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Abstract— In Minimally Invasive Robotic Surgery (MIRS) a
robot is interposed between the surgeon and the surgical site to
increase the precision, dexterity, and to reduce surgeon’s effort
and cognitive load with respect to the standard laparoscopic
interventions. However, the modern robotic systems for MIRS
are still based on the traditional telemanipulation paradigm, e.g.
the robot behaviour is fully under surgeon’s control, and no
autonomy or assistance is implemented. In this work, supervised
and shared controllers have been developed in a vision-free,
human-in-the-loop, control framework to help surgeon during
a surgical suturing procedure. Experiments conducted on the
da Vinci Research Kit robot proves the effectiveness of the
method indicating also the guidelines for improving results.

I. INTRODUCTION

Medical robotics represents one of the fast growing sectors
in the medical device industry. In [1] the future trends
in assistive and autonomous robotic surgery are discussed,
identifying six level of autonomy for medical robotics; from
level 0 (no autonomy) to level 6 (fully autonomy) through
different levels of assistance.

In this work, we aim at discussing a comparison between
the firsts three levels of autonomy (no autonomy, robot
assistance, task autonomy) cited in [1] focusing on the
surgical suturing procedure.

Suturing is still one of the most critical and delicate tasks
in Minimally Invasive Robotic Surgery (MIRS) because it
is time demanding, high dexterity is required and the risks
of causing damage to organs and/or tissues is elevated. This
procedure can be technically demanding even for a skilled
surgeon, mostly because of the reduced workspace, the high
precision required, the lack of haptic perception and the
complexity induced by artificial vision feedback [2]. An
analysis of the needle-tissue interaction force and of the
optimal needle trajectory to perform the stitch has been
proposed in [3], [4]. As a result, using a circular shape needle
commonly used in laparoscopic interventions, the optimal
needle trajectory, reducing tissue damages for both needle
insertion and extraction, is a path locally tangential to the
needle shape. However, in telemanipulation, the execution
of the required needle trajectory is not always possible
mainly for the following reasons: (i) the needle is not always
visible particularly during the needle extraction; (ii) directly
controlling the 6-degrees-of-freedom (DOFs) of the slave
manipulator in both position and orientation is a quite a
complex task; (iii) the required movement on the master
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side to execute the task is often burdensome forcing the
surgeon to perform uncomfortable wrist rotations; (iii) the
lack of haptic feedback leads the surgeon to not understand
the applied damages [5].

This problem can be overcome by using the enhanced
precision of the robot to perform the required path in
an automatic or semi-automatic paradigm. Automation in
suturing has been an active research topic for many years.
Different methods have been developed at different levels
of assistance. Starting from the higher level of assistance
in [6] and [7], an automatic multi-throw framework and
a supervised paradigm have been developed. A different
approach has been proposed in [8] based on learning by
demonstration performing a non-rigid registration between
the demonstration trajectory, generated by the human, and a
test scenario. Although the fully autonomous or supervised
approaches are promising, the technological limitation, e.g.
wound and needle tracking, in an unstructured environment,
such as in laparoscopic surgery, and the regulatory concerns
make clinical translation of this technology challenging.

Hence, in this work, we choose to use a vision-free,
surgeon-in-the-loop control paradigm in which the vision
correction is directly provided by the surgeon’s perception
while the robotic assistance is completely designed in a
relative frame. Taking inspiration from the work in [9],
in which virtual fixtures are used to constrain both the
position and the orientation of the users on performing the
needle insertion and the knot tying, we make a step forward
proposing two new shared control strategies and two intuitive
master-slave mappings focusing on the stitching procedure.
Moreover, to comparatively analyze the impact on the users
of different levels of assistance, also a supervised controller
has been proposed in the same vision-free surgeon-in-the-
loop framework.

A. Contributions

The main contribution of this paper includes: (i) design of
a simple and effective interactive stitch planner, (ii) design
of three supervised/assisted control strategies for surgical
suturing; (iii) a detailed user study to compare the controller
performances using the da Vinci Research Kit (dVRK)
robotic platform. The rest of this paper is organized as
follows: In Section II we present preliminary methods used
in our implementation; in Section III we present the assisted
surgical suturing framework and the developed control strate-
gies; Section IV present the experimental and test setup;
Section V discusses the results obtained; while Section VI
concludes the paper.
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Fig. 1. Proposed master-slave control structure. MTM: Master Tool
Manipulator, PSM: Patient Side Manipulator.

II. PRELIMINARIES

In this section, we illustrate the methods used to imple-
ment the presented control strategies on a surgical master-
slave system.

A. Master-slave configuration

A common practice in robotic teleoperation is to have an
impedance controlled master robot and a position/velocity
controlled slave robot. This allows a precise motion of the
slave robot and a full control on the master to implement
advanced control strategies for human-robot interaction.

1) Master Impedance Control: Considering a n-degree
of-freedom (DoF) robot and defining a task space vector
x ∈ Rr, with r ≤ n, the goal of an impedance control
is to impose the following impedance dynamics to the robot
behavior [10]:

M ¨̃x + D ˙̃x = f h + f c(·), (1)

where x̃ = xd − x, with xd being the “virtual” reference,
specifying the desired value for the task space variables of
the robot, M ∈ Rr×r and D ∈ Rr×r are positive definite
inertia and damping matrices. Moreover, f h ∈ Rr is the
vector of the external wrenches applied by the human user
while f c(·) ∈ Rr is the vector of controlled wrenches, e.g.
generated to implement a virtual guidance as described in
the next sections. In this work, the design of the desired
impedance behavior has been supported by the results pre-
sented in [11], where the dVRK Master Tool Manipuators
(MTMs) and Patient Side Manipulators (PSMs) dynamic
model have been identified.

Moreover, on the dVRK master the external force is not
directly measurable, hence force estimation must be per-
formed [12]. In this work, we use the nonlinear dynamic ob-
server proposed in [13]. This method allows the estimation of
the unknown external forces without the need of measuring
the usually noisy acceleration signal. In details, the estimated
external forces f̂ h can be computed as: f̂ h = J−T (q)r,
were, r ∈ Rn is the residual vector defined in [13] and
J(q) ∈ Rr×n denotes the robot Jacobian1. We will hereafter
consider f h = f̂ h to simplify the notation.

1If the robot is redundant a suitable pseudoinverse of the Jacobian
transpose must be considered.

zp1

xp1

yp1

Σp1

ye1

zs
xs

ys

xixe βiβe

βb

zt

xt
yt

Σt

ze1
xe1 Σe1

Σs

Fig. 2. Slave side frames disposition. With Σs, Σt, Σe1, Σp1 we indicate
respectively the stitch frame, needle-tip frame, end-effector frame of the
PSM1 and base frame. With xe and xi we indicate the insertion and
extraction poses. βb, βi, βe represent respectively the base, insertion and
extraction angles described in Sub. Section III-A.

2) Slave external force estimation: The proposed control
framework and the following performance analysis make an
extensive use of the slave force measure, as discussed in
the following sections. In this work, we choose to measure
the external slave force fs ∈ R3 making use of our recently
presented force sensor integrated into the trocar of the dVRK
robot [5]. This solution allows measuring the interaction
forces between the surgical instrument and the environment
without any changes to the instrument structure. Our sensor
is able to measure the two components of the force lying on
the plane orthogonal to the instrument axis with a resolution
up to 0.1N as reported in [5]. The third component has
been estimated using the non-linear observer described in
the previous section supported by the PSMs dynamic model
identified in [11].

III. ASSISTED SUTURING FRAMEWORK

In this section, the proposed framework is presented in
details focusing on the adopted methodology for the stitch
planning and presenting the three proposed assisted stitching
control strategies (see Fig. 1 for a schematic visualization of
the proposed controllers).

A. Interactive stitch planning

In the proposed approach all the trajectories are planned in
the relative stitch frame Σs (see Fig. 2). To this purpose, an
interactive stitch selection strategy has been implemented.
Using the slave side force measure and the surgeon’s vi-
sual perception in the loop we design an effective method
that can be locally used to interactively select the stitch
frame without other visual input. In details, the norm of
the force measured with our trocar force sensor has been
used to classify the gripper-tissue interaction. Particularly,
a threshold ρs has been defined experimentally considering
both the tissue elasticity parameter, in order to minimize
the tissue deformation during the selection, and the sensor
resolution. Basically, the entrance and the exit point for each
stitch have been selected touching the tissue sequentially at
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the desired insertion and extraction points xi and xe, with
the PSM gripper fingers orthogonal to the tissue surface.
At each selection, the slave end-effector pose xp ∈ R6 has
been recorded and, from that, the fingers normal unit vector
rfi ∈ R3 and rfi ∈ R3 has been calculated respectively for
the insertion and extraction points. Therefore, the Σs frame
(see Fig. 2) has been obtained by choosing: (i) the xs axis
along the direction from xe to xi; (ii) the ys axis as cross
product ys = xs × (rfi + rfe), (ii) the axis zs = xs × ys
to have an orthonormal frame; (iv) the frame origin in the
center of the circle (with radius equal to the chosen needle
radius) lying on the plane defined by xs and zs and passing
through the points xi and xe.

After defining the stitch frame, the stitch planner deals
with calculating the needle tip trajectory, in Σs, to approach
and execute the needle insertion/extraction. The goal is to
minimize the tissue stress during the stitch execution. To
this purpose, based on the result presented in [3], [4], we
define a circular tip trajectory tangent to the circular shape
of the needle. More in details, defining an insertion and
an extraction angle βi and βe, considering the angle βb as
shown in Fig. 2 and a needle with radius r, the tangential
path to perform the stitch insertion/extraction is calculated
as parametric pose, with respect to the scalar curvilinear
abscissa σ ∈ [0, 1],

xst (σ) = [pst (σ), Φs
t (σ)]T ∈ R6 (2)

where, in this implementation:

pst (σ) = [r cos(−βσ + θi), 0, r sin(−βσ + θi)]
T

and Φs
t (σ) = [0, −π/2 + θi + βσ, 0]

T with β = βb + βi +
βe, θi = βb/2 + βi − π/2 (see Fig. 2).

This trajectory is used to plan the PSM motion or to plan
the virtual fixture assistance as discussed in the next sections.

B. Control strategies

In this work, we compare the standard fully telemanipu-
lation paradigm with three different assistance strategies.

1) Fully telemanipulation: In this modality, the user is
given the full control of the 6-DoFs of the slave robot.
This can be achieved by implementing the classic velocity
coupling between master and slave

vp =

[
sRp

m 0
0 Rp

m

]
vm (3)

where, vm = [ṗm,ωm] and vp = [ṗp,ωp]
2 are respectively

the master and the slave velocity, s is the scalar scale factor
and Rp

m ∈ R3×3 is the rotation matrix between the MTM
base frame “m” and the PSM base frame “p”.

2) Supervised control: In our framework, the supervised
control represents the higher level of autonomy given to the
robot for the stitch execution. In this control paradigm, the
slave robot motion is fully autonomous, when performing the
stitch trajectory, while the user can supervise the robot by
starting and stopping the controller as described in Sec. IV-A.

2ṗ and ω represent respectively the linear and the angular velocity.

Fig. 3. A visualization of the mapping between the master DoFs and the
slave DoFs in the two implemented shared controllers.

The described behaviour has been obtained by considering
a trapezoidal velocity profile temporal law [10] for the
parameter σ(t) in (2) and projecting, at each time interval,
the desired tip velocity vst (σ(t)) to the slave robot end
effector:

vp(σ(t)) =

[
Rp
s −Rp

sS
(
Rs
ppp − pst

)
0 Rp

s

]
vst (σ(t)) (4)

where, Rp
s ∈ R3×3 is the constant rotation matrix between

the stitch frame Σs and the PSMs base frames Σp1 or
Σp2 (see Fig. 2); pp, pst are the position vectors related to
the PSMs direct kinematics and position vectors related to
the needle tip in frame stitch respectively. Notice that, the
two PSMs have been calibrated using the efficient hand-eye
calibration approach proposed in [14] to find the relation
between the two robots base frames. Finally, S(·) represents
the skew symmetric matrix operator.

3) Shared control using virtual fixtures (VF): In this
control strategy, we propose a guidance virtual fixture
(GVFs) [15] method to constrain the user in position along
the specified path while leaving his/her orientation free. On
the other hand, on the slave side, the position is controlled
in telemanipulation by the master while the orientation is
automatically imposed. In Fig. 3 the defined mapping is
visualized: the motion along the VF on the master side (v1)
is mapped into a tangential motion of the needle tip along
the needle circular shape. Moreover, the slave motion in
the two directions orthogonal to the path (v2, v3) is even
possible by applying a force fh 6= 0 on the master. The
described behaviour has been obtained by considering a
spatial variation law for the trajectory parameter σ based on
the minimum distance x̃t between the actual needle tip pose
xste and the curve xst (σ). In details, given the actual needle
tip position, the curvilinear abscissa σ̄, corresponding to the
minimum distance, is calculated with respect to the trajectory
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xst (σ) as:

σ̄ = arg min
σ

‖W p(x
s
t (σ)− xste)‖ (5)

where, W p = diag(1, 1, 1, 0, 0, 0) is a selection matrix used
to consider only the position error. In the case of a circular
path the minimum distance can be obtained in closed form.
The mathematical derivation is not reported here for brevity.
Finally, a low-pass filter has been used to smoothen the σ̂(t)
behavior and avoid possible switching when the needle tip
is near the circle center: σ̄f (s) = σ̄(s)/(1 + skfT ) where T
is the control sampling time and kf is a positive scalar gain.

Therefore, to obtain the desired behaviour the virtual ref-
erence on the master side xmd is calculated by opportunely
projecting, at each time interval, xst (σ̄f ) on the master side
by integrating the following velocity mapping between the
slave and the master pose:

vmd(σ̄f ) =

[
1
sR

m
s − 1

sR
m
s S

(
Rs
ppp − pst

)
0 Rm

s

]
vst (σ̄f ) (6)

where, Rm
s = Rm

p Rp
s .

Hence, the impedance controlled master manipulator de-
scribed in (1), endowed with an attractive GVF constraint
enforcement method given by a spring-damper force:

f c(·) = f vf(x̃m, ˙̃xm) = −Kvfx̃m −Dvf ˙̃xm (7)

is described by:

M ¨̃xm + D̂ ˙̃xm + Kvfx̃m = f h, (8)

with D̂ = D + Dvf and

Kvf = diag [k, k, k, 0, 0, 0] (9)

chosen diagonal to constrain the user motion only in position.
On the other hand, at the slave side the desired velocity vp

has been obtained considering the reference provided by the
master, for the position, and by the programmed trajectory
for the orientation:

vp(σ̄f ) =

[
sRp

m 0
0 Rp

m

] [
ṗm

ωmd(σ̄f )

]
(10)

4) Shared control using an orientation mapping: The
aim of this control strategy is to constrain the motion of
the needle tip along the defined trajectory commanding the
desired coordinate on the path, defined by σ̄, using the master
orientation. The described behaviour has been obtained by
considering the parameter σ as a differential projection of
the angular velocity around the axis of the master gripper
and by using Eq. (4) to obtain the slave velocity.

σ̇ = Wm(Rm
e )Tωm (11)

where Rm
e is the rotation matrix related to the master direct

kinematics used to evaluate the angular velocity in frame
end effector and Wm = [0, 0, 1] is a selection matrix used
to consider only the orientation around the master gripper
axis. In this case, the master manipulator is controlled in
impedance to have its position fixed in the space and the

orientation free. To this purpose, the VF stiffness is imposed
as described in Eq. 9. This choice is motivated by the fact
that in this way the orientation of the user is completely
free and only the last joint needs to be rotated. This allows
an intuitive control of the needle by minimizing the effort
needed to reach the correct orientation.

Moreover, in order to enable the user to correct possible
errors in the stitch pose, due to imprecision in the stitch
selection or due to the tissue motion, we design a stitch
pose adaptation strategy. Basically, the pose transformation
between the adapted stitch frame Σŝ and the current stitch
frame Σs can be obtained by integrating the force at the
master side to have a 3-dimensional motion. We choose to
use only the force information without considering the torque
information due to the noisy and less predictable master
torque estimation. Hence, the camera pedal has been used to
switch between the position and the orientation adaptation.
In details, we consider the velocity vsŝ of the adapted stitch
frame w.r.t Σs as:

vsŝ =

[
−γW pfh

(γ − 1)W ofh

]
(12)

where, W p = [∆p,0] ∈ R3×6 is a selection matrix used to
extract only the position terms and W o ∈ R3×6 is:

W o =

∆Φ1 0 0
0 0 ∆Φ3 03x3

0 0 0

 (13)

and γ a binary coefficient used to activate the position and the
orientation adaptation; ∆p = [∆p1,∆p2,∆p3] and ∆Φ =
[∆Φ1, 0,∆Φ3] are respectively the position and orientation
steps obtained experimentally. Finally, an element-wise force
threshold of ρm = 2N has been used to avoid undesired
motion during the stitch execution.

IV. EXPERIMENTS

This section aims at proving with both performances
metrics and user study whether and which type of assistance
is useful to perform the stitch task minimizing the tissue
damages and at the same time the surgeon’s workload.

A. Experimental set-up

The experimental setup is composed by the full dVRK [16]
robotic platform provided with a console composed by two
master side manipulators (MTMs) and a stereo-visor; two
patient side manipulators (PSMs) and an endoscopic arm
(ECM) provided with a stereo camera. The provided ROS-
based functions included in the “dvrk-ros” API have been
used to read the robots state and to control (at 5ms) the slave
and the master robots respectively in position and in torque.
The stiffness value k in (9) has been opportunely filtered
with a first order filter ˙̃

k + Kpk̃ = 0 with k̃ = kd − k and
Kp > 0 to smoothly adapt the stiffness variation, where, we
chose kd = 300N/m for needle insertion and kd = 150N/m
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Fig. 4. Description of the experimental setup. Left: Augmented Reality
(AR) feedback. Right: setup used in the proposed experiments.

for needle extraction.3 A surgical suturing phantom has been
used to simulate a human wound on which two red dots
have been marked as a guide for the stitch selection. A
large needle driver instrument from Intuitive Surgical Inc.
has been used to move a GL-222 needle with an external
diameter of 17.5 mm. In order to have the full control of the
needle position a metal printed needle holder (see Fig. 4)
has been used whose design was inspired by [6]. Finally, a
VREP simulator of the slave set-up has been used for the
preliminary tests and for augmented reality (see Fig. 4).

Moreover, as described in Fig. 5, we choose to use
“gripper passwords” to give the user control of the high-level
state machine. More in details, three different passwords
have been used to switch between: (i) telemanipulation; (ii)
stitch selection; (iii) needle insertion; (iv) needle extraction.
Each password can be commanded when the robot is not
in telemanipulation, e.g. CP = 0 (CP: coag pedal flag), by
simply pressing a combination of the master right gripper
(R) or master left gripper (L). Each control, including the
standard telemanipolation, is activated by the pressure of the
coag pedal (CP = 1) and is stopped when it is released
returning at the state telemanipolation.

B. Test setup

The user study has been performed by volunteer users
recruited from a population of both engineers and surgeons
in the Hamlyn Center of Imperial College of London. A
total of ten right-handed subjects (average age 26) completed
the experiment. All participants had at least one previous
experience with the da Vinci platform. Each participant spent
about 20 minutes, performing different suture in telemanip-
ulation, for training both the robotic platform and the stitch
framework, before to start the experiment. None of the partic-
ipants has neurological or vision disorder that may negatively
affect the results. The conducted experiment is composed
of the following phases: (i) the surgeon selects the stitch
using the provided force-enabled method; (ii) the surgeon
executes the stitch performing both insertion and extraction
of the needle by using, in a random sequence, the four

3Is a worth noticing that since the stiffness matrix is not constant the
passivity of the system is not proved [12] and hence instability problems
can occur. Following the results presented in [17] by injecting a constant
damping into the system Dvf > αM , where M is the master robot inertia
matrix and α is such that K̇vf(t) − 2αKvf(t) is negative semi-definite,
the passivity is guaranteed. Hence, by choosing opportunely the Kp filter
parameter we can bound the stiffness variation K̇vf(t) and avoid to inject
undesirable high damping.

Needle extraction

Needle insertion

Legend
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Telemanip.
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: password 3LLL
: stitch selectedSS

Control Mode
(Tel. - Sup. - VF - Mapp.)
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&& 
SS

: Force contactFC

CP

: Coag pedal flagCP
Start End

FC FC

Stitch selection
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Fig. 5. Description of the password-based state machine.

described control paradigms. In each experiment the user
is fully autonomous, receiving all the information regarding
the stitch frame, the actual control active and instruction
about the action to undertake directly in augmented reality
by messages and visual information in the VREP simulated
environment.

V. RESULTS

In Fig. 6 the timeline of the experiment is shown. In
details, we report the needle tip position and orientation
in stitch frame in Figs. 6(a,b)4, the master robots (MTMR,
MTML) position and orientation in Figs. 6(c,d,e,f), the PSM1
out-of-tangent needle tip force in Fig. 6(g) and the time
evolution of the stiffness in Fig. 6(h). The behaviour of the
four control paradigms, described in the previous sections,
is clearly visible showing the different mapping between
the master and the slave. In details it is possible to notice
that: (i) the master needs to be moved in both position and
orientation when the telemanipulation controller is active,
(ii) it is fixed when the supervised controller is used, (iii) it
needs to be moved only in position, leaving the orientation
free, using the supervised VF control paradigm while only
the orientation needs to be controlled considering the shared
mapping control paradigm. This translates into different
levels of workload as will be discussed in the next section.

A. Controllers performance evaluation

As evaluation metric, for each stitch (insertion and extrac-
tion), we calculate the execution time and the applied forces
on the tissue. More in details, we measure the out-of-tangent
forces acting on the needle tip during the needle insertion as
fnt =‖W fR

t
pfs‖, where, fs is the slave force obtained

as described in Sec. II-A.2, Rt
p ∈ R3×3 is a projection

matrix and W f ∈ R2×3 is an opportune matrix used to
select only the yt and zt components. In Figs. 7, 8 are
shown the results of one of the experiments performed in
the user study by a trainee surgeon. In details, the out-of-
tangent force for the needle insertion is reported in Fig. 7
and the executed needle tip trajectory respectively during the
needle insertion and the needle extraction sub-task are shown
in Fig. 8. It is clearly possible to notice that the executed
trajectory in both tasks performed in telemanipulation is
not following the correct circular path. Indeed, during the
insertion usually the surgeons firstly moves following a linear

4To have a clearer visualization, the trajectories are plotted only when
the needle is gripped and the insertion or extraction trajectory is performed.
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path and after the needle is rotated (as was also reported
in [9]). Furthermore, during needle extraction, the behaviour
is still worst showing that in the 60% of the cases a linear
trajectory in the opposite direction of the needle shape is
performed. Moreover, the average measured time and the
out-of-the-tangent needle force is double when the task is
performed in telemanipulation compared to the use of one
of the proposed assisted controllers(see Fig.9).

Comparing the three proposed control strategies, we can
see an improved precision using the supervised and the
shared mapping controllers while the time consumption
and the out of tangent forces show similar results. This
is because, with respect to the supervised and the shared
mapping strategies, in the shared VF controller only the
position is constrained and hence bigger errors in the needle
trajectory are possible while, on the other hand, the automatic
orientation control allows having bounded forces in all the
cases. Finally, although the supervised controller shows the
better results in precision and exerted forces, we measured a
success rate less than 75% considering our implementation.
The failure cases are due to an incorrect needle position
inside the gripper, a bad stitch selection or because the needle
has not gone out on the other tissue side preventing a correct
supervised needle extraction. On the other hand, the two
shared strategies show a better success rate enabled by the
possibility to correct, on-line, the performed trajectory.
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Fig. 8. Needle tip trajectory during the needle insertion (top) and the
needle extraction (bottom). The insertion is from the right to the left, the
extraction is from the left to the right.

B. Subjective user evaluation

We have asked the users to complete a NASA TLX
workload survey [18] to evaluate the level of workload
required. In the analysis four parameters have been chosen
by the user (Effort, Frustration, Mental, Physical) while the
Temporal and Performance parameter has been calculated
as discussed in the previous section. The result of the
experiment in shown in Fig. 10. We can notice that for the
three proposed control strategies the resulted workload is
significantly lower with respect to the standard telemanip-
ulation paradigm. Better results are shown considering the
supervised controller, with less workload for the surgeon and
also better performances. However, as discussed before, this
control is less robust and more prone to failure. Moreover,
the two shared control solutions show similar results with a
slightly better performances and less effort for the Mapping
controller respect to the solution based on virtual guidance.
At the question: “This type of assistance can be useful for
both the needle insertion and extraction?” the answer has
been positive in 70% of the cases for the needle insertion
and 90% for the needle extraction. Moreover, we have asked
whether with the proposed strategies the user felt to have
less control of the robot and the answer has been: 55%, 21%
and 23% positive respectively for the supervised, shared VF
and shared mapping controls but never in a negative sense.
Also for the supervised strategy, the possibility of the user to
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Fig. 9. Performance evaluation of the four proposed controllers considering
time spent for each stitch and out-of-tangent force exerted on the tissue.

switch easily between autonomous and telemanipulation state
give the sensation to not loose completely the system control.
Finally, at the question: “Which is the preferred controller?”
the result have been 20%, 20% and 60% respectively for the
supervised, shared VF and shared mapping. Hence, instead
of the slightly improved precision and the reduced workload
provided by the supervised controller, the users feel to have
better performance, control, and less workload when at least
one degree of freedom, for the needle motion, is under his/her
control. Moreover, the possibility to correct the stitch frame
pose on-line has been appreciated giving the sensation of a
better control of the task.

VI. CONCLUSION AND FUTURE WORKS
In this work, a comparison between four control paradigm

for the surgical suturing procedure has been presented. A
novel force-enabled stitch selection and a password based
state machine permit an interactive, easy and fast control of
the task. Moreover, three novel surgeon-in-the-loop control
strategies have been presented with different levels of assis-
tance. Two new kinematic mappings have been proposed to
share the DoFs required to complete the stitching task with
the robot reducing the required effort, mental load and time
consumed. The results of our user study show significant bet-
ter performance with the proposed assisted controllers with
respect to the standard telemanipulation paradigm reporting
also a reduced workload when at least one degree of freedom
is left to the surgeon. In future works, we plan to evaluate
other shared control strategies exploiting the presence of
additional DoFs introduced by our recent results regarding a
new laparoscopic tool for continuous needle reorientation [2].
Moreover, computer vision techniques will be employed for
needle and wound tracking in order to improve augmented
reality techniques and the robustness against on-line changes
in the environment.
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