applications in surgery. Intraoperative palpation to localize hard
inclusions or vessels was identified as a key field of interest for force
reflection. Indeed, visual feedback, which is still used to compensate,
does not prevent from inaccurate discrimination whereas, eg, palpation
of a phantom with stir straw inclusions in Gwilliam et al** showed that
haptic feedback allowed for enhanced discrimination (in particular by
experienced surgeons) and for reduced applied forces. Tissue incision
was identified as an additional task of interest. In Wagner et al,® force
feedback was conveyed during a blunt dissection task: The authors
guessed that perceiving the mechanical contrast along the dissection
plane may serve to prevent users from exerting large forces. Indeed,
the absence of force feedback increased the average force applied to
the tissue by at least 50% and increased the peak force by at least a
factor of 2. Complementarily, haptic feedback was shown to be bene-
ficial for contactless incision as well, in particular for improving surgeon
perception of the incision depth. In Fichera et al,*¢ information about
laser incision depth, as estimated using laser parameters and irradiation
time, was used to convey haptic sense to surgeons, who were asked to
create ablation cavities with predetermined target depths. The results
suggested that combined kinesthetic/vibrotactile feedback could
increase accuracy compared with visual feedback, and both options
increased accuracy compared with the working condition without
feedback. Finally, soft tissue grasping represents an additional
challenging task in robotic MIS. Tissue manipulation functional, eg, to

suture tying becomes prone to damage in the absence of a proper
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rendering of the tool grasping force.>* Haptic guidance was thus
proposed to improve dexterity, tool controllability, and tool-tissue
interaction quality. In Moody et al,?? the authors showed that haptic
feedback allowed for a more accurate suture, while also reducing task
completion time. Grasping, palpation, and incision thus emerged as
relevant surgical tasks which could benefit from the introduction of
force reflection to the master side.

However, the related results did not allow for a univocal assess-
ment. For instance, in Fichera et al,'® haptic feedback led to improve-
ments (in terms of reduced incision errors and variability) that,
however, were not statistically significant. Moreover, inconsistent
results were reported for task completion times. For instance, while in
Moody et al,?? haptics led to a shortening, Demi et al*? reported signif-
icantly increased completion times for robotic MIS (either with or with-
out haptics) compared with manual interventions, yet robotic MIS
completion times with haptics did not differ from those without haptics
in a statistically significant way (even if without haptics the users were
approximately 10% faster). In addition, although several clinical studies
supported the introduction of the aforementioned Senhance Surgical
System,®> to the best of our knowledge, there are no publications
comparing its performance when operated with and without haptic
feedback. As a matter of fact and in spite of the resurgent interest, a
conclusive statement on the potential benefits achieved by restoring
haptic feedback in robotic MIS platforms seems still to be missing.

We tackled the aforementioned gap by leveraging the possibility
to run grasping, palpation, and incision tasks on a single robotic
platform, namely the da Vinci Research Kit (dVRK). We used the dVRK
slave motor currents to estimate the forces to be reflected to the
master, for ease of development, and to foster a unified working
platform for all the considered tasks. As a substitutive master,
we integrated into the dVRK a seven-DoF haptic interface, thus also
allowing for force reflection during grasping. We designed a user
study in close collaboration with medical doctors (robotic surgeons):
We assessed the role of kinesthetic force feedback by performing
clinically relevant tasks both with and without feedback. We
accounted for user expertise by enrolling five expert surgeons, five
medical residents, and five nonsurgeons, and we used task-specific
guantitative performance metrics, complemented by a subjective
evaluation administered to each user.

The rest of the paper is structured as follows. Section 2 mainly
recalls the integration of the seven-DoF haptic interface into the
dVRK and the user study design (user groups; rationale, protocol,
and metrics for each task; data analysis). Section 3 reports task-
specific results and the complementary subjective assessment, which
are discussed and integrated with concluding remarks in Section 4.

2 | MATERIALS AND METHODS

2.1 | Master haptic device integration into the dVRK

The dVRK is an “open-source mechatronic system” allowing to control

retired first-generation da Vinci system instruments.®® It was devised
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as a shared platform for development by research groups worldwide,
and it is currently available at 30 research sites. The dVRK working
principle retraces that one of dV, being based on a teleoperation
framework between a master console consisting of two serial chain
manipulators (master tool manipulators), directly handled by the
surgeon, and two seven-DoF slave arms (patient-side manipulators).
Task-specific, interchangeable endowrist tools are mounted on the
patient-side manipulators. The dVRK architecture also allows for an
additional endoscopic camera manipulator, which however was not
included in the specific dVRK platform available to the authors. The
dVRK software architecture is based on the open-source cisst librar-
ies®” and the Surgical Assistant Workstation (SAW) platform. The cisst
libraries provide some base classes to implement thread-safe compo-
nents that can be dynamically loaded and connected with each other
at runtime. The default dVRK software stack relies on multiple
components for input/output, low-level controller, arm control
(homing, kinematics), and simple teleoperation, together with a con-
sole class to manage the whole system. The dVRK libraries also include
Qt Widgets that can be reused across components, as well as Robot
Operating System (ROS) components that convert messages between
the dVRK core and ROS (both publishers and subscribers).%®

We considered a sigma.7 haptic interface (Force Dimension, Nyon,
Switzerland), available to the group in its right-handed configuration,
as master for the dVRK. Its kinematics consists of a delta-based paral-
lel structure, which supplies three translational DoFs to a wrist featur-
ing three rotational DoFs and also integrating a one-DoF gripper.
Handle rotations are thus decoupled from translations. All the seven
DoFs are active, in particular the grasping DoF, which is not active
in the dVRK master tool manipulators. Moreover, sigma.7 haptic trans-
parency is fostered by gravity compensation, and a software develop-

ment kit provides a set of real-time C routines for advanced control
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(eg, to get/set positions and forces in Cartesian space). We physically
connected the sigma.7 to the controller of one dVRK slave through a
Linux PC also running the dVRK software interface. The slave arm
was equipped with a Large Needle Driver Endowrist tool as end-
effector. The sigma.7 encumbrance prevented a physical substitution
at the dVRK master site, so that we renounced the dVRK binocular
vision system in favor of an additional display showing the images
recorded by a two dimensional (2D) high-resolution C920 HD PRO
webcam (Logitech Europe, Lausanne, CH). Consistently, we provided
the user with the clutching function, originally available through the
dVRK foot pedal tray, by means of a commercial usb foot switch
(iIKKEGOL, Shenzhen, China). The experimental platform is shown in
Figure 1.

To integrate the sigma.7 with the existing dVRK software stack, we
implemented two novel components. The first original contribution
regards the master arm: It is a cisst SAW wrapper on top of the main
header files (dhdc.h and drdc.h) of the sigma.7 software development
kit. This new component has an interface similar to the dVRK master
tool manipulator interface and can be dynamically loaded: It is possible
to specify which master arm to use (either dVRK master tool manipu-
lators or sigma.7) through the main dVRK JSON configuration file.
Considering that this new component is used within the same execut-
able, there is no added latency. Furthermore, such a new wrapper uses
a dedicated thread, so that it can run at the refresh rate defined by the
sigma.7. The second original contribution regards teleoperation.
We created a new teleoperation component expressly enabling
force/torque feedback to the sigma.7, to be loaded using the dVRK
JSON configuration file in place of the default one provided with the
dVRK stack. Figure 2 recalls the dVRK software architecture and high-
lights the new components created for integrating the sigma.7 master.

Let us remark that for monitoring/recording the relevant data, we

dVRK PSM
(slave)

endowrist tool |

dVRK
controllers

FIGURE 1 Experimental platform. A, A da Vinci Research Kit (dVRK) patient-side manipulator (PSM), equipped with a Large Needle Driver
Endowrist tool, acts as slave arm. Top inset: camera. Bottom inset: endowrist tool close to the silicone phantom specifically used for palpation
tests. B, At the master side, the user handles the sigma.7 haptic interface, which replaces a standard dVRK master tool manipulator (MTM). The haptic
device allows the operator to guide the patient-side manipulator motion (feedforward) and to reflect a force to their hand/forearm (feedback). The
force reflection also involves the grasping DoF, which is not active in the standard dVRK master tool manipulator. Inset: foot switch



4018 | WiLEY

The International Journal of Medical Robotics
and Computer Assisted Surgery

SARACINO ET AL.

(A) [

QtConsole

L
W’ ROS console |

ROS teleoperation

L
sawarteieop 5[
L

i QtArm <>

{ Widget component ‘
(optional) ( sawQtPID__ (>
b . ' | ———

i SR .
MTM W’L PSM W‘ ROS arm
L BN 2
[ mtsPID ] | mtsPiD |
MT L s

sawROS io

Single thread | ({ sawatio ¢ [\

L Subscribers

SAW component

Publishers

——

" provided P —— L
o (B) [ QtConsole @L ( Console ) W‘ ROS console |
A required
[ sawQtTeleop {';:}L (__mtsTeleoperationDerived ] ROS teleoperation
ROS component A |
(optional) f
I QtArm <> ROS arm ]]
.
Sigma 7
) SAW Force
sawQtPiD  <— Dimensi
SDK
MM |
[ sawatio & SSS==w (101393

e

sawROS io )|
Publishers | L Subscribers

FIGURE 2 Software integration (schematic) of the experimental platform. A, Threads and components in the da Vinci Research Kit (dVRK)
software stack. B, Components originally created for integrating the sigma.7 master in place of the dVRK master tool manipulator: (1) the
sigma.7 SAW force dimension component replaces the arm (“MTM"), low-level controller (“mtsPID"), and input/output (“mtsRobotl01394")
components in the dVRK stack, and (2) the custom teleoperation component (“mtsTeleoperationDerived”) is used in place of the default one

(“mtsTeleoperationPSM”)

could use all the ROS bridges already existing in the dVRK architec-
ture, since both the newly created components are equivalent to the
dVRK ones.

Considering the selected surgical tasks (ie, grasping, palpation, and
incision; see Section 2.2.2), we only fed back forces (no torques) to the
master, to also streamline the haptic feedback interpretation.
As anticipated, we estimated the forces acting on the end-effector
by using the dVRK slave motor currents. In particular, using motor
specifications and gear ratios, the current feedback measured by the
dVRK controllers can be converted to actuator efforts, whence joint
efforts can be deduced through the coupling matrix between actua-
tors and joints. Finally, by multiplying the joint efforts by the inverse
of the Jacobian's transpose, we can estimate the wrench on the tool
tip. Similarly, the actuator velocity estimation computed by the dVRK
controller FPGA can be converted to a Cartesian velocity (twist).
The involved parameter set is partially confidential, yet a subset of
parameters (including, eg, gear ratio, encoder counts per turn, etc) is
disclosed through a public generator aimed to create the JSON
configuration file.®?

The estimated forces were processed as follows. A moving-
average filter (500-point window size) was applied to the raw data.
For palpation and incision, the filtered data were scaled to reflect
7.5 N on the master when applying 30 N to the slave. For grasping,
the filtered data were scaled to reflect 1.2 N on the master when

applying 0.12 N to the slave. The reference values at the master side
(7.5 and 1.2 N) were set by considering a safety margin for the sigma.7,
while those at the slave side (30 and 0.12 N) were defined through
preliminary experiments, as estimated upper values for the corre-
sponding tasks (see Section 2.2.2). Scaled data were sent to the
master.

2.2 | Experimental evaluation

Based on literature, the potential of haptic feedback appears to be
greater for procedures requiring accurate instrument positioning or
modulation of tool/tissue contact forces or perception of the mechan-
ical tissue contrast. Together with medical doctors and consistently
with the use of a single master device, we thus identified three
unimanual surgical tasks: grasping (test case (TC1), palpation (TC2),
and incision (TC3). They are sketched in Figure 3, where the relevant
corresponding forces on the end-effector and on the master handle
are also shown.

Each test case was performed both with and without haptic
feedback (whereas visual feedback was always available), and the
sequence of such two modalities was randomized over subsequent
users (who were informed on the specifically activated modality).

For each test case and for each modality, three trials were performed,
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(A)

FIGURE 3 Experimental test cases. A, Grasping (TC1), here illustrated by pick-and-place of short cylindrical objects. B, Tissue palpation (TC2). C,
Tissue incision (TC3). Black arrows indicate the relevant forces on the slave end-effector; red arrows indicate corresponding forces reflected to the

sigma.7 master handle

thus leading to three repetitions. At the beginning of the experimental
session, each user had the possibility to familiarize with the sigma.7
through its built-in demos, and by teleoperating the patient-side
manipulator arm in free space for 5 minutes, thus understanding the
kinematic mapping between master and slave, and the clutching
function. In addition, before starting each task, users were provided
with task-specific information, and they were allowed to train for
3 minutes (total time, with and without haptics).

221 | Users

We enrolled 15 right-handed-dominant users: 9 male and 6 female,
average aged 32.3. They were classified into three groups:
nonsurgeons (not a surgeon (NAS)), medical residents (nonexpert sur-
geons (NES)), and expert surgeons (ES). The experimental study
design was balanced: five users per group. Specific demographics for
each group are reported in Table 1. None of the users pointed out
any deficiencies in visual/haptic perception abilities. The experimental
protocol was approved by Scuola Superiore Sant'Anna Ethical

TABLE 1 User demographics per user group

Not a Surgeon  Nonexpert Expert

(NAS) Surgeon (NES)  Surgeon (ES)
No. of participants 5 5 5
Age 29.6 +3.8 314 +22 38079
Gender 9:3,3:2 ©:2,3:3 9:1,3:4

Committee, and all the participants provided written informed
consent.

2.2.2 | Test cases: rationale, protocol, and metrics
TC1: grasping

Rationale From a clinical perspective, having grasping feedback
allows the operating surgeon to feel and control the amount of grasp-
ing force used during organ displacement maneuvers. The ability to
quantify these forces when applied to tender and subtle organs, such
as small bowel, liver, or spleen, could be of fundamental importance to
avoid iatrogenic damage.

Protocol We devised two subtasks: In both of them, the users
directly exploited the patient-side manipulator grasper, and they were
only fed back with the grasping force. The first subtask was a repre-
sentative pick-and-place: The users were asked to move five small,
deformable cylindrical objects from a starting well to an adjacent well
(see Figure 3A), within maximum 2 minutes. That subtask was consid-
ered successful if all the five objects were correctly moved within the
available time slot (unsuccessful otherwise). The second subtask was a
representative vessel extraction: The users were asked to grasp and
extract a vessel-like structure embedded in a silicone rubber matrix
(like those visible in Figure 3A), which was previously exposed, within
maximum 1 minute. That subtask, which is not detailed in Figure 3 for
ease of representation, was considered successful if the vessel-like
structure was fully extracted within the available time (unsuccessful

otherwise).
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As figures of merit, we adopted the success/failure (ie,
whether the subtask was timely completed or not), the mean grasping
force, and the peak grasping force.

TC2: palpation

Rationale Surgeons must often deal with neoplastic lesions in hollow
viscus or lesions deeply located in solid organs, which in most cases are
difficult to be detected. The lesions located in hollow viscus arise from
the deep surface, and the surgeon is unable to detect them from the
external layer, unless the lesion is large enough to reach that layer. In
open surgery, such lesions are detected by means of palpation maneu-
vers. In robotic surgery, because of the absence of haptic feedback in
the dV system, surgeons are used to marking the neoplasia from the
inside with a permanent endoscopic ink marker. Despite being very
useful, that gesture may cause organ injuries (besides adding extra
costs to an already expensive procedure). Moreover, the only way to
detect lesions located in solid organs without the aid of haptic feed-
back is by exploiting laparoscopic/robotic ultrasound probes, which
adds to the procedure complexity. Introducing haptic feedback in
robotic MIS could overcome the aforementioned limitations.

Protocol The users were asked to indent a tissue-mimicking phan-
tom in order to identify harder inclusions (simulating tumoral cores)
embedded therein, without time constraints. Considering the different
mechanical properties of human healthy and cancerous tissues,*° we
used Ecoflex 00-30 silicone rubber (Smooth-On, Macungie, PA, USA)
to mimic healthy tissue'* and Sylgard 184 PDMS (Dow Corning,
MI, USA) to fabricate the inclusions.** The palpation phantom was a
7 x 7 x 2 cm?® brick. Based on the indications of the 2003 American joint
committee on cancer staging, according to which T1-stage tumors are
sized 2 cm or less,*? we fabricated spherical inclusions having 1-cm
diameter. Moreover, dealing with a pilot study, we chose the same
inclusion depth for all the inclusions, namely 1 mm below the phantom
top surface. We marked with black adhesive tape 10 indentation sites
on the phantom top surface (see Figure 3B), yet inclusions were only
embedded underneath 6 of them. Inclusions were not visible because
of both material opacity and covering tape. For each indentation site,
the user was asked whether they thought to be probing the silicone
matrix or a harder inclusion. The users exploited the patient-side
manipulator end-effector tool tip to indent the phantom, and they were
fed back with the indentation force. The phantom was randomly
rotated (four possible orientations) by the investigator before each trial.
Metrics As figures of merit, we adopted the number of inclusion hits
(max. 6), the mean indentation force, the peak indentation force, and
the task completion time.

TC3: incision

Rationale While cutting soft tissues, surgeons systematically
encounter embedded structures such as vessels and nerves. Leverag-
ing the fact that these embedded structures are usually stiffer than

the surrounding tissue matrix, the restoration of haptic feedback could
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permit to detect relevant anatomical landmarks, thus minimizing the
critical risk of damage during incision.

Protocol The users were asked to perform an incision on a tissue-
mimicking phantom, along the direction of an embedded vessel-like
inclusion, in order to expose it without causing damage, without time
constraints. The phantom was a 10 x 4 x 2 cm? brick. We used Ecoflex
00-30 silicone rubber (Smooth-On, Macungie, PA, USA) for the
phantom matrix. The vessel-like inclusion was obtained by inserting
a 4-cm-long stir straw, 2 mm below the phantom top surface.
The vessel direction was highlighted by a corresponding dark line
drawn on the top surface (see Figure 3C), to provide users with some
geometrical guidance while leaving their focus on the inclusion depth
discrimination. We equipped the patient-side manipulator end-
effector with a carbon steel surgical sterile blade (Swann Morton,
Sheffield, UK), put on the end-effector jaws through a three-
dimensional (3D)-printed miniature adapter. The users were fed back
with the indentation force (ie, the component perpendicular to the
top phantom surface) and the cut force (ie, the component parallel
to the vessel-like inclusion). The task was considered successful if
the vessel-like structure was exposed without causing any damages
such as cuts on the straw surface (unsuccessful otherwise).

Metrics As figures of merit, we adopted the success/failure (ie,
whether the vessel was exposed without damage or not), the mean
cutting force, the peak cutting force, the mean indentation force, the
peak indentation force, and the task completion time.

Complementary qualitative metrics
At the end of the experimental session, each user was asked to fill in a

),%% combined

guestionnaire based on the System Usability Scale (SUS
with a Likert scale for assessing the scores. In particular, users were
asked to separately assess the dVRK-sigma.7 platform with and
without haptic feedback (the latter case being motivated by the light
differences with respect to the standard dVRK configuration).
The questionnaire is reported in Figure 4. The SUS global score was
obtained by scaling to 100 the maximum score achievable through
the nine administered questions, ie, 36. Such a score provided a
complementary figure of merit reflecting the subjective perceptions
of the users in performing the tasks with or without haptic feedback.

2.2.3 | Data analysis

The statistical analysis was carried out using MATLAB (The
Mathworks, Natick, MA, USA) and SPSS (SPS srl, Bologna, Italy)
software. The collected metrics were classified as either continuous
or categorical variables, as reported in Table 2. The significance level
was set to 0.05.

As for continuous variables, we firstly performed the Shapiro-Wilk
test for normality, followed by two-way ANOVA hypothesis test with
a balanced design. The two relevant factors were the experimental
condition (two levels: with or without force feedback) and the

user expertise (three levels: NAS, NES, ES). Whenever a significant
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s.trongly disagree neutral agree strongly
disagree agree

1. | think that | would like to use this é (2) (33 é 5
system frequently.

2.1 found the system unnecessarily é 6 (33 4O 5
complex. ] ) s . s

3. I thought the system was easy to use. O O O O @)

4. | think that | would need the support of ) 2 3 4 5
a technical person to be able to use O O O O O
this system.

5.1 would imagine that most people 1 2 3 4 5
would learn to use this system very O O O O O
quickly. ) ) 3 4 5

6. | felt very confident using the system. O O O O O

7. | needed to learn a lot of things before 1 2 3 4 5
| could get going with this sys?em. ? ? ? ? ?

8. | found the system very useful. O O O O O

9. | perceive that the system actuall 1 2 3 4 5
he‘I)ped me in performingthe tasks. g © O © © ©

FIGURE 4 System usability scale (SUS)-derived questionnaire and Likert scale used for qualitatively assessing the effects of haptic feedback

restoration, as perceived by the users

TABLE 2 Collected variables classification

Performance Metric Categorical/Continuous Test Case (TC)
Success/failure Categorical TC1? TC3
Grasping force Continuous TC1

No. of inclusion hits Continuous TC2
Indentation force Continuous TC2, TC3
Cutting force Continuous TC3

Task completion time Continuous TC2, TC3

2Success: the (sub)task was timely completed (failure otherwise).

PSuccess: the task was completed without damaging the vessel-like
structure (failure otherwise).

difference was found, post hoc Bonferroni correction was performed
to identify between which groups that statistical significance lied
and to eliminate potential false-positive results from the analysis.

As for categorical variables, we performed a three-way log-linear
analysis. The three relevant factors were task success/failure, the
experimental condition (two levels: with or without force feedback),
and the user expertise (three levels: NAS, NES, ES).

3 | RESULTS

The results (mean + standard deviation) of the grasping, palpation, and
incision test cases are reported in Figures 5, 6, and 7, respectively,
whereas Figure 8 shows the results of the complementary qualitative
assessment. Concerning the subplots appearing in the aforementioned
figures, a thicker borderline highlights a metric for which the user
expertise turned out to be statistically significant, while a yellow
background highlights a metric for which the haptic feedback resulted
statistically significant. The yellow-highlighted subplots thus contain

key results for the present study.

3.1 | TC1: grasping

Figure 5 shows the results for both the pick-and-place subtask, labeled
by the graspl subscript, and the vessel extraction subtask, labeled by
the grasp2 subscript. The results obtained in each trial are shown,
together with the cumulative results. All the relevant continuous vari-
ables passed the Shapiro-Wilk test for normality.

The first and forth rows in Figure 5 report the success/failure met-
ric, namely whether the associated subtask was successfully com-
pleted or not. In both cases, the three-way log-linear analysis
produced a final model that retained all the effects. The likelihood
ratio of that model was x? (0) = O, P = 1. In both cases, the highest
order parameter that resulted significant from our analysis was “user
expertise x success/failure” (x? (2) = 7.604, P = .022 for graspl, x°
(2) = 97.738, P = .021 for grasp2). To break down those effects and
understand in between which groups the significance lied, we consid-
ered the standardized residuals: It resulted that NAS users performed
significantly worse than the other groups, for both subtasks.

The fifth and sixth rows in Figure 5 show the resulting mean
grasp2. Two-way ANOVA
revealed a statistically significant difference in the user expertise
factor for F™™;0ep2 (Fgan = 4.06, P =.021). Post hoc analysis with
Bonferroni adjustment revealed that the significance lied between
NAS and ES groups (P = .02).
revealed a statistically significant difference in the user expertise
factor for F™gasp2 (Fgap = 6.72, P = .002). Post hoc analysis with
Bonferroni adjustment revealed that the significance lied between the
NAS and the ES groups (P = .02).

and maximum grasping force for

Moreover, two-way ANOVA

3.2 | TC2: palpation
Figure 6 shows the results obtained in each trial, together with the
cumulative results. All the relevant continuous variables passed the

Shapiro-Wilk test for normality.
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FIGURE 5 Experimental results for the grasping test case. The first three columns report the results obtained in each trial, while the last column
shows the cumulative results. Each row describes a specific performance metric; the first three rows refer to the pick-and-place subtask (labeled
by subscripts graspl1 and 1), while the last three rows refer to the vessel extraction subtask (labeled by subscripts grasp2 and 2). In particular, the
first and forth rows report the success/failure metric (ie, whether the associated subtask was successfully completed or not); the second and fifth
rows report the mean grasping force; the third and sixth rows report the maximum grasping force. Subplots with thicker borderline highlight a

metric for which the user expertise resulted statistically significant

The first row in Figure 6 reports the number of inclusion hits.
Two-way ANOVA revealed a statistically significant difference in the
experimental condition factor (Fgs4 = 71.82, P < .0001). For com-
pleteness, let us report that no false positives were reported (possibly
because the users could freely explore the phantom tissue, without
time constraints).

The second row in Figure 6 reports the mean indentation force.
Two-way ANOVA revealed a statistically significant difference in the
user expertise factor (Fgq, = 4.14, P = .02). Post hoc analysis with
Bonferroni adjustment revealed that the significance lied between
the NAS and the NES groups (P = .026).

The fourth row in Figure 6 reports the task completion time.
Two-way ANOVA revealed a statistically significant difference in the

experimental condition factor (Fg44 = 9.13, P = .003).

3.3 | TC3: incision
Figure 7 shows the results obtained in each trial, together with the
cumulative results. All the relevant continuous variables passed the

Shapiro-Wilk test for normality.

The first row in Figure 7 reports the success/failure metric, namely
whether the vessel-like structure was exposed without damage or not.
The three-way log-linear analysis produced a final model that retained
all the effects. The likelihood ratio of that model was x? (0) = 0, P = 1.
The highest-order parameter that resulted significant from our analysis
was “experimental condition x success/failure,” x? (1) = 9.772, P = .002.

The third row in Figure 7 shows the maximum cutting force.
Two-way ANOVA revealed a statistically significant difference in the
user expertise factor (F g4 = 4.23, P = .018). Post hoc analysis with
Bonferroni adjustment revealed that the significance lied between
the NAS and the NES groups (P = .015).

The sixth row in Figure 7 reports the task completion time.
Two-way ANOVA revealed a statistically significant difference in the
user expertise factor (F g4 = 6.69, P = .002). Post hoc analysis with
Bonferroni adjustment revealed that the significance lied between the
NAS group and both the NES (P < .0001) and the ES groups (P < .0001).

3.4 | Complementary qualitative metrics

Figure 8 reports the SUS global score for both the NES and the

ES groups. We only kept medical doctors because their opinion on
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FIGURE 6 Experimental results for the palpation test case. The first three columns report the results obtained in each trial, while the last column
shows the cumulative results. Each row describes a specific performance metric. In particular, the first row reports the number of inclusion hits;
the second and third rows show the mean and maximum indentation force, respectively; the fourth row reports the task completion time. Subplots
with thicker borderline highlight a metric for which the user expertise resulted statistically significant. Subplots with yellow background highlight a
metric for which the experimental condition, ie, the presence/absence of haptic feedback, turned out to be statistically significant

haptic feedback restoration is the most technically based and objec-
tive, thus relevant for our purposes (nonetheless, let us remark for
completeness that the NAS results were consistent with the shown
ones). Based on the SUS global score, no statistically significant
difference was perceived between the two experimental conditions.
However, based on extensive discussions with the involved
medical doctors, it emerged that in performing the tasks, they clearly
felt supported by the haptics, with direct connection to SUS
Statement no. 9 (“I perceive that the system actually helped me in
performing the tasks”), whence the related mark is also shown in
Figure 8. Indeed, two-way ANOVA revealed a statistically significant
difference in the experimental condition factor (Fi1, = 83.33,
P < .001), explicitly highlighting a beneficial effect when restoring

haptic feedback.

4 | DISCUSSION

We addressed the question of whether the lack of haptic feedback
may have jeopardized the performance of current teleoperated
robotic MIS platforms, in spite of the potential bias introduced by

dV market supremacy on the mainstream opinion. To the purpose,

we leveraged the closest research platform to dV, namely the dVRK:
By taking advantage of its open software architecture, we integrated
a master haptic device featuring seven active DoFs, namely the
sigma.7. Moreover, we leveraged a unified platform to investigate
three clinically relevant surgical tasks, ie, grasping, palpation, and
incision. All the tasks, in terms of rationale, protocol, and performance
metrics, were defined in close collaboration with medical doctors.
Furthermore, we considered both the user expertise and the
presence/absence of haptic feedback as experimental factors to be
simultaneously considered.

We selected the sigma.7 master to also restore force feedback
when grasping. However, the related quantitative results showed
that force reflection did not impact significantly the user perfor-
mance. This result, however, might have been affected by the rela-
tively low involved forces. Indeed, when debriefing after the study
was completed, the involved surgeons suggested to extend the
grasping task by introducing an additional subtask devoted to
ex vivo organ retraction. Indeed, that maneuver involves higher
grasping forces during surgery, potentially harmful for tissue, so that
surgeons must rely on visual cues such as color changing in
vascularized regions in order to remain in a safe working domain.

Differently, haptic force reflection made a statistically significant
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FIGURE 7 Experimental results for the incision test case. The first three columns report the results obtained in each trial, while the last column
shows the cumulative results. Each row describes a specific performance metric. In particular, the first row reports the success/failure metric (ie,
whether the vessel-like structure was exposed without damage or not); the second and third rows show the mean and maximum cutting force,
respectively; the fourth and fifth rows show the mean and maximum indentation force, respectively; the sixth row reports the task completion
time. Subplots with thicker borderline highlight a metric for which the user expertise resulted statistically significant. Subplots with yellow
background highlight a metric for which the experimental condition, ie, the presence/absence of haptic feedback, turned out to be statistically

significant

difference for palpation, both in terms of inclusion detection rate
and inspection time. Incidentally, the recorded indentation forces
were consistent with previous studies.** Moreover and more impor-
tantly, it resulted that users took a longer time to palpate when pro-
vided with haptic feedback, yet they were able to detect more hard
nodules. Similarly, haptic feedback also significantly reduced tissue
damage rate during incision. Based on our findings, haptics can
effectively improve key surgical outcomes for tasks requiring a rela-
tively pronounced cognitive burden by the surgeon, possibly to be
paid through longer completion times. This is consistent with previ-
ous reports19 and with the fact that, in the absence of force reflec-
tion, the users might have not spent time to interpret sensory
perceptions at the master interface. Furthermore, the positive contri-
bution of haptic feedback was also corroborated by the qualitative
assessment gathered through the SUS-based questionnaire: Even if
the global SUS score simply hinted a user tendency to prefer work-
ing with haptic feedback, that trend was statistically confirmed when
focusing on the key statement 9 (users felt that haptic feedback was
actively helping them in successfully completing the tasks). Based

on further discussion following the experimental sessions, expert

surgeons, in particular, expressed a strong appreciation for haptic
force reflection during the incision task.

However, we are aware of the limitations affecting the present
study. Primarily, we rendered the forces at the master handle based
on the slave motor currents, by following an approach that comple-
ments the ones based, eg, on tool sensorization, master add-ons, or
sensory substitution.***® Using current measurement for force
estimation allows for seamless integration, and it is raising the interest
of other researchers as well.* Indeed, a current-based strategy might
be favorable in view of certification, yet its accuracy for force feed-
back could be deteriorated by friction/stiction effects disturbing the
derived signals. As a matter of fact, its superiority compared with
the aforementioned alternatives should be better assessed, in terms
of accuracy, complexity, sterilization/biocompatibility, and cost-
effectiveness. The latter aspect, in particular, was not tackled by the
present study, and we are aware of the importance of economic
factors for the effective deployment of surgical robotic technologies.
In addition, based on the physical encumbrance of the sigma.7 device,
we did not leverage the built-in dVRK binocular vision. This might

have affected some results, in particular for ES who are used to
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FIGURE 8 Results gathered through the SUS-based questionnaire. Only medical doctors (NES and ES) are considered, since their opinion is the
most technically based and objective, thus relevant for our purposes. The SUS global score (left) refers to the whole questionnaire, while the SUS
Statement-9 mark (right) specifically refers to the ninth statement (“l perceive that the system actually helped me in performing the tasks”), since it
represents a key assessment point. Subplots with yellow background highlight a metric for which the experimental condition, ie, the presence/

absence of haptic feedback, turned out to be statistically significant

operating with dV immersive stereoscopic vision (whence, probably,
their relatively lower SUS score compared with that one of NES).
Hence, some future developments could also focus on reflecting the
mechanical actions directly to the native dVRK masters, thus extend-
ing task space to bimanual procedures (yet renouncing to active feed-
back in grasping, since the related DoF is not active). However, for
relevant tasks like knot tying, for which robotic surgeons struggle to
detect the proper force intensity they are applying on the suture
thread,?® the trade-off between bimanual operation and active
grasping seems not to be trivial. In parallel, more extensive investiga-
tions on grasping with enhanced master devices like the sigma.7
would permit to understand the potential benefits of force feedback
over a wider range of tasks, including the aforementioned retraction
maneuvers. Indeed, the considered tasks may be oversimplified to
the point that their results might not be sufficiently valid for more
complex procedures. Additional parameter optimization would be
valuable when targeting more complete and possibly clinically repre-
sentative tasks. Furthermore, learning trends could be studied, even
by focusing on specific tasks, by considering extended batches of
trials, also periodically repeated over time. Finally, experiments
involving ex vivo tissues should be also performed, still in close collab-
oration with medical doctors, to better assess the potential for clinical
translation.

To conclude, by using the closest open platform to dV, we showed
that haptic feedback could effectively improve key surgical outcomes
for tasks imposing a cognitive burden for the surgeon, possibly to be
paid through longer completion times. Combining our results with
the continuous interest in haptics by the research community and with
the raising interest by competing commercial systems,3> the claim that
haptic feedback in robotic MIS is unnecessary might be possibly

revised, or at least more deeply investigated.
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