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Influence of force and torque feedback on operator performance in a VR-based suturing task
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The introduction of Minimally Invasive Surgery (MIS) has revolutionised surgical care, considerably improving the quality
of many surgical procedures. Technological advances, particularly in robotic surgery systems, have reduced the complexity
of such an approach, paving the way for even less invasive surgical trends. However, the fact that haptic feedback has
been progressively lost through this transition is an issue that to date has not been solved. Whereas traditional open surgery
provides full haptic feedback, the introduction of MIS has eliminated the possibility of direct palpation and tactile exploration.
Nevertheless, these procedures still provide a certain amount of force feedback through the rigid laparoscopic tool. Many
of the current telemanipulated robotic surgical systems in return do not provide full haptic feedback, which to a certain
extent can be explained by the requirement of force sensors integrated into the tools of the slave robot and actuators in the
surgeon’s master console. In view of the increased complexity and cost, the benefit of haptic feedback is open to dispute.
Nevertheless, studies have shown the importance of haptic feedback, especially when visual feedback is unreliable or absent.
In order to explore the importance of haptic feedback for the surgeon’s master console of a novel teleoperated robotic surgical
system, we have identified a typical surgical task where performance could potentially be improved by haptic feedback, and
investigate performance with and without this feedback. Two rounds of experiments are performed with 10 subjects, six of
them with a medical background. Results show that feedback conditions, including force feedback, significantly improve
task performance independently of the operator’s suturing experience. There is, however, no further significant improvement
when torque feedback is added. Consequently, it is deduced that force feedback in translations improves subject’s dexterity,
while torque feedback might not further benefit such a task.
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1. Introduction

Minimally Invasive Surgery (MIS) procedures are applied
for the same purposes as open surgery procedures, but with
the advantage of being less invasive. They usually utilise
endoscopic tools (long and narrow instruments) inserted
through small incisions into the patient’s body. Some ben-
efits of MIS are reduced pain, trauma, risks of infection
and haemorrhage, as well as a reduced hospital stay, thus
significantly reducing overall costs (Mack 2001) and com-
plications. Despite these benefits, MIS is very demanding
for surgeons, as

(1) the field of view and workspace are limited;
(2) there is only 2D vision (depth perception is lost);
(3) direct hand contact is lost;
(4) manipulation of the laparoscopic tools under modified

hand–eye coordination must be trained.

Some of these drawbacks can be overcome with the
introduction of telemanipulated robotic surgical systems,
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composed of the following two main elements: (1) the
surgeon console acting as a master, and (2) the patient-
side surgical robot acting as a slave. Surgeons can see
3D images of body organs, thanks to an endoscope with
two integrated cameras and a stereo projector integrated in
the surgeon’s master console. Moreover, the robotic instru-
ments are easily manipulable (Guthart and Salisbury 2000).
Furthermore, these robotic systems offer new possibilities,
such as tremor filtering and intelligent-assistance functions
like virtual guidance, monitoring of the manipulation forces
etc. Robotic surgery has been increasingly performed in
the last few years, especially for bariatric (Jacobsen et al.
2003; Moser and Horgan 2004), urologic (Dasgupta et al.
2005) and cardiothoracic surgery (Bodner et al. 2004). De-
spite all these advantages, if the properties of the distal
organs are not properly rendered to the surgeon, his/her
performance can be severely degraded. The term trans-
parency is used to quantify the fidelity with which the vi-
sual and haptic properties of the distal objects are rendered
to the surgeon (Lawrence et al. 1996). In the case of force
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feedback, an ideal transparent system would render force
and position information as if the master handle was di-
rectly in contact with the slave manipulator. In other words,
the physical properties of the teleoperation system itself,
such as inertia, compliance, friction, time delays and other
artifacts, should be ‘invisible’ to the user. This leads to the
definition of transparency as a transfer function. Nowadays,
most robotic surgical systems do not provide suitable hap-
tic feedback. Therefore, their transparency is considerably
reduced and the forces applied to the tissue are still heavily
reliant on visual cues.

The main constraint for including force feedback in a
robotic surgical system is the increase of complexity and
cost. The surgeon’s master console requires an actuator and
a position sensor per active degree of freedom (DOF). In ad-
dition, the slave robot must contain force sensors to measure
interaction forces between surgical tools and tissues, and
possibly also tactile sensors to render surface properties. A
simple tool–organ interaction, such as exploring the surface
of an organ, involves at least three forces and torques each.
Furthermore, most of surgical tasks would require an extra
(seventh) DOF to open and close the surgical tool. Tak-
ing into account this, and that surgeons generally use both
hands, the surgeon’s master console should then provide
14 active DOF of force feedback. In other words, the sys-
tem should include 14 actuators, 14 position sensors in the
surgeon’s master console and in the slave robot tools to mea-
sure a total of 14 DOF of force, which would considerably
raise system complexity and cost, thus making it difficult
to control and unaffordable for the majority of hospitals.

To design the optimal haptic device for a surgeon’s mas-
ter console in a robotic surgical system, the catalogue of
solutions should be task-specific. Therefore, the surgeon’s
actions must be decomposed into basic hand gestures in or-
der to identify the active DOF crucial for the surgeon and the
DOF that can be inactive to decrease the overall complex-
ity and cost. The most frequent tasks executed by surgeons
during a common surgical procedure are resection, grasp-
ing, suturing, ablation and injection (Nio et al. 2002). Most
of these tasks are carried out by translating the end effector
in three dimensions. Rotations are seldomly used except
for orienting the surgical tool that remains almost invari-
able during the translations. This implies that the surgical
device must have seven DOF for positioning tools (three
DOF for translations, three for orientation and one for the
grip movement). However, it might be necessary to provide
force feedback only in the translational DOF and in the grip
movement, but no torque feedback because the orientation
is rarely changed as the task is performed. Nevertheless,
while suturing, to insert the curved needle into the tissue,
surgeons execute a pure rotation of their wrist around its
pronosupination axis (Figure 1) (Seki 1988; Iwamoto et al.
1993). Therefore, for this specific task, torque feedback
could help the surgeon to correct his trajectory and to apply
the correct forces, thus improving suture quality.

Figure 1. Wrist rotation around the axis of the forearm during
needle insertion (pronosupination).

The first commercially available haptic devices pro-
vided only three active DOF of force feedback in the trans-
lation axes (x, y and z) (Massie and Salisbury 1994; Grange
et al., 2001). This kind of device can be used in many ap-
plications in which tool orientation does not have to be
changed and users only need to move in the 3D space, or
where it is sufficient to record and display orientations.

The well-known companies are adding three DOF of
torque feedback as well as providing kinesthetic feedback in
six DOF (Hayward et al. 1998; Cohen and Chen 1999). The
addition of these extra three DOF implies the integration of
three more actuators and sensors that considerably increases
both inertia and controller complexity and frequently results
in a loss of transparency (Barbagli and Salisbury 2003). In
order to reduce complexity while keeping the full number of
DOF (six or seven per hand), force feedback can be realised
only in a subset of the DOF, usually for the translational
forces. The remaining DOF are only equipped with position
sensors.

Examples of commercial devices presenting this
actuator/sensor asymmetry are the PHANToM Omni (Sens-
able Technologies, Woburn, MA, USA) with six sensors and
three actuators and the omega.7 (Force Dimension, Nyon,
Switzerland) with seven sensors and four actuators. These
devices are suitable for many applications, including robotic
surgical platforms, and their cost is considerably lower than
the fully actuated versions (Seibold et al. 2008).

In their pioneering work, Barbagli and Salisbury (2003)
considered the effect of sensor/actuator asymmetries in hap-
tic devices. Their results reveal that sensor/actuator asym-
metry may lead to non-conservative forces in specific situ-
ations, reducing the realism of Virtual Reality (VR)-based
devices. Semere et al. (2004) performed an experimental
study to determine the effect of this sensor/actuator asym-
metry during a blunt dissection. One of the conclusions to
be drawn from the former work is the improvement of the
performance after adding partial force feedback. In a later
study (Verner and Okamura 2007), performance and ap-
plied force during a peg-in-hole task were analysed to eval-
uate the effect of the grip-force. In this case, feedback of
the grip-force helped subjects to apply the minimum force
required to hold the peg. Regarding the addition of torque
feedback, the results of recent studies differ depending on
the application. Verner and Okamura (2009) report that
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performance with force feedback alone is close to the one
with force and torque feedback for simple tasks such as
drawing in a 3D virtual environment. However, in other
applications in which forces and torques are decoupled,
the torque information might be crucial. For instance, it is
proven that the torque feedback provided by the steering
wheel of the car has a direct implication on driver’s perfor-
mance because it carries information related to the vehicle
dynamics (Toffin et al. 2007). Furthermore, if the visual
information is limited or unreliable, users mainly rely on
the haptic information (Ernst and Banks 2002). For exam-
ple, during screw insertion in a teleoperated spinal-fusion
surgery, both torque and force feedback are necessary to
successfully achieve the task (Lee et al. 2009). The re-
sults of these studies show that the effect of actuator/sensor
asymmetry mainly depends on the task to be carried out.
The effect of torque feedback in the pronosupination DOF
of the wrist on suture performance has not been investigated
and can only be determined by performing experiments in-
volving this specific task.

The goal of the work presented here is to determine if
torque feedback should be added into the surgeon’s haptic
console of a teleoperated robotic system for endoluminal
surgery. The results will be used to determine the design
specifications of both the haptic device and the slave robot
force sensor for a telemanipulated robotic surgical system.

This paper is structured as follows. First, in Section
2.1, we describe the haptic device and the torque feedback
module developed for the experiment. In Section 2.2 we
describe the virtual environment developed for the test. In
Section 2.3 we present how suture performance is measured
in a pinpoint suture task. In Section 2.4 we provide details
about the followed experimental protocol. Experiment re-
sults are presented in Section 3. Discussion and conclusions
close the paper.

2. Methods

The major goal of this work is to investigate the influence of
force and torque feedback in a tele-robotic surgery system
using a virtual reality testbed. The choice of a VR testbed
was motivated by the desire for well-controlled and repeat-
able conditions that can be recreated. This solution permits
preservation of the same conditions for all subjects running
the experiment (e.g. tissue properties and tool orientation).
In addition, the VR-based testbed gives the possibility to
randomly mix feedbacks during the experiment and conse-
quently subjects cannot be aware of the next feedback that
will be provided.

The results might be affected by the slave system limi-
tations (e.g. noisy force measurement, bandwidth or sensor
resolution) if an artificial tissue material and a tele-operated
robot are used. As the proposed experiment focuses only
on how force and torque feedback affect subject perfor-
mance, a virtual reality testbed was found to be the optimal
solution.

2.1. Haptic device and torque feedback module

The haptic device used in the experiment was an omega.3.
However, for this specific task, at least four DOF are re-
quired: three translations to position the suturing needle on
the suture location and an extra DOF to rotate the arc-shaped
needle around its centre. For this reason, a specific handle
allowing this extra DOF was developed (Figure 2(a)). Ac-
cording to the wrist mobility anthropometric data, at least
220◦ should be provided to allow almost a full rotation
around the pronosupination DOF of the wrist (Pheasant
1986). In addition, a conventional needle holder was used
in the construction of the handle to preserve the ergonomics
of a normal suture.

To guarantee a similar performance of the haptic device
for all the suture locations, the suture points were located
within the boundaries shown in Figure 2.

The forces measured during needle insertion and soft
tissue indentation reported in Okamura et al. (2004) and
Samur et al. (2007) were taken into account to select the
actuator. An RE25 motor (Maxon Motor AG, Sachseln.
Switzerland) with a magnetic encoder (1000 CPT) was
chosen. The needle used in the simulation is a conven-
tional arc-shaped needle of 14.5-mm diameter as used in
Iwamoto et al. (1993). In the investigation reported by Oka-
mura et al. (2004) the maximum force measured was 2.3
N on the needle tip. Taking into account that the needle
diameter is 14.5 mm, the maximum peak torque that the
motor should provide is 30 mNm, which is very close to
the nominal motor torque of 29.2 mNm.

The torque feedback module was carefully designed
to minimise the effects on device transparency. By defi-
nition the transparency transfer function of the haptic de-
vice is the ratio of the transmitted impedance to the sim-
ulated impedance (McJunkin et al. 2005). Therefore, the
kinematics and the dynamics of the haptic device are part
of the transparency transfer function. This transfer func-
tion should ideally be an identity matrix; however, this
requires a perfect compensation of friction losses, iner-
tia and gravity. The omega.3 provides an accurate grav-
ity and inertia compensation that is maintained in transla-
tion space by coupling passive and actuated components
together. In order to preserve the performance of the en-
tire device, the mass of the torque feedback module was
adjusted in the compensation algorithms. In addition, the
torque module was individually calibrated to ensure re-
peatable and optimal precision and performance. Further-
more, the chosen RE 25-DC motor and transmission com-
ponents present very low friction, inertia and backslash
(Table 1).

An electronic interface was developed in order to avoid
an additional Universal Serial Bus (USB) connection. This
solution permits the use of the original motor amplifiers
of the haptic device (force dimension), and consequently a
perfect synchronisation with the rest of the actuators can be
guaranteed.
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Figure 2. Haptic device used in the experiment and task workspace. (a) The customised handle added to the omega.3, provides torque
feedback in the pronosupination DOF of the wrist. (b) Suture location boundaries with respect to the omega.3 workspace in the horizontal
plane passing by its centre (z = 0).

As the aim of this experiment is to determine whether
the specific torque along the pronosupination DOF im-
proves performance, the other two rotations for the wrist
orientation are kept invariant in the simulation. Therefore,
they are not tracked by any position sensor. To avoid a
transparency decrease due to the constrained rotations, the
suture points are always parallel to the base of the omega.3,
as can be seen in Figure 2. Therefore, there is no need to
change the orientation when performing this specific suture
task.

The preliminary trials showed that a rigid horizontal
tool resulted in an unnatural wrist posture. For this rea-
son, a universal joint was added between the actuator and
the needle holder to allow for small deviations in the sub-
ject wrist orientation (Figure 2(a)). Nevertheless, subjects
were instructed to keep the orientation of the other rotation
axis essentially unchanged. Alignment deviations of a few
angular degrees were tolerable in the framework of these
experiments.

Table 1. Characteristics of the torque feedback module
components.

Parameters Motor Universal joint Handle

Radial play (mm) 0.025 Backlash free Backlash free
Axial play (mm) 0.05 Backlash free Backlash free
Weight (g) 130 0.7 23
Inertia (gcm2) 10.5 (rotor) 0.03 −

2.2. VR testbed

The VR testbed was kept as simple as possible to reduce the
influence of unknown factors. In the experiment, sutures are
performed with only one hand. Although surgeons usually
grip the tissue with one hand and suture with the other, only
one hand is used during the test to avoid the gripping having
an impact on the results. For this reason, the virtual tissue
was flat. This factor differs from a real suture task where sur-
geons insert the needle into the edge of the gripped tissue.

The VR testbed consists of a soft tissue and a needle
holder with a fixed, curved needle (Figure 3). The needle
holder is a virtual copy of the real holder used in the haptic
device. The surgical needle is an arc-shaped needle, com-
monly used for skin, peritoneum and muscle sutures. The
shadow of the tool on the tissue was added to provide addi-
tional visual perception of depth to the user. It was found to
be a crucial cue for users to target the given entrance point
of the suture during the experiment.

Figure 3. Virtual suturing testbed. Users used the shadow to
position the needle near the indicated entrance point. The suture
was performed towards the indicated exit point.
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Figure 4. Simulation of the needle insertion, where n represents
the needle nodes and i represents the tissue elements.

The soft tissue was modelled as a mass-spring-damper
mesh and the needle arc was decomposed into 10 con-
nected segments. As the haptic device represents the nee-
dle holder, position and rotation are read from the device
and the position of each needle node is calculated using a
trigonometric transformation. A bounding sphere is created
around the needle tip using the length of the spring of the
soft tissue. Whenever a tissue node is located inside this
bounding sphere, the neighbour masses become collision
candidates.

The collision detection has two different modes de-
pending on the needle orientation. The first collision mode
simulates the interaction of the concave part of the needle
with the tissue when needle insertion cannot be performed.
The second collision mode simulates the needle insertion.
This is a complicated procedure to simulate with several
states depending on the number of needle nodes inserted
and the needle trajectory (e.g. penetrating or exiting the
needle at the entrance point). We used a similar procedure,

such as the one proposed by Wang et al. (2008), to simulate
the insertion of the needle in a vessel. As shown in Fig-
ure 4, the pierced mass of the tissue element i will initially
follow the closest needle node n. When the length of the
adjacent springs overcome a threshold, the tissue element i
will follow the next needle node n-1.

The haptic device is impedance-controlled. As can be
seen in Figure 5, user movements are measured and there-
after the interaction with the virtual tissue for that specific
needle movement is calculated. The torques that might be
generated by the device motors are then transmitted to the
omega control board. With this approach, users feel the
forces from the dynamics and statics of the simulated en-
vironment in response to moving the device (Hayward and
MacLean 2007). The simulation was run on a Mac Book
5.1 laptop with an Intel Core 2 Duo 2.4 GHz CPU. The
laptop graphic card was a NVIDIA GeForce 9400 M 256
M GPU. The haptic and graphic loops were updated at
1 kHz and 30 Hz, respectively.

2.2.1. Insertion model

The task carried out in the experiment is a simple pin-
point task of passing the needle through two points. Be-
tween the input and output points the needle is hidden by
the tissue. The only information that users have is their
self-perception of the movement and the haptic feedback
(if given). As the experiment is performed to investigate
whether the torque feedback might help in this specific sur-
gical gesture, the force model of the tissue follows the same
correlation of forces of a real needle insertion. However,
interactions between needles and living tissues are very
complex:

Figure 5. Control scheme of the overall experimental setup.
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Figure 6. 1 DOF needle insertion phases described in Okamura
et al. (2004), Barbé et al. (2007a) and Barbé et al. (2007b).

(1) The different layers of the tissue crossed by the needle
are inhomogeneous and so the mechanical properties
cannot be described by an elastic isotropic model.

(2) Tissues are organ-dependent.
(3) The insertion forces change with the needle shape.

This inherent complexity in living tissues has been sim-
plified in the literature. Most of the current needle inser-
tion models are based on measurements of straight needle
insertions that move in only one DOF (Simone and Oka-
mura 2002; Okamura et al. 2004; Abolhassani et al. 2007;
Barbé et al. 2007a, 2007b). In these experiments it was
found that a needle insertion follows at least three phases.
These phases are represented in Figure 6, and described as
follows:

(1) Contact and deformation.
(2) Once the energetic threshold is overcome, the needle

perforates the surface. While the needle is inserted, the
damping forces attract the tissue along the needle shaft.

(3) The needle is extracted. Again the tissue adheres to the
needle shaft and follows its movement.

For this experiment the insertion of the needle follows
the same phases. Forces rendered to the user are calculated
similarly to the model described in Okamura et al. (2004)
and Barbé et al. (2007a). In latter studies the needle in-
sertion force model is a combination of stiffness, damping
and puncture forces that takes into account the needle depth
in the tissue. However, in both the studies needle insertion
was performed along a straight path. For a curved needle
insertion, in which the path is almost circular, this 1-DOF
translational model had to be mapped along a circular tra-
jectory.

The suture movement is performed in the y–z plane.
Consequently, �Fy and �Fz pass through the needle insertion
phases described in Figure 8(a). The force model along
the x-axis does not vary because the needle insertion is al-
ways perpendicular to this axis (Figure 7). �Fx simulates the
reaction forces against the lateral needle displacement, as
described in Kataoka et al. (2002). In real sutures, these
forces help to keep the needle in place once it has been
inserted (Figure 8(b)). Torque, τx , is calculated by multi-

Figure 7. Customised Omega device used in the experiment and
VR testbed.

plying the needle tip force, �Fr , which is tangential to the
needle circle, by the needle radius.

With these definitions:

� d(dx, dy, dz) is the tissue deflection.
� l1 is the thickness of the first layer, and (dz − l1) rep-

resents the amount of needle penetration in the second
layer with respect to the first.

� K values are the elastic coefficients.
� B1 and B2 values are the damping coefficients per unit

of length for each insertion phase.
� Bx is the a damping coefficient along x-axis.
� v(vx, vy, vz) is the needle tip velocity.

Before puncture occurs (d < dthreshold), the force model
is described by

Shear component: �Fy = Ky1 · �dy, (1)

Normal component: �Fz = Kz1 · �dz. (2)

After puncture (d > dthreshold ):

Shear component:

�Fy = Ky2 · �dy + (By1 · l1 + By2 · dy) · �vy, (3)

Figure 8. Interaction model description. (a) Fy and Fz compo-
nents of the rendered force Fr and torque τx . (b) Force along the
x-axis.
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Figure 9. Interaction forces and needle tip position along each axis for a suturing trial. The initial peak of the force curve, especially
along the z-axis, is due to the higher tissue stiffness before puncture.

Normal component:

�Fz = Kz2 · �dz + (Bz1 · l1 + Bz2 · (dz − l1)) · �vz. (4)

Forces when extracting the needle:

Shear component: �Fy = (By1 · l1 + By2 · dy)) · �vy, (5)

Normal component: �Fz = (Bz1·l1 + Bz2·(dz − l1))·�vz. (6)

The force model along the x-axis is constant:

�Fx = Kx · �dx + Bx · �vx. (7)

Torque is calculated from the resulting force as

�Fr = �Fy + �Fz, (8)

�τx = �r × �Fr. (9)

According to the visual simulation, when the needle
tip deflects the tissue before the puncture occurs (before
switching to the next needle node), the forces and the torque
rendered to the user are determined by Equations (1), (3)
and (9). In that phase, the y and z stiffness, Ky1 and Kz1, are
higher, but suddenly decrease when the energetic threshold
is overcome. Afterwards, the interaction model is mainly
due to damping forces that depend on the amount of needle
penetration into the tissue, as described by Equations (3)
and (4). Therefore, the force model is non-linear with the y
and z stiffness that are higher before the puncture and then
decrease suddenly. In addition, when the user inverts the
trajectory, which means that the needle is being extracted
from the entrance point, the force model changes to the
extracting phase.

The magnitudes of K and B were similar to the mea-
surements of an ex-vivo liver puncture by Okamura et al.
(2004) and the parameters used by Gerovichev et al. (2002).
However, during the screening trials, subjects reported that
the initial tissue stiffness felt was too high after puncture.
When the spring force is released, there is an undesired over-
shoot in their movement. Subjects push against a boundary
that is suddenly removed, thus they are not able to stop
immediately due to both reaction time and arm impedance.
The same phenomenon was identified by Gerovichev et al.
(2002) and Barbé et al. (2007a) and is a factor that must
be compensated for by the control scheme when perform-
ing teleoperated needle insertion. Therefore, initial stiffness
was slightly reduced to minimise this effect.

In Figure 9, rendered forces and needle tip position in
each axis during a needle insertion trial are shown. The
peak force that appears at the beginning of the insertion,
mainly along the z-axis, is due to the initial tissue stiffness
before the puncture occurs.

This interaction model was tried and validated by sur-
geons, who affirmed that there was a good correlation be-
tween forces and the needle insertion and that it was realis-
tic.

2.3. Suture performance assessment

There are many surgical procedures where sutures are key
points, such as repairing liver lacerations, cardiac proce-
dures etc. Also when suturing less delicate wounds, such
as in dermatologic surgery, both cosmetic and functional
results can be compromised if the execution is poor.

Kitagawa et al. (2005) investigated the sensory substitu-
tion effect in suture-manipulation forces for robotic surgi-
cal systems. In this study applied forces during a knot-tying
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Figure 10. Optimal suture during curve-shape needle insertion
described in Seki (1987), Iwamoto et al. (1993) and Solis et al.
(2008).

task were measured in several sensory substitution scenar-
ios. Results showed that when force feedback was given
by visual or auditory modes, the applied forces approxi-
mate suture tensions achieved by manual suture. However,
the trajectory of the needle during the insertion was not
analysed.

Iwamoto et al. (1993) and Solis et al. (2008) defined the
ideal suture as the one where the needle emerges exactly
at the exit point with the intended tissue bite with the least
possible suture-trauma (Figure 10(a)). In order to minimise
trauma while placing a suture with its intended span and
tissue bite in the expected place, the needle must advance
along its curvature (Figure 10(b)). The position error highly
depends on the insertion angle (IA) of the needle while en-
tering the tissue. In addition, the choice of the optimal
insertion angle is frequently related to the surgeon’s experi-
ence (Seki 1987). According to these publications pinpoint
accuracy in the suturing technique can be measured by the
distance deviated from the optimal exit point. Therefore, in
this experiment suture point error is calculated as the mod-
ulus of the 3D distance vector between the given suture
point and the suture point reached by the subjects (err in
Figure 10(a)). In addition to the position error in both exit
and entrance suture points we measured maximum pene-
tration depth into the tissue and task completion time, to
check whether the feedback type affects these parameters.

2.4. Experimental protocol

Two different configurations of the experiment were per-
formed. The second configuration took into account how
experienced surgeons will normally perform the task. In the
first configuration the subjects were sitting but the surgeons
reported to perform an experiment were standing, so this
factor was changed for the second configuration. In addi-
tion, in the first configuration the needle was grasped from
the extremity (Figure 11(a)) instead of at one-third of its
length as usually recommended (Figure 11(b)). Therefore,
a second round of experiments was performed with subjects
standing and the needle held correctly to study if there was
any influence on the results.

Figure 11. (a) Needle held at the extremity and (b) needle held
at one-third of its length.

2.4.1. Subjects

The two configurations of the experiment were conducted
with 10 subjects each, aged 25–35 years, all right-handed.
The subject groups were composed of seven males and three
females for the first configuration, and five males and five
females for the second one. In both the configurations there
were three subjects with suturing experience. These details
are summarised in Table 2.

2.4.2. Experiment

During the experiments, three feedback conditions were
used: (1) visual feedback only (VF ), (2) visual and force
feedback (VF + FF ) and (3) visual, force and torque feed-
back (VF + FF + TF ). Two suture bite distances (14 mm
and 12 mm) were imposed to vary the sutures.

Before the experiments, users performed a training
phase to familiarise themselves with the test: (1) the subject
was asked to explore the tissue by changing the feedback
condition during an unlimited time and (2) a training phase
similar to the experiment was carried out. The aim of the
training phase was to familiarise subjects with the task so
that there would be no further learning effect during the ex-
periment. The virtual testbed used in this experiment repre-
sents a section of visco-elastic tissue where the ideal suture
entrance and exit points are indicated (Figure 3, right). Sub-
jects are asked to introduce the curved needle as precisely
as possible in the indicated location. The user starts by
placing the needle on the reference entrance point and then
performs the suture movement targeting the exit point (Fig-
ure 3, left). A visual cue appears over the tissue to indicate
that the suture is finished. The users are instructed to release

Table 2. Summary of the experimental characteristics for each
configuration. Three out of 10 subjects had previous suturing
experience.

Experiment Subject’s Needle Subject’s
configuration posture position gender

First Sitting Fig. 11(a) 7 M, 3 F
Second Standing Fig. 11(b) 5 M, 5 F
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Figure 12. Mean values for each parameter with respect to the feedback condition (first configuration). Lines with stars above connect
feedback conditions that have statistically significant different mean values for αB < 0.0167.

the tissue and lift the tool towards this visual sign to make
a pause. After three seconds the visual sign disappears and
the next suture points are displayed. The distance between
points, the location of the suture and the haptic conditions
are changed in a random order. During the experiment, all
combinations of distance between points and haptic condi-
tions are repeated five times, thereby resulting in a total of
30 sutures per subject. Subjects are aware that time is mea-
sured; however, they are instructed to perform the suture
as they would normally do, but trying to be as accurate as
possible.

As mentioned in Section 2.4, the entrance and exit point
errors, maximum penetration depth and task completion
time are measured during the experiment. At the end of the
experiment a questionnaire is given to the subjects. In this
questionnaire the subjects’ backgrounds, the task difficulty
and their impressions of the different feedback conditions
are requested.

3. Results

Given that the experiment follows a full factorial design
with three factors (feedback condition, distance between
suture points and individual subject), an Analysis of Vari-
ance (ANOVA) was performed to study their significance.
The results of the ANOVA for the first experiment config-
uration are summarised in Table 3.

Table 3. ANOVA for the first experiment configuration: subjects
were sitting and needle is taken from the extremity.

Individual Feedback
Parameters subject Distance condition

Exit point error P < 0.001 P > 0.05 P < 0.001
Entrance point error P < 0.001 P > 0.05 P > 0.05
Maximum penetration P < 0.001 P > 0.05 P < 0.001

depth
Task completion time P < 0.001 P > 0.05 P < 0.025

The individual subject factor has a significant effect on
all parameters while the distance between suture points is
not significant for any of them. These results mean that all
parameters change significantly from one individual subject
to another while distance between points does not affect any
parameter. The feedback condition has a significant influ-
ence on the exit point error and the maximum penetration
depth with a probability P < 0.001, and for task comple-
tion time (P < 0.025).

The averaged values for each feedback condition are
shown in Figure 12. The high standard deviation is due
to the significance of the individual subject factor, as it is
shown in the ANOVA results in Table 3. In order to assess
whether the means of the three groups are statistically dif-
ferent from each other, a Bonferroni correction for multiple-
comparison t-test was performed. Consequently, for an ini-
tial significance level, α = 0.05, the corrected significance
level for the three comparisons is αB = 0.0167. The Bonfer-
roni t-test showed that VF + FF and VF + FF + TF con-
ditions significantly reduced the exit point error and the
maximum penetration depth when compared with the VF

condition. Nevertheless, the VF + FF and VF + FF + TF

conditions were not significantly different from each other.
In addition, from the individual results shown in Figure 13,
we observed that the exit point error presents the same
tendency for all subjects with respect to the feedback con-
dition. Note that the error with visual feedback only, (VF ), is
always higher than the feedback conditions, including force
feedback (VF + FF and VF + FF + TF ). This proves that
feedback conditions, including force feedback, significantly
reduced the exit point error and the maximum penetration
depth across all subjects independent of their individual
tendency, although the addition of torque feedback to the
haptic feedback does not imply any significant change.

Results of the ANOVA for the second configuration are
shown in Table 4. As in the previous experiment, the subject
factor has a significant influence on all the parameters while
the distance between suture points is not significant for any
of them. The feedback condition has a significant influence
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Figure 13. Results per subject and for each feedback condition (first configuration). U8, U9 and U10 correspond to subjects with suturing
experience. Note that force feedback conditions highly reduce exit point error. (a) Exit point error per subject. (b) Task completion time
per subject.

Table 4. ANOVA for the second experiment configuration: sub-
jects were standing and held the needle at one-third of its length.

Feedback
Parameters Subject Distance condition

Exit point error P < 0.001 P > 0.05 P < 0.001
Entrance point error P < 0.001 P > 0.05 P > 0.05
Maximum penetration P < 0.025 P > 0.05 P < 0.001

depth
Task completion time P < 0.001 P > 0.05 P > 0.05

on the exit point error and maximum penetration depth with
P < 0.001 in both cases.

The mean values of each measurement for every feed-
back condition are shown in Figure 14. Once again a signifi-
cant decrease of the exit point error and the maximum pene-
tration depth is found for the two haptic feedback conditions
when compared with only visual feedback VF for a sig-

nificance level of αB < 0.0167. No significant differences
between the mean values of VF + FF and VF + FF + TF

conditions are observed.
We observed the same tendency for all subjects in

Figure 15, with respect to the feedback condition, as it was
found in the previous experiment. The feedback conditions,
including force feedback (VF + FF and VF + FF + TF )
significantly reduce the exit point error and the maximum
penetration depth as compared to visual feedback only (VF ).

Overall, the results of the second configuration con-
firm the conclusions obtained in the first round. Only the
entrance point error increased slightly mainly due to sub-
ject posture. In the first configuration, subjects were sitting
and thus had more stability while manipulating the device.
In both the configurations the entrance point error is only
influenced by the individual subject factor. This is consis-
tent as the location of the needle near the entrance point is
totally based on visual cues. Accordingly, neither distance

Figure 14. Mean values for each parameter with respect to the feedback condition (second configuration). Lines with stars above connect
feedback conditions that have statistically significant different mean values for αB < 0.0167.
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Figure 15. Results per subject and for each feedback condition (second configuration). U8, U9 and U10 correspond to subjects with
suturing experience. Note that force feedback conditions highly reduce exit point error. (a) Exit point error per subject. (b) Task completion
time per subject.

between suture points (bite) nor the type of feedback seem
to have any effect on entrance point accuracy.

As can be seen in Figures 13(a) and 15(a), surgeons,
results are quite similar to those of the untrained subjects.
However, Figures 13(b) and 15(b) show that surgeons gen-
erally perform the sutures faster than other subjects.

In order to study the influence of user experience and ex-
periment configuration, an ANOVA was again performed,
merging data from both the experiments and adding two ex-
tra factors: user experience and experiment configuration.
Results are shown in Table 5. Experiment configuration
seems to have no significant influence on the results. User
experience has a significant effect for the task completion
time, which is lower for surgeons. However, the exit point er-
ror is similar for both surgeons and inexperienced subjects.

Normalised distributions of the results for the exit point
error and the task completion time are shown in Figure 16.
We observed that the surgeons’ distribution for the task
completion time is shifted to lower values compared to the
unexperienced subjects’ distribution. Nevertheless, their er-
ror distribution fits the same Gaussian as that of the unex-
perienced subjects. These results show that inexperienced
subjects were specially concentrated in accuracy because
they are not used to performing real sutures and ignore
how fast this task is generally performed. This means that

non-surgeons have a different subjective accuracy-speed
tradeoff, which biases the results. Therefore, inexperienced
subjects can perform sutures with similar accuracy to a sur-
geon but taking a significantly longer time. In addition, the
effect of each subject’s impedance on the overall perfor-
mance should be taken into account. Several studies have
shown that users can adapt their impedance to compen-
sate the rendered forces by learning an internal model of
the dynamics involved in that specific task (Shadmehr and
Mussa-Ivaldi, 1994; Burdet et al. 2001). As surgeons have
already performed the suture gesture and know the force
profile of a needle insertion, they might have learned the
optimal impedance that should be applied. Therefore, they
can adapt their arms impedance to the force changes more
quickly.

3.1. Post-experiment questionnaire

By analysing the answers of the questionnaire, it was found
that the majority of the subjects found the task difficult
in both the configurations, but that the second configu-
ration caused more fatigue because they were standing
during the entire experiment. All subjects noticed when
the feedback condition was changed from one trial to
another but more than half could not distinguish between

Table 5. Complete ANOVA results compared with user experience effects.

Parameters Subject Distance Feedback condition User experience Experiment configuration

Exit point error P < 0.001 P > 0.05 P < 0.001 P > 0.05 P > 0.05
Entrance point error P < 0.001 P > 0.05 P > 0.05 P > 0.05 P > 0.05
Penetration depth P < 0.025 P > 0.05 P < 0.001 P > 0.05 P > 0.05
Task completion time P < 0.001 P > 0.05 P > 0.05 P < 0.001 P > 0.05
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Figure 16. (a) Exit-point error distribution. (b) Task completion time distribution. A clear distinction can be seen between the surgeons’
and non-surgeons’ distributions for the task completion time.

force feedback alone and force plus torque feedback con-
ditions. During the post-experiment questionnaire, most of
the subjects asserted that they preferred the feedback con-
ditions that included force feedback. It was felt more nat-
ural and the task was more intuitive than with only visual
feedback.

4. Discussion and conclusions

This paper investigates the influence of force and torque
feedback in a VR-based suturing task. We compare
the deviation to the optimal suture points, task comple-
tion time and maximum penetration depth into the tissue
in three feedback conditions: (1) visual feedback only, (2)
visual and force feedback and (3) visual, force and torque
feedback.

Based on this investigation, we can extract the following
conclusions:

� Experimental results regarding the exit-point error con-
firm the assumption that force feedback can clearly ame-
liorate the accuracy in a suturing task.

� Without force feedback, users tend to penetrate too
deeply into the tissue.

� The addition of torque feedback – in this particular con-
text – does not improve suturing quality when compared
to the addition of force feedback alone. This result sup-
ports the assumption that it might not be worth adding an
extra actuator to provide torque feedback on the prono-
supination DOF.

� These results are independent of the subject factor as all
subjects present the same tendency with respect to the
feedback condition.

� Force feedback significantly improves accuracy, for sur-
geons as well as non-surgeons. Generally, surgeons car-
ried out the task considerably faster.

In real suturing tasks, the tissue helps to stabilise the
needle trajectory by applying resistive forces against its
movement. In addition, users exploit force information to
correct their path and the applied force. Force feedback
helps to stabilise the movement as tissue does in the real
case. Consequently, force feedback clearly improves ac-
curacy when compared to a free movement, which corre-
sponds to the pure visual feedback condition in this exper-
iment.

The majority of experienced subjects stated that they
would be able to execute the task with only visual cues, as
they do on current teleoperated systems such as da VinciTM

Surgical System (Guthart and Salisbury 2000). Neverthe-
less, their results showed that their error is almost halved
when force feedback is provided, (e.g. user U8, U9 and
U10 in both Figures 13 and 15). On the other hand, on a
robotic surgery platform without force feedback, when the
teleoperated robot inserts the needle, the real tissue sta-
bilises it. However, contrary to a real suture, interaction
forces are not transmitted to the surgeon, who might devi-
ate, thereby applying undesired forces to the tissue. If these
deviations are not cancelled out by the tremor filter, there
will be significant risks of damaging fragile tissues. All re-
sults of this experiment clearly show that force feedback
significantly improves accuracy independent of users’ ex-
perience, and might thus speed up the surgeon’s learning
process. Torque feedback, in return, may not improve per-
formance enough to justify the additional complexity and
cost of torque feedback-enabled DOF.

Most of the subjects preferred the feedback conditions
that included force feedback. These were perceived as being
more natural and the task was more intuitive than with only
visual feedback. Force feedback generally makes subjects
feel more secure with the task as they have feedback to con-
firm their actions. This could also imply that the availability
of force feedback might reduce the visual workload.
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