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Abstract. This paper presents a novel approach to force feedback in
robot-assisted surgery. Haptic stimuli, consisting of kinesthetic and cutaneous components, are substituted with cutaneous feedback only. This
new approach to sensory substitution is called sensory subtraction, as
it subtracts the destabilizing kinesthetic part of the haptic interaction
to leave only cutaneous cues. In order to evaluate the feasibility of the
proposed technique, we carried out a bimanual teleoperation experiment,
similar to the da Vinci Skills Simulator’s Pegboard task. We compared
the performance of our sensory subtraction approach with that of (1)
complete haptic feedback and (2) auditory feedback in substitution of
force feedback. Results assessed the proposed method as a viable solution to substitute haptic feedback in complex teleoperation scenarios.
Moreover, this approach, as any other sensory substitution technique,
allows to overcome any stability issue affecting the haptic loop.
Keywords: Haptic interfaces, Telemedicine, Telerobotics, Surgery, Biomedical engineering, Tactile feedback

1

Introduction

The widespread introduction of laparoscopic techniques during the last decade
of the 20th century was one of the most prominent changes in modern surgical practice [1]. Many former open surgical procedures, e.g., cholecystectomy,
colectomy, and nephrectomy, are now often performed as minimally invasive interventions. Minimally invasive procedures (MIPs) results in less infection, a
quicker recovery time, and shorter hospital stays. Moreover, the recent introduction of robot-assisted surgical systems allows surgeons to improve their accuracy,
dexterity, and reduce tremors [2].
In general, a surgical teleoperator consists of two mechanical systems of linkages, a master manipulator and a slave manipulator. These may be connected
either mechanically, i.e., by cables or linkages, or actuating both master and
slave and introducing a control layer via software. The slave robot is in charge
of replicating the movements of the surgeon who, in turn, needs to observe the
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Fig. 1. The da Vinci Skills Simulator contains a variety of scenarios (right) designed
to give surgeons the opportunity to improve their proficiency with the da Vinci console
controls (left).

remote environment. There are many variations of this basic idea, considering
the many different ways the surgeon can receive information from the operating theater. The da Vinci Surgical System, for example, let the surgeon see
the remote environment through a stereoscopic video camera system. Another
useful piece of information is haptic force feedback, that conveys to the surgeon information about the forces registered at the slave side. When motions
and forces are exchanged between master and slave we refer to it as a bilateral
force-reflecting teleoperation system [3]. However, despite clinical advantages,
it is not common to find commercially available devices implementing haptic
feedback. This is mainly due to the fact that haptic feedback may affect the stability of the teleoperation loop, leading to undesired oscillations of the system
which can be unsafe for both the surgeon and the patient [4]. Despite stability issues, haptic stimuli play a fundamental role in enhancing the performance
of teleoperation systems in terms of completion time of a given task [5,6], accuracy [5,7], peak [8,9] and mean force [9,6]. Therefore, guaranteeing stability
while preserving transparency has always been a challenge.
In order to overcome these stability (and safety) issues, haptic feedback
can be substituted with alternative feedback forms, such as visual or auditory
cues [7,10,11]. This technique is known as sensory substitution. Although this
technique is quite effective, the stimuli provided are often very different from
the ones being substituted, and they may show worse performance than that
achieved employing unaltered force feedback [4].
Cutaneous feedback has recently received great attention from researchers
looking for an alternative to sensory substitution of force feedback; delivering
ungrounded haptic cues to the surgeon’s skin conveys rich information and does
not affect the stability of the teleoperation system [4,12,13]. For example Prattichizzo et al. [4] found cutaneous feedback provided by a moving platform more
effective than sensory substitution via visual feedback in a needle insertion task.
King et al. [14] developed a modular pneumatic tactile feedback system to improve surgical performance of the da Vinci Surgical System. Another line of
research focused on vibrotactile feedback. The system created by McMahan et
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Fig. 2. The fingertip skin deformation device employed in sensory subtraction.

al. [12] for the Intuitive da Vinci robot lets the surgeon feel left and right instrument vibrations in real time; 114 surgeons and non-surgeons tested this system
in dry-lab manipulation tasks and expressed a significant preference for the inclusion of vibrotactile cutaneous feedback [15]. Prattichizzo et al. [4] call this
overall approach sensory subtraction, in contrast to sensory substitution, as it
subtracts the destabilizing kinesthetic part of the haptic interaction to leave only
cutaneous cues.
In this paper we extend the sensory subtraction idea to a challenging medical scenario. A teleoperation task, similar to the da Vinci Skills Simulator’s
Pegboard task (see Fig. 1), is proposed. Results were compared while providing different feedback conditions: (1) haptic feedback provided by a grounded
haptic interface, (2) cutaneous tactile feedback provided by a couple of wearable
cutaneous devices, and (3) auditory feedback in substitution of force feedback.

2

Fingertip skin deformation devices

In this work we employed a novel wearable cutaneous device that consists of two
platforms: one is located on the dorsal side of the distal phalanx, supporting
three small DC motors, and the other is in contact with the volar surface of the
fingertip (see Fig. 2). The motors shorten and lengthen three cables to move the
platform toward the user’s fingertip and re-angle it to simulate contacts with
arbitrarily oriented surfaces. The actuators used for the device are three 0615S
Falhauber motors, with planetary gear-heads having 16:1 reduction ratio. The
maximum stall torque of the motor is 3.52 mNm. The relationship between the
force to be provided and the inputs for the motors was estimated using the
mathematical model of the fingertip presented in [16], which considered a linear
relationship between resultant wrench at the fingertip and device’s platform
displacement. The device employed in this work can be also seen as a customized
version of the cutaneous device used in [17]. With respect to [17], our device
does not have the force sensor between the platform and the finger, and the two
platforms have been redesigned to permit their use together with the Omega 7
haptic interfaces.
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Fig. 3. Experimental setup. (a) General overview of the setup. (b) Detail of one hand
wearing the cutaneous devices. (c) Virtual environment with surgical pliers.
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Peg Board Experiment

We evaluated the sensory subtraction idea in a bimanual peg board experiment.
The experimental setup is shown in Fig. 3. The teleoperation system was composed of two Omega 7 haptic interfaces and four cutaneous devices on the master
side, and a couple of virtual surgical pliers on the slave side. The operator was
able to both move and rotate the pliers in the remote scenario and control their
grip forces. The virtual environment consisted of four rings, two green and two
red, and two pegs, one green and one red (see Fig. 3c). The rings weighted 30 g
and had a minor radius of 3 cm, a major radius of 5 cm, and a height of 1 cm.
The cylindrical pegs were fixed to the ground and had a radius of 2 cm and a
height of 10 cm. A spring k0 = 40 N/m was used to model the contact force
between the proxies and the objects, according to the god-object model [18].
Seven participants (five males, two females, age range 20–30 years) took part
in the experiment. Four of them had previous experience with haptic interfaces,
but only two have previously used cutaneous devices. None of the participants
reported any deficiencies in their visual or haptic perception abilities, and all of
them were right-hand dominant. The task consisted of picking, one by one, the
rings with one pair of pliers, passing them to the other pair, and placing them
around the peg of the corresponding color. If the ring was placed in the wrong
peg, the insertion was not considered valid. The task started when the user
grasped a ring for the very first time and ended when all the rings were placed
around the pegs. A video of this experiment can be downloaded at http://goo.
gl/TpQm65. Subjects were asked to complete the task as quickly as possible. A
10-minutes familiarization period was provided to participants to acquaint them
with the experimental setup.
3.1

Force feedback techniques

Each participant performed nine trials of the aforementioned peg board task,
with three randomized repetitions of each force feedback condition considered:
– haptic force feedback provided by the Omega 7 haptic interfaces (condition
H),
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– cutaneous force feedback provided by the cutaneous devices presented in
Sec. 2 (condition C), i.e. our sensory subtraction approach,
– auditory feedback in substitution of force feedback, provided by changing
the repetition frequency of a beep tone (condition A).
In all the considered conditions, the Omega 7 devices were in charge of controlling
the movements of the surgical pliers by tracking position and orientation of the
operator’s hands. In conditions C and A the Omega 7 interfaces did not provide
any force feedback. In condition A, the pair of pliers controlled by the operator’s
right hand produced a sound on the right earphone, and the other pair on the
left one, making very easy for the operator to understand which tool was the
one applying force.
3.2

Results

In order to evaluate the performance in each considered feedback condition, we
recorded (1) the completion time needed to accomplish the task, (2) the forces
generated by the contact between the pliers and the rings, and (3) the total displacement of the rings. Measuring the average of intensities of the contact forces
is a widely-used approach to evaluate energy expenditure during the grasp [19].
Data resulting from different trials of the same feedback condition, performed by
the same subject, were averaged before comparison with other modalities’ data.
Fig. 4a shows the average time elapsed between the instant the user grasps the
object for the very first time and when it completes the peg board task. Fig. 4b
reports the average grip forces generated by the two pairs of pliers and the rings
along the direction of actuation of the Omega’s gripper. Fig. 4c shows the sum
of the rings displacements, averaged over the subjects.
Means were analysed using a repeated measures ANOVA (completion time:
F(2, 12) = 61, 908, p < 0.001; contact forces: F(2, 12) = 59, 130, p < 0.001; ring’s
displacement: F(2, 12) = 37, 671, p < 0.001). Since the overall ANOVA result
was statistically significant regarding all the conditions taken into account, the
Bonferroni pairwise comparisons test was carried out on data. Data in all statistical tests were transformed, when necessary, to meet the statistical test initial
assumptions [20]. The investigation revealed significant differences among all
the conditions for all the considered metrics and the p-values about the different
comparisons are reported in Fig. 4. Results show that our sensory subtraction
approach (condition C) provides intermediate performance between haptic feedback provided by a grounded haptic interface (condition H) and sensory substitution via auditory feedback in terms of completion time, forces generated, and
total displacement of the rings.

4

Peg board experiment with communication delay

A second experiment was then carried out. It considered the same task, carried
out by the same seven subjects, with the same experimental setup and feedback
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Fig. 4. Bimanual peg board experiment. Completion time, contact forces, and rings’
displacement for the haptic (H), cutaneous (C) and auditive (A) conditions. Means are
represented as black lines, while the lighter and darker color tones represent the SD
and the SEM respectively. p-values of post-hoc group comparisons are reported when
a statistically significant difference is present (confidence interval of 95%).

modalities. However, this time we introduced a communication delay of 20 ms
in the teleoperation loop. A video of this experiment, focusing on the unstable
behaviour of the haptic modality, can be downloaded at http://goo.gl/5lbw04.
In order to evaluate the performance of the considered feedback conditions, we
collected the same data of the previous experiment, and we processed the data
in the same way. Fig. 5a shows the average task’s completion time, Fig. 5b the
average grip forces generated between the pliers and the rings and Fig. 5c the
sum of the rings displacements averaged over the subjects.
Means were again analysed using a repeated measures ANOVA (completion
time: F(2, 12) = 61, 908, p < 0.001; contact forces: F(2, 12) = 59, 130, p < 0.001;
ring’s displacement: F(2, 12) = 37, 671, p < 0.001). Since the overall ANOVA results were statistically different, a subsequent pairwise comparisons evaluations
was performed on data. Data in all statistical tests were transformed, when necessary, to meet the statistical test initial assumptions [20]. The investigation
revealed no significant difference between the haptic and auditory conditions (H
and A) about the completion time, while only cutaneous and auditory conditions (C and A) resulted statistically significantly different about the contact
forces. For what regards the rings’ displacement the tests assessed statistically
significant differences among all the three conditions. p-values about the multiple
comparisons are reported in Fig. 5.
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Fig. 5. Bimanual peg board experiment with communication delay of 20 ms between
master and slave systems. Completion time, contact forces, and rings’ displacement for
the haptic (H), cutaneous (C) and auditive (A) conditions. Means are represented as
black lines, while the lighter and darker color tones represent the SD and the SEM
respectively. p-values of post-hoc group comparisons are reported when a statistically
significant difference is present (confidence interval of 95%).
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Discussion

We analyzed three feedback conditions in two different experiments. In the first
experiment (no delay), subjects, while being provided with the haptic feedback
(condition H), showed the best performance, as shown in Fig. 4. However, sensory
subtraction (condition C) leads to significantly better results than using the
auditory feedback (condition A).
In the second experiment, we introduced a communication delay of 20 ms
between master and slave. Users showed a similar behavior with respect to the
one registered in the first experiment when considering the sensory subtraction
and substitution modalities (C and A), but they showed a high degradation of
performance when haptic force feedback (H) was provided. Such an unstable
behaviour is well-known in the literature and was here reported to point out the
intrinsic stability of the sensory subtraction approach.
We can hence state that sensory subtraction is a viable approach to replace
haptic feedback force in teleoperation, in particular in those scenarios where
safety is a paramount and non-negotiable requirement, e.g., robotic surgery. It
is also worth highlighting that our cutaneous-only approach is useful in any
situation where it is possible to experience an unstable behavior. The stability
of teleoperation systems with force reflection can be in fact significantly affected
not only by communication latencies in the loop, but also by hard contacts,
relaxed grasps, and reduced sampling rates [21].
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Conclusions and future works

In this paper we exploited a novel force feedback approach for robot-assisted
surgery, called sensory subtraction, which has been introduced in [4]. It consists
of substituting haptic force with cutaneous stimuli only. However, in order to
differentiate it from sensory substitution, we called it sensory subtraction, since
haptic feedback provided by grounded interfaces can be considered as composed
of cutaneous and kinesthetic components. Our approach can be then seen as the
subtraction between the complete haptic interaction, cutaneous and kinesthetic,
and its kinesthetic part.
A bimanual teleoperation task, similar to the Peg Board task proposed in the
da Vinci Skills Simulator, has been used to evaluate the sensory subtraction performance. We also considered a complete haptic feedback modality, provided by
a grounded haptic interface, and a popular sensory substitution technique, i.e.,
auditory feedback in substitution of force feedback. Our sensory subtraction approach performed better than sensory substitution, but, as expected, worse than
the unaltered haptic feedback. However, while a small communication delay in
the teleoperation force loop does not affect the sensory subtraction performance,
it makes the system unstable in the presence of haptic feedback. Sensory subtraction can then be considered a viable solution when safety is paramount.
Although sensory subtraction seems a very promising approach, clinicians
might not be positive about having four cutaneous devices on their fingertips
during surgery. Moreover, sensing capabilities of human skin receptors upper
bounds the force provided by this kind of cutaneous devices.
Work is in progress to design new cutaneous displays with better dynamic
performance, in order to improve the subject’s perception about the fingertip
skin deformation. Moreover, similar experiments in a real scenario with a larger
number of participants will be performed in the next future.
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