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Abstract— At present, surgical master-slave systems lack any
kind of force feedback. In many cases especially perception
of the stiffness of tissue plays an essential role for diagnosis
or intervention. This paper investigates methods to realize a
reliable stiffness perception through a master-slave system. Two
controllers, the classical Direct Force Feedback controller (DFF)
and the Stiffness Reflecting Controller (SRC) are compared and
experiments with linear springs and biological soft tissue are
presented. Both controllers are non-passive, thus the stability
of interactions with arbitrary passive environments cannot be
guaranteed. Therefore, a pragmatic method is presented to
avoid instability of the master-slave system during hard con-
tacts, without compromising the quality of stiffness reflection
for interactions with soft environments. The method consists of
an observer which detects interactions with hard objects. Upon
detection of a hard contact the force feedback is switched off
and a rigid virtual wall is activated at the master site. This
method guarantees the perception of the hard contact by the
operator. The experiments demonstrate that the system remains
stable for both soft and hard environments.

I. INTRODUCTION

Nowadays, master-slave systems are frequently used for
surgery on soft tissues. Unfortunately, these systems lack any
kind of force feedback. This means that the surgeon loses
his sense of touch. Several studies show that force feedback
would be able to increase the precision of telesurgery and
to lower interaction forces with the tissue [1], [2], [3].
But, high resolution is required since typical interaction
forces are not larger than 5N [4]. Furthermore soft tissues
have a clear nonlinear behaviour and also hard contacts,
such as contacts with bones or another instrument might
occur. Hence, achieving a system with force feedback
that accurately represents the feeling of soft tissue, while
maintaining stability under all circumstances, is nontrivial
and remains a big challenge [5], [6], [7], [8].

Passivity-based control schemes [9], [10], [11] that guarantee
stable contact with any kind of passive environment are
possible solutions. But, as they guarantee stable contact
with any, also unrealistic, passive environments, they might
be too conservative. For telesurgery, we prefer to use
controllers that show stable contact with a specified range of
soft environments. When contacting environments out of the
targeted range it suffices to apply some stabilizing approach.
This allows us to concentrate on the targeted range of soft
environments and to obtain better performance.
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While the performance of a teleoperation controller is often
described by transparency [9], for soft tissue manipulations,
a reliable representation of the impedance at the slave side is
more important [5]. De Gersem et al. [6] designed, inspired
by Colgate’s Impedance Shaping Telemanipulation [12], a
Stiffness Reflecting Controller (SRC) capable of realizing
enhanced sensitivity1. The SRC reflects the estimated
stiffness of the environment to an impedance controller
at the master site, while the slave follows the master’s
motion [6]. In this work, we compare a slightly adapted
SRC with a Direct Force Feedback controller (DFF). In
contrast to other work on soft tissue telemanipulation [5],
[7], [8], which at best make use of artificial soft tissue in
their experiments, here, experiments with biological soft
tissue are presented. The experiments confirm the capability
of good stiffness reflection of the SRC.

From a stability point of view, the SRC can be compared to
the DFF. They are both non-passive controllers. For large
sudden changes in the stiffness of the environment, i.e. with
hard contacts, both the DFF and the SRC might become
unstable. In this work, a pragmatic approach is introduced
to avoid instability during hard contacts. The method does
not influence the stiffness transparency for interactions with
soft environments. The method consists of an observer
which detects interactions with hard objects. Upon detection
of a hard contact the force feedback is switched off and a
rigid virtual wall is activated at the master site.

The layout of this paper is as follows: Section II describes
the DFF and the SRC. Experiments to compare both
controllers are described and discussed in Section III.
Section IV gives a short review on stability-related work in
the literature. Next, a pragmatic approach to avoid instability
is presented in Section V and experimental results for this
method are given and discussed in Section VI. Concluding
remarks are given in Section VII.

II. STIFFNESS REFLECTION IN TELESURGERY

Stiffness of the environment plays a major role in the
perception process of a surgeon. During a surgical procedure,
voluntary movements show a bandwidth of 1-2Hz, viscous
and inertial influences are thus less important. This section
describes DFF and SRC in order to compare both controllers’

1Weber ’s law states that the change in stiffness4k that can just be
discriminated is a constant fraction c of the nominal stiffnesskn : ∆k =
kn.c. This fraction was found to be 8-12% [13]. Enhanced sensitivity is a
nonlinear scaling technique to overcome this human differential threshold
for stiffness discrimination.



ability to realize good stiffness transparency. First, the DFF
is explained. Cavusoglu et al. compared the performance for
soft environments of Position Error Based Force Feedback
(PEBFF), Direct Force Feedback (DFF) and a combination
of both (PE+D) [5]. They conclude that DFF is the best of
the three. Below, the Stiffness Reflecting Controller (SRC),
firstly presented in [6], is described in more detail.

A. DFF: the controller

The DFF, depicted in Fig. 1, is a combination of a position
controller at the slave site and a force controller at the master
site. The input for the position controller is the measured
position of the masterxm and the input for the force controller
is the measured interaction force at the slave sitefe.

If there is no force sensor present at the master, the force
display will take place in open loop. The current sent to the
motor is then directly proportional tofe. This means that the
friction of the master is not compensated for. Since friction
in a haptic master (∼ 0.5 N) can make up a large part of the
actual interaction force in surgery (< 5 N [4]), this open loop
architecture is actually not well suited to accurately display
soft tissue interaction.

If there is a force sensor a local closed loop can be
designed. The current sent to the motor is then propor-
tional to the force tracking errorfe− fm. This allows a
drastic reduction of the friction perceived by the operator.
To verify this, a simple experiment was performed on a
one-dimensional master-slave setup, described in more detail
further in the text. Fig. 2 shows the force-position curves at
the master side of two manipulations while the slave moves
in free space (fe = 0), one without (open-loop) and one with
local force feedback at the master side (closed-loop). This
simple experiment shows a friction reduction of about 70%
with local force feedback at the master side. The closed loop
controller results in the following quasi-static relationship:

fm
fe

=
Cf

1+Cf
(1)

In order to achieve correct force tracking,Cf should be
as high a possible. However, for stability reasonsCf has to
be restricted. This trade-off can be avoided by introducing a
feedforward factorK f f :

K f f =
1+Cf

Cf
(2)

This technique is similar to the ‘Force-Reflecting Servo
Controller’ described by Yokokohji et al. [9]2. Fig. 1 shows
the DFF control scheme with the feedforward factorK f f .

B. SRC: the controller

In the SRC, depicted in Fig. 3, the slave is under position
control. While the slave is follows the master, an estimator
estimates the local environment stiffnesske and the offset
force fo. The estimation is based on the position of the slave

2For the ‘Force-Reflecting Servo Controller’ the actuator input isτm =
Km f m. fm−Km f s. fs, with Km f s= Km f m+1. This corresponds toKm f m= Cf
andKm f s= Cf .K f .

Fig. 1. The Direct Force Feedback Controller (DFF).

Fig. 2. The force-position curve(xm, fm) at the master site during motion
in freespace (fdes= 0) with and without closed loop controller.

xe, the measured interaction forcefe and the following local,
linearized force-position relationship:

fe = fo +ke.xe. (3)

Fig. 4 shows the relation between the different parameters
on a force-position curve. The estimatesk̂e, f̂o are used
to determinefdes, the force input to the force controller at
the master site:fdes= f̂o+ k̂e.xm. The force controller at the
master site is designed in exactly the same way as described
for the DFF with a feedforward factorK f f .

C. SRC: the estimator

The estimator used in this work is a Kalman Filter.
This is a well-known and widely-used recursive algorithm
to estimate time-varying parameters, taking into account
uncertain system dynamics and uncertainty caused by mea-
surement noise [14]. At each time-step, a new estimate and
an associated uncertainty are calculated, given the previous
estimate and its associated uncertainty and given the latest
measurement. Within the Kalman filter formalism, the sys-
tem’s process and measurements are described as follows:

yk = A.yk−1 +B.uk−1 +ρp,k−1 (4)

zk = Hk.xk +ρm,k (5)

with yk the state vector,uk the control input andzk the mea-
surement vector at time stepk. ρp,k−1 is the process model
uncertainty or process noise andρm,k is the measurement
model uncertainty.

Applied to the estimation of the environment stiffness
the unknown parameterske and fo are the state variables
yk = [ fo,ke]T . Based upon the idea that the stiffness during
surgical manipulation only varies slowly, the process is



Fig. 3. The Stiffness Reflecting Controller (SRC).

Fig. 4. The local stiffnesske and force parameterfo.

considered as a random walk process with proces noiseρp

and no control inputuk. This gives the following relation:

yk = yk−1 +ρp. (6)

The process noise is tuned in such a way that the reflection
of the estimates result in a smooth feeling at the master side
and realize good stiffness reflection.
The measurement equation at estimation stepk is based upon
the measured positions (xi ,xi−1) and forces (fi , fi−1), which
are related to the system state variables in the following
manner:

fi = fo +ke.xi (7)

ke =
∆ f
∆x

=
fi− fi−1

xi−xi−1
(8)

These equations are independent if the estimation ratefest =
1

tk−tk−1
is at least two times lower than the measurement

rate fs = 1
ti−ti−1

. Here, the estimation rate is 30Hz and the
measurement rate is 1kHz. Thus, measurements of time-
step i and i−1 can be used for the estimation stepk. The
measurement equation in (5) becomes now the following
implicit measurement equation:

h(yk,zk)+ρm,k = 0 with (9)

h(yk,zk) =
[

fi− fi−1−ke(xi−xi−1)
fi− fo−ke.xi

]
(10)

Since the measurement equation is nonlinear, and only in im-
plicit form available, an Extended Kalman Filter is used [14].
When a pure step in the environment stiffness is simulated,
the estimator behaves like a first-order system with an 80%
rise time of approx. 0.6 s. The Kalman filter, designed as
described above, yields good estimates for the environment
stiffness and offset force (k̂e resp. f̂o), which are used in the
SRC control scheme.

Fig. 5. The experimental one-dimensional master-slave system. In detail
a sample of aortic tissue at the slave site.

III. EXPERIMENTAL RESULTS: PERFORMANCE

In the following experiments, the Direct Force Feedback
Controller (DFF) is compared to the Stiffness Reflecting
Controller (SRC). The position controller at the slave site and
the force controller at the master site are tuned equally for
both controllers in order to allow a fair comparison between
DFF and SRC. Two experiments are performed with our
experimental master-slave test-setup. In a first experiment
linear springs are manipulated and in a second experiment
samples of aortic tissue are manipulated.

A. The experimental setup

The experimental setup is a 1-dimensional master-slave
system (Fig. 5). The system consists of two current-driven
voice coil motors and Linear variable displacement transduc-
ers (LVDTs) for the position measurements. On both mas-
ter and slave, one-dimensional force sensors are mounted,
measuring the interaction forces with the operator and the
environment, respectively. The controllers are implemented
on a dSpace board in a real-time loop with a frequency of 1
kHz. The setup is described in further detail in [6].

B. The experimental results: linear soft environment

During this experiment, a linear spring (163 N/m) is
manipulated. Fig. 6 shows the force-position curve, the force
w.r.t. time and the position w.r.t. time for both the DFF and
the SRC.
Compared to the SRC, the DFF looks more transparent.
However, the combination of a perfect force mapping (fm≈
fe) and a position tracking error at the slave site (xe 6= xm)
results in a perceived stiffness that is lower than the actual
environment stiffness (144 in stead of 163 N/m). The force-
position curve for the SRC in Fig. 6 demonstrates that with
the SRC the stiffness perceived by the operator is the correct
environment stiffness, although the position nor force do
not correspond well. Moreover, the perceived stiffness is
independent of the position tracking error at the slave site.



Fig. 6. Manipulation of a linear spring: the force-position curve, the force
w.r.t. time and the position w.r.t. time for (a) DDF and (b) SRC.

Fig. 7. Manipulation of aortic tissue with DFF: the force-position curve.

C. The experimental results: soft tissue

A sample of porcine aortic tissue is manipulated during
this experiment. The sample is cut along the longitudinal
axis of the aorta and clamped between jaws covered with
sandpaper. The detail in Fig. 5 shows the sample with a rest
length of 40mm. Fig. 7 and Fig. 8 show the force-position
curve for the manipulation of the sample with DFF and SRC
respectively. The arrows in the force-position curves connect
a number of corresponding moments in time.
The force-position curves demonstrate that the nonlinear

behaviour of soft tissue is well reflected to the master site
for both controllers. But as mentioned before, the stiffness
perceived with DFF is always lower than the stiffness per-
ceived with SRC. To further stress this, Fig. 9 compares the
stiffness of the environment felt at the slave site with the
stiffness perceived by the operator w.r.t. time for DFF and

Fig. 8. Manipulation of aortic tissue with SRC: the force-position curve.

SRC. To present these stiffnesses, polynomials of degree 8
were fitted through the raw position ( ˜xe, x̃m) and force (̃fe, f̃m)
data. The raw signals are too noisy to use for the calculation
of the stiffness. The stiffness at every time stepk is now:

kenv=
f̃e,k− f̃e,k−1

x̃e,k− x̃e,k−1
and kop =

f̃m,k− f̃m,k−1

x̃m,k− x̃m,k−1
(11)

Fig. 9 shows that the stiffness perceived with DFF is at
maximum 40% lower than the actual environment stiffness,
while with SRC the perceived stiffness is only 8% lower
at maximum. This means the SRC also performs better for
nonlinear environments.

D. The experimental results: discussion

For both the DFF and the SRC, the force-position curve
representing what happens at the master site show a rather
step-by-step increase in force. This is due to the friction in
the system. As shown in Fig. 2, even with a local closed

Fig. 9. Comparison of the stiffness w.r.t. time felt at the slave sitekenv
and the stiffness perceived by the operator at the master sitekop for DFF
and SRC.



loop force controller, the friction level is still 0.1 to 0.2 N.
But, although this seems to have a negative influence on the
perception, the operator still has a smooth feeling.

With the SRC the interaction force at the master site
fm is larger than the interaction force at the slave sitefs.
This does not pose a problem, since we believe that the
perception of the absolute force is less important than the
perception of stiffness in surgery. Moreover, a largerfm is
in a sense safer as the tissue will be subject to lower forces
than the ones applied by the surgeon.

As already mentioned in the introduction, both DFF
and SRC do not guarantee stability for all environments.
Although the authors suggest in [6] that stability is
guaranteed since the SRC decouples the two control
channels in the master-slave system, this is not the case in
practice. This is due to the presence of an estimation error
and an estimation lag.
For both controllers, a large sudden change in the stiffness
of the environment is problematic. Both controllers show
experimental stability for stiffnesses up to 1500N/m. Since
stiffnesses encountered during surgery are expected to be
typically less than 1000N/m, the controllers show stable
contact for the targeted range of soft environments. The next
sections deal with the stability issue for the environments
not included in the targeted range of soft environments.

IV. STABILITY METHODS FOR TELEOPERATION

In this section a short review of stability methods is
given. Stability methods can be subdivided into two classes:
(i) methods that guarantee the system’s stability inherently
by their design (ii) methods that monitor an indicative
parameter of the systems behaviour and intervene when an
instability might occur, e.g. by adding damping.

Two popular methods of the first class are passivity-
based methods and methods based onµ-synthesis [12].
A master-slave system that is designed to be passive can
interact stably with any passive environment and passive
operator [9], [10], [11]. The methods based on theµ-
synthesis also guarantee stable interaction with any passive
environment and passive operator. But, as they incorporate
knowledge on the special configuration of master-slave
systems, they lead to less conservative designs [15], [16].
These methods have some disadvantages. One problem is
that theoretical proofs of stability of these methods are based
on models of the master and the slave robot. Especially for
systems with multiple degrees-of-freedom, these models can
become very complex and therefore less reliable. Moreover,
some methods rely on unrealistic assumptions like a fixed
operator impedance [15]. Another important problem is that
these methods typically end up in a too conservative system
design since stability with all kind of environments and
operators will be guaranteed.

Some more recent methods, belonging to the second class, try

to avoid these problems. The Passivity Controller/Passivity
Observer (PO/PC) of Hannaford et al. is an example of
such a method [17]. This method monitors the energy
flow in and out the master-slave system. When the system
is no longer passive, thus generating energy, a virtual
damping is activated to dissipate the excess energy. Another
method, the Haptic Stability Observer (HSO), is based on
monitoring the motion of the master [18]. In particular, the
frequency content of the master’s motion is continuously
monitored as an indicative parameter for instability. When
a sufficient amount of high frequency motion is noticed,
virtual damping is added proportional to the amount of high
frequency motion.

The SRC does not belong to the first class of stability
methods. We present here a pragmatic method, following
the philosophy of the second class of methods, to avoid
instability problems when contacting environments that do
not belong to the targeted range of soft environments.

V. A NEW STABILIZING METHOD

The Stiffness Reflecting Controller (SRC) guarantees sta-
ble interaction with soft environments, but hard contacts
destabilize the system. In this section a new stabilizing
method for these hard contacts is proposed. The method is
based on the idea that force feedback is only a real benefit
for the surgeon during precise manipulation of soft tissues,
not during hard contact.

A. A switching approach

It is known that a classical DFF might become unstable
for environments with high stiffness. There exists an
upper limit for the stiffness of the environment for stable
interaction. The SRC shows the same behaviour.
During manipulation of soft tissue, the environment is
characterized by a small stiffness, typically less than
1000 N/m. The stiffness when touching bone or another
instrument is much higher. Since the upper limit for the
stiffness of the environment for which the SRC allows stable
interaction is about 1500 N/m, the controller remains stable
during interaction with all soft tissue. It is therefore sufficient
to switch off the force feedback when a ‘hard’ contact is
detected to guarantee the stability of the system. When the
force feedback is switched off, the closed-loop between the
master and the slave is opened and instability can be avoided.

The problem is then to determine a suitable parameter
that differentiates between soft and hard contact. For the
SRC, the estimated environment stiffness is a logical
parameter. However, due to the estimation lag it turns out
that this is not the best choice. A more direct, and thus
better parameter is the time derivative of the forced fe

dt . A
large value ofd fe

dt indicates a hard contact. Based on typical
velocities (lower than 0.1 m/s) during manipulation of soft
tissue (stiffness lower than 1000N/m), the limit for d fe

dt is
set at 100N/s for the experiments in this work. The value
of df/dt is continuously monitored and when df/dt exceeds



Fig. 10. The succession of events in case a hard contact is detected att1.
The valuesα andβ determine the motor input forcefc for the master.

Fig. 11. The Stiffness Reflecting Controller (SRC) with the hard contact
detection method. The master can be under force control (force feedback,
α high andβ low) or under position control (virtual wall,β high).

the predefined limit, the force feedback will be switched
off.
Fig. 10 gives an overview of the succession of events. After a
hard contact is detected att1, force feedback is immediately
switched off for a predetermined periodto f f . This gives the
operator the time to withdraw from the hard contact. After
that period, att2, the force feedback is restored in a smooth
way over a predefined timespanton. At t3 the force feedback
is fully restored. A good, experimentally determined value
for both to f f and ton is found to be 1s. This means the
maximal switching frequency is 1s, which is low enough
to avoid any limit-cycle. Equation (12) shows how this
switching approach is achieved through the parameterα.

f f b = K f .(α. fdes− fm) with α =


1 t < t1
0 t ∈ [t1, t2]
(t−t2)2

ton
t ∈ [t2, t3]

1 t > t3
(12)

B. Minimal performance when FFB is switched off

One can argue that during surgery it is more important to
know that there is a hard contact instead of actually feeling
the hard contact. A warning signal can be sufficient to inform
the surgeon. Nonetheless, we argue that it would be even
better if the surgeon also feels the hard contact.

To achieve this, a virtual wall is activated at the master
site, after the force feedback is switched off. Remark that the
master-slave control loop remains open. The virtual wall is
implemented as a spring with rest positionxvw, such that:
fvw = Kp.(xvw− xm). The positionxvw is the position of
the master at the moment that the hard contact is detected.
The wall is placed perpendicular to the vector of the master

velocity vm. Fig. 11 shows both the force and the position
controller at the master site. At any time, only one of both
controllers is active. This is regulated by a switch triggered
by the parameterβ :

fc = (1−β ) f f b +β . fvw with β =
{

0 t < t1, t > t2
1 t ∈ [t1, t2]

(13)

VI. EXPERIMENTAL RESULTS: STABILITY

In the following experiments, the behaviour during a hard
contact is compared for the original SRC and the SRC with
the hard contact detection method. The same setup is used
as described in III-A.

A. SRC with and without the hard contact detection method

For the experiments, the same setup is used as in
Section III. A linear spring (270N/m) is manipulated
during the experiments and is pulling the slave in the
direction of a hard contact, a fixed screw. The manipulation
velocity is about 25 mm/s. This mimics the surgical
situation of pulling tissue away from bone. The detail in
Fig. 12 shows the situation for the experiment. Fig. 13(a)
shows the position signals of master and slavexm and xe

and the interaction forcesFm andFe for an interaction with
the original stiffness reflecting controller (SRC). Fig. 13(b)
showsxm,xe,Fm and Fe for an interaction with SRC with
the hard contact detection method. The instant upon which
a hard contact is detected and when the force feedback is
switched off are also shown.

Experimental instability (marked with V) during hard
contact can be clearly seen on Fig. 13(a). During the
manipulation of the (soft) spring in free space (U) the
system remains stable. It is interesting to see that the force
feedback is unreliable after the hard contact (W) as shown in
time intervals [2.5-3.4] and [5.5-6.3]. This is due to the fact
that the stiffness estimator is optimized for slow transitions

Fig. 12. The experimental 1-dimensional master-slave system. In detail
the manipulated spring (soft environment) and the screw (hard contact).



(a)

(b)

Fig. 13. Experimental results for telemanipulation of a linear spring and
a hard contact:xm,xe,Fm andFe for SRC without (a) and with (b) the hard
contact detection method.

in stiffness (the estimator behaves like a first-order system
with a time constantτ = 0.6 s). Thus, for large sudden
changes in environment stiffness it takes a while before the
operator feels the new stiffness correctly.

Fig. 13(b) shows stable behaviour during a hard contact (Y).
The virtual wall is activated during the period that the
force feedback is switched off.Fm can be seen to change
proportionally with the difference betweenxm and the
positionxvw where the hard contact was detected. When the
master moves away from the virtual wall no more force
is exerted on the master(Fm ' 0), although the slave is
interacting with the (soft) environment (Z’). A periodto f f

after the hard contact was detected the force feedback is
switch on again in a smooth way during a periodton (Z).

The Fig. 14(a) and 14(b) present the position-force
curves of the Fig. 13(a) and 13(b) respectively. Fig. 14(a)

Fig. 14. The position-force curve at the master and the slave side for SRC
without (a) and with (b) the hard contact detection method.

demonstrates that stiffness of the (soft) spring is felt
correctly at the master site (U). Only after a hard contact
the perceived stiffness is distorted due to the estimation
lag as stated above (W). The perception of the hard
contact is largely deteriorated by the oscillation due to the
instability (V).

Fig. 14(b) demonstrates also that the stiffness of the (soft)
spring is felt correctly at the master side (X). Now, the
perceived stiffness directly after a hard contact is not
distorted, there is simply no force feedback (Z’). The
figure shows further that the virtual wall results in a useful
perception of a hard contact (Y). The maximal stiffness of
the virtual wall is restricted by the stability requirement
for the position-loop implementing the virtual wall. It
should be noticed that the hard contact is not detected
‘immediately’. To prevent false detections due to noise on
the force measurements, the time derivative of the force has
to be filtered. A low-pass filter with cutoff frequency of
60 Hz is found appropriate. This causes a 6msdelay in the
detection of the hard contact. The perceived position of the
virtual wall and the hard contact differ about 1mm. This is
due to a combination of the small tracking error between
the master and the slave and the delay in the detection of
the hard contact. This small difference is negligible.

B. The experimental results: discussion

In this paragraph, the proposed method is compared to
the PO/PC-method [17] and the HSO-method [18] described
in Section IV. The main problem with PO/PC is that the
PO has a ‘build-up’ of dissipated energy. Even when using
heuristic rules to ‘reset’ the PO, the reaction of the PC is
slow. In [19] an experiment is described wherein it takes
about 300ms to remove the instability of the system after a
hard contact. The HSO-method on the other hand detects the
instability with a delay of 90ms in [18]. Our method detects
a hard contact with a time delay of 6ms and switches off
the force feedback directly upon detection. This means that
the operator does not feel any instability.
At the moment of instability, PO/PC and HSO distort the
force feedback, and thus the perception, by adding damping
in order to stabilize the system. We prefer to switch off
entirely the force feedback. With activation of a virtual wall
the operator will be aware of the presence of hard objects.



Furthermore, the HSO-method is based on a clear
frequency separation between human motion and motion
due to an instability. This limits the applicability of the
method, as there is not always a clear frequency separation
between human motion and motion due to an instability.
The frequency range for the motion due to an instability is
reported to lay between the range from 20 to 80Hz in [18].
The main frequency in the motion due to instability in the
experiments done here is 5Hz (see Fig. 13(a)). This makes
the HSO practically unusable here.
Our method on the other hand relies on the existence of a
clear difference in stiffness between soft tissue manipulations
and contacts with bone or another instrument. The validity
of this assumption is based on preliminary experiments with
soft tissue in our lab, but should be examined in further
detail in a realistic surgical 3D-environment.
The key to success of our method is the choice of the right
limit for the indicative parameterd fe

dt . This limit has now
been based on typical manipulation velocities in haptic
systems. To improve the capacity to discriminate between
types of contact, a velocity-dependent limit ford fe

dt would
be more appropriate. This will be investigated in further
research.

VII. CONCLUSIONS

In this paper the Stiffness Reflecting Controller (SRC) is
presented and compared to the classical Direct Force Feed-
back controller (DFF). Experiments with soft tissue demon-
strate that the SRC is a suitable controller for telesurgery
in order to achieve good stiffness transparency for soft envi-
ronments. The SRC performs better than the DFF. Both DFF
and SRC show experimental stability for soft environments,
but tend to become unstable with hard contacts. Therefore,
a pragmatic method is presented here to avoid instability of
a master-slave system during hard contacts. Upon detection
of a hard contact, the force feedback is switched off. A
virtual wall is then activated at the master site, guaranteeing
a clear perception of the hard contact by the operator.
The method has been developed for the Stiffness Reflecting
Control (SRC) but might be used for other controllers as
well. The experiments demonstrate that the system remains
stable for both soft and hard environments. We believe that
the combination of stiffness transparency and guaranteed
stability is a promising approach to restore the surgeon’s
sense of touch during surgical teleoperation.
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