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Preface
I am proud to present this master thesis as the final project for the master track Biomechanical Design
as part of the master Mechanical Engineering. After my bachelor’s degree in Aerospace Engineering,
I was looking for a master’s degree combining engineering and the human. I switched to this master,
and I could not be happier with the choice.

In this research, I tried to determine if there is a better way to train for teleoperations. An experiment
was performed to test the effect of haptic feedback during the training. Prior to this report, I made a
literature report, where I surveyed current research into the areas of training and haptic feedback. This
report is made up of two parts: a paper, written in IEEE lay-out, and appendices. The paper contains an
introduction, the experimental design, and the results and discussion, while the appendices are used
to give more detailed information about the entire process.

This master thesis is written under the supervision of Tricia Gibo and David Abbink. I would like to
thank them both for sharing their experience, enthusiasm and motivation in this process. Even though
there were ups and downs, I will look back at a time were I have learned a lot (both about myself and
about the material). Especially in the last few weeks leading up to the moment I finished this report,
David Abbink really motivated me to reach for a higher level.

Colleen (C.D.J.) Stevens,
24 April 2018, Delft
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Haptic feedback during training decreases
performance in telemanipulation

Catharina D.J. Stevens , Tricia L. Gibo and David A. Abbink

Abstract—Teleoperation allow us to manipulate environments that cannot be manipulated directly by a human operator,
like space and deep sea, but they are also used in surgery to scale movements and filter out unwanted movements.
Commercial teleoperators often lack haptic feedback to the user. Literature shows that a lack of haptic feedback can
reduce fine motor control as a result of missing neuromuscular feedback, and can impair training due to a reduced
capability to build accurate internal model of the slave dynamics. Current research often focusses on haptic guidance or
training for applications with haptic feedback there has not been found a way to improve training for applications that
lack haptic feedback. We hypothesize in this study that simulating haptic feedback during a training phase for execution
without haptic feedback, is beneficial in terms of the learning process and the performance. The added haptic feedback
in the early stages decreased performance at the end of the training phase and in the generalization phase. Therefore,
there is no benefit of adding haptic feedback in the early stage of training when training for a task without haptic
feedback.

Index Terms—Teleoperation, haptic feedback, motor skill learning.

F

1 INTRODUCTION

T Eleoperation allows us to manipulate environ-
ments that cannot be manipulated directly by a

human operator, like space, deep sea and nuclear
environments. Teleoperation can also be used to
scale movements, and is also used in surgery, where
unwanted movements of the surgeon can be filtered
out and movements can be scaled for more precise
movements during surgery.

Since the tool used to manipulate the environ-
ment is not directly operated, the natural haptic
feedback is lacking in teleoperation. While in theory
it is possible to feed back the haptics to the opera-
tor, in a lot of commercial applications this is not
done because it is too expensive or too complicated.
Examples are Underwater Robotic Vehicles (URV),
used in the maritime industry and oil and gas
industry, and the Da Vinci surgical system etc. [1],
[2]

The lack of haptic feedback also impairs
the training, and increases training time and
performance due to a reduced capability to build
an accurate internal model [3]. This paper explores
an alternative way of training, using haptic
simulators. The hypothesis is that by simulating
the natural haptic feedback that will be unavailable
later on, users will build up a more accurate
internal model, thereby benefiting them when
haptic feedback is unavailable.

The underlying mechanism of training is often
considered to be the internal model. According to
Wolpert et al. (1995) an internal model is ”an in-
ternal simulation of the dynamic behaviour of the
motor system in planning, control, and learning”
[8]. This model predicts the movements that need
to be made in order to execute a desired movement.
When a person is interacting with a system he has
never interacted with before, the internal model still
needs to be developed - this is called training. In
1995, Wolpert et al (1995) demonstrated the exis-
tence of an internal model using a forward model
with which they could reproduce the results of
human movements [8]. Data from different senses is
used to form, and later fine tune, the internal model.
Vision, hearing, and feeling are all frequently used
sources. However, all these sources contain noise
when they get to the brain, complicating a correct
sensory estimate of the state. The theory of sen-
sory integration states that the brain combines the
information of both sensory streams to reduce the
uncertainty of the state [13]. In a system without
natural haptic feedback of the dynamics (a tele-
operated system), one of the main data sources is
missing.

Studies like [5], [7], [21] and [18] find a longer
training time and lower performance in subjects
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training without haptic feedback, compared to
training with haptic feedback. This may be caused
by the lack of haptic feedback, causing a less
accurate estimate of the system state, reducing
the capability to build an accurate internal model
of the dynamics. On the other hand, the haptic
feedback can also cause a different strategy. Due
to the presence of the forces exerted by the object
on the hand, the biomechanics of the arm and
the reflexes may be used to move the mass. This
is not possible in the absence of haptic feedback,
where subjects have to work with visual feedback
alone. Danion et al. (2012) look at the effect of
haptic feedback during training, and the effect of
the order of the feedback and lack thereof [9]. The
task was a reaching task where subjects had to
bring an object, connected to the hand through a
mass-spring-damper system, to a target. Strom et al.
(2006) have performed an experiment with a similar
set-up, only subjects trained for a laparoscopic task
[7]. Both studies found that haptic feedback in the
early stage improves performance in a visual-only
environment, compared to training the other way
around - vision only first, haptics later. This could
indicate a positive effect of haptic feedback, when
the task is followed by a task without haptic
feedback.

There are multiple types of training. Observation
is one of the easiest ways of training. Trainees are
showed what they have to do and they try to repro-
duce the movement. However, this is hardly suffi-
cient for most complex motor skills, and subjects
need additional training, perhaps in a simulator.
Training on-the-job is still used, but often expensive
and dangerous [1].

Almost all other training methods use a
simulator to train subjects, before the subjects
are brought in the real environment. Often these
simulators are not very representative, like the box
trainers used for laparoscopic surgery training [5].
Virtual reality simulators show the most potential
for training, since the true environment can be
approximated best. For motor tasks with haptic
feedback, it is known that the training environment
should look as much as the real environment as
possible, for the best performance [6], [7], [17].
For tasks with haptic feedback, this means that
there should be haptic feedback in the training
environment as well [3]. By analogy, tasks without
haptic feedback should also be trained without
haptic feedback. This way of training is however
very time consuming, often very expensive and

Fig. 1. Visualization of the hypotheses. It is expected that group
1 will have a lower movement time in the last trials of T2. In
the first training phase, T1, the group with haptic feedback is
expected to have a lower movement time throughout the phase.
In T2, the haptic feedback is removed. Therefore it is expected
that subjects in group 1 have to adjust, but will end up being
faster than group 2 at the end of T2. In the generalization phase,
a smoother transfer is expected for the group 1.

does not reach the same level of performance as
motor tasks with haptic feedback [9], [17]. Perhaps
there is a better way of training for tasks without
haptic feedback?

Training in a simulator has a lot of advantages
over training on-the-job. It is cheaper and safer to
practice the required skills on a simulator instead
of on-the-job. An example is URV (Underwater
Robotic Vehicle) training. These vehicles are oper-
ated from a surface vessel to do inspection and
repair of underwater structures for the oil and gas
industry. Operators have to perform very complex
movements, and this takes a lot of time to learn and
to execute [1]. Therefore, training in a simulator is a
good alternative for training on the job.

However, an environment can never exactly
be simulated. Therefore, in this experiment, a
generalization phase is added. In this phase, the
dynamics are slightly different from the dynamics
used during the training phase. In the ’real world’,
a person would be training in a simulator and
later transfer to the real task - where the dynamics
are always a little different. This same principle
is included in the experiment design, to see if the
learned task also transfers to a slightly different
task.

The objective of this study is to see what the effect
is of haptic feedback in the early stages of training,
for a task without haptic feedback.

It is hypothesized that adding haptic feedback
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in the early stage of training will results in a better
movement time at the end of the training. Since a
simulation is always different from the system that
is being simulated, a generalization phase is added
with different dynamics. It is hypothesized that
the haptic feedback will also result in a smoother
transfer to a task with slightly different dynamics.
In the first stage of training the haptic feedback
will improve the performance with respect to the
control group without haptic feedback. When the
haptic feedback is removed in the second stage of
training, it is expected that it will take a few trials to
adjust to the new conditions, but that the learning
curve will continue and the performance will be
better than that of the control group. Furthermore,
it is expected that both groups have a different
approach on how to move the mass (strategy). The
hypotheses are summarized below, and visualized
in figure 1. The experimental protocol is elaborated
on in section 2.

• It is beneficial to add haptic feedback in
the first stages of training, when training
for a task without haptic feedback. Subjects
will improve performance (movement time)
when compared to subjects training without
haptic feedback.

• In the first stage of training, the group
training with haptic feedback will have a
lower movement time than the group train-
ing without haptic feedback.

• In the second stage of training, the haptic
feedback is removed for group 1. It is ex-
pected that it will take a few trials to adjust
to the new condition, but that the learning
curve will continue and the performance will
be better than that of the control group.

• Both groups will improve in the generaliza-
tion phase, but group 1 will improve more
and have a lower movement time.

• There will be a difference in the way both
groups move the mass. Subjects from group
1 will let the hand move away from the
object, while subjects from group 2 will keep
the mass close to the hand.

2 METHODS AND MATERIALS

2.1 Subjects
Twenty subjects (18 female, 2 male) participated
in the experiment (age 20 to 29 years). They were
randomly assigned to one of two groups, Group

1 and Group 2. The groups are further explained
in section 2.3. The Delft University of Technology
Human Research Ethics Committee approved the
experiment. All subjects signed an informed con-
sent form before starting the experiment.

2.2 Apparatus
For the experiment, the ”HapticMaster” was used.
This device contains sensors and actuators to mea-
sure force and position of the operator, and to and to
render simulated dynamics of a virtual system con-
trolled by the handle. The device runs on a PC with
VxWorks realtime operating system, with an up-
date rate of 2500 HZ [14]. The positions and forces
are calculated real-time by a processor, the real-
time Bachmann GmbH. This processor calculates
the forces and positions through a virtual model of
the dynamics made in Simulink. The movement of
the HapticMaster was restricted a one-dimensional
movement (in the x-direction).

2.3 Experimental Task and Protocol
Subjects were asked to move a virtual mass, con-
nected to the hand (the HapticMaster) through a
mass-spring-damper system, from the start to a
target. The positions of the hand and the mass, as
well as the start and target were shown on a monitor
in front of them. Figure 2b gives an overview of the
start, target and the visualization of the hand and
object’s position.

Before the start of the experiment, subjects had a
familiarization phase of ten trials. In these ten trials,
there was no virtual object attached to the hand.

The experiment is divided in four phases: the
familiarization phase, two training phases and a
generalization phase. Group 1 trained the first 80
trials with force feedback of the natural dynamics,
while group 2 trained the first 80 trials without
haptic feedback. In the second training phase and
the transfer phase, both groups trained without
haptic feedback. An overview of the experimental
design can be found in figure 3. In the last phase, the
transfer of generalization phase, the dynamics of the
mass-spring-damper system were slightly changed.
This is done to test if the motor skill learned in
the training phases, can be applied to similar tasks.
During training, the mass and stiffness were 3 kg
and 120 N/m. In the generalization phase this was
changed to 6 kg and 60 N/m, respectively. The
damping was always 1 n/m/s. The experiment was
designed to be similar to the experiments by Danion
et al. (2012) and Dingwel et al. (2002) [9], [15].
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(a) Overview of the screen and the Haptic-
Master

(b) Visualization to the participant

Fig. 2. Experimental set-up. Figure 2a shows the set-up of the screen with the HapticMaster. In the right lower corner, the black
knob can be seen that the subjects use to move the HapticMaster. Figure 2b shows the screen in more detail. The green circle is
the target, the black circle at the bottom is the start. The position of the master (hand on the knob) and the slave (virtual object) are
represented by the grey and blue circle, respectively.

Fig. 3. Experimental design. Each group consist of 10 subjects.

To start the experiment, the subjects had to bring
the hand in the start position for 300 ms. When they
did this, the target appeared and the trial started.
They were instructed to bring the object to the target
as fast as possible. The distance between the start
and the target corresponded to a movement of the
hand of 15 cm. Once the object had reached the
target and stayed there for 150 ms with the speed of
the object below 2 cm/s, the trial was ended and the
target disappeared. Also, the virtual mass, attached
to the hand, was disconnected. The subjects could
then, at their own pace, move the hand back to the
target to start another trial.

After every trial, the movement time of the last
trial was shown. Also, the best overall movement
time was shown. Movement time was defined as the

time between the point where the target appeared
and the target disappeared.

2.4 Data Analysis
The time (t[s]), forces applied by the hand (Fh[N])
, the position (xh[m]) and velocity(vh[m/s]) of the
knob, calculated position (xo[m]) and velocity (
vo[m/s]) of the object and forces applied by the
object [ Fo[N]] on the hand are sampled at a rate
of 1000 Hz.

Before starting the data analysis, the data is
smoothed using a fifth order Butterworth filter with
a cut-off frequency of 10 Hz [16].

A second order polynomial curve, p(x) = p1x
2 +

p2x+p3, was fitted through the averaged movement
times.
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Fig. 4. Example of a representative trial. The hand and object position are shown, as well as the hand-to-mass distance and the
hand and object velocity. This data is taken from subject 19(group 1), trial # 8 (T1). This means that this is a trial where the subject
has haptic feedback available.

Fig. 5. Averaged movement times for the two training phases and the generalization phase. Movement times are averaged per five
trials, for all 10 subjects per group. A polynomial curve is fitted through the results.

To test the data listed below, a Mann-Whitney
U-test was used for a significance level of α = 0.05.

The metrics tested are the following:

• Movement Time tm): the time between the
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start and end of a trial
• y-distance between hand and object, ∆y =

xh − xo
• hand velocity vh
• reach time tr: the time needed to reach 90 %

of the target distance.
• damp time td : tm − tr

3 RESULTS

Figure 2.3 shows an example trial. The hand and
objects position (xh and xo) are shown, as well as
the hand-to-mass distance (∆y) and the hand and
object velocity (vh and vo).

3.1 Movement time analysis
To test the hypothesis about the performance at
the end of T2, the movement times are compared.
The movement times are shown in figure 5. The
movement times are averaged over all 10 subjects
and grouped per 5 trials. For the last 10 trials of T2,
group 2 has a lower movement time than group 1
(p < 0.01), which can be seen in figure 5.

In the first stage of the training, group 1 has
a lower movement time than group 2 for all 80
trials (p < 0.01). Both groups improve their move-
ment time during this part of training: Group 1
from 4.7310 s (first 10 trials) to 3.4017 s (last 10
trials)(p < 0.01), and group 2 from 7.1895 s to 5.4069
s (p < 0.01).

After 80 trials, the haptic feedback of group 1 is
removed. This causes the movement times to rise
210 % to 7.1685 s(p < 0.01). After 160 trials, there is
a significant difference in movement times between
group 1 (MT = 5.6706 s) and group 2 (MT = 4.8136 s),
p < 0.01. Both groups improve their movement time
during this part of training: Group 1 from 7.1685 s
(first 10 trials) to 5.6706 s (last 10 trials), p = 0.0318,
and group 2 from 5.5732 s to 4.8136 s (p < 0.01).

The transfer from the training to the general-
ization phase is smooth for group 1 (there is no
significant difference in movement times, δ MT =
0.0970 s, p = 0.169). This is different for group 2: the
movement times is increased by 110%, from 4.8136
s to 5.2495 s (p = 0.007).

In the generalization phase, group 2 keeps
improving in the generalization phase (δMT =
0.4007s, p = 0.0102, indicating that they are still
learning. Group 1 has no significant difference be-
tween the first and last five trials of the generaliza-
tion phase(δMT = 0.0320s, p = 0.8887).

Both groups experience a learning curve in each
phase (HF T1 p < 0.01, HF T2 p = 0.0318 ,

NoHF T1 p < 0.01 , NoHF T2 p < 0.01 , NoHF
transferp = 0.0102) except for group 1 in the gener-
alization phase (p = 0.8887).

3.2 Hand velocity and distance
To see if there is a difference in the way subjects
move the mass, the hand-to-mass distance is calcu-
lated (∆y) , as well as the hand velocity. Figure 6
shows the median hand velocity and the median
hand-to-object distance.

The upper plots show the hand-to-object dis-
tance. There is a significant difference between
group 1 and group 2 at the start and end of T1
(p < 0.001) and the start of T2 (p < 0.001), but at the
end T2 there is no significant difference (p = 0.34).
Also in the generalization phase, there is no signifi-
cant difference between both groups (p = 0.29).

The lower plots show the median hand velocity.
In T1, group 1 has a higher velocity than the group
2 (p < 0.001). In T2 however, the velocity of group
2 is higher at the start (p < 0.001) and at the
end (p < 0.001). In the generalization phase this
difference continues (p = 0.009).

3.3 Strategy / reaching and damping phase
Figure 7 shows the movement times, divided into
a reaching phase and a damping phase. How these
are calculated is explained in section 2.4. There is no
difference between groups 1 and 2 in the general-
ization phase for both damping and reaching phase
(p = 0.06andp = 0.11, respectively). At the end of
T2, there is no difference between the two groups
in the damping phase (p = 0.06) while there is a
difference in the reaching phase (p = 0.007).

4 DISCUSSION

In the first part of the training, there was a clear
difference between the two groups. As previous
research already showed, the group training with
haptic feedback had a better performance (lower
movement time) than the group training without
haptic feedback[ [3], [15]].

It was expected that group 2 would continue
their learning curve, until they reach a plateau. This
plateau is reached after approximately 120 trials,
as can be seen in figure 5. For the group 1, it was
expected that they would have to adjust to the new
situation, when the force feedback was removed.
This is indeed what happened, but after this the
results are different from what was expected. It was
expected that the group 1 would adjust quickly to
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Fig. 6. Median hand-to-object distance (upper plots) and the median hand velocity (lower plots) are plotted for both training phases
and the generalization phase.

the new situation and, because of the additional
information in the first part of training, would have
a better internal model, and therefor perform better
that group 2. This is however not what happened,
as group 1 had a higher movement time at the end
of T2.

The transfer to a system with different dynamics
(in the generalization phase) was however smoother
for group 1 than the transition for group 2. Group
1 did not improve performance during the trials
in the generalization phase, while group 2 had a
less smooth transfer, but they did improve their
movement time and, at the end of the generalization
phase, did have a better movement time than group
1.

Figure 7 again shows the movement times for
all subjects per group, only the movement is now
divided in a damping and a reaching phase. The
movement is divided in these two phases, mimick-
ing a step response. The first phase, the reaching
phase, is where the subjects make a fast hand move-
ment to get close to the target. Once the object is
withing 90 % of the target distance, the reaching
phase starts. In this pahse the subjects will start
to damp out the oscillations to get the object in
the target, with the right velocity. Figure 2.3 (up-

per plot) shows the hand and object movement of
one trial. There, the different phases can clearly be
distinguished.

Figure 6 shows the average hand-to-object dis-
tance (∆y) and the hand and object velocity
(vhandvo). As discussed in section 3, there is a signif-
icant difference in ∆y between group 1 and group
2. This means, that the groups have a different
approach in the way they move the hand and the
object. Group 1 has a higher ∆y in T1, meaning
they let the hand and object move further apart than
group 2. In T2, the ∆y from group 1 decreases, and
approaches the ∆y of group 2. In the last 30 trials,
there is no difference between the two groups for
this metric.

Figure 7 (upper left) shows that group 1 has a
lower reaching time in the first part of training.
This is caused by the feedback they receive. Since
they have haptic feedback available, their reflexes
are used to damp out the oscillations, and therefore,
their overall movement time is shorter. Group 2
has a higher movement time in the reaching phase.
They move slower to cause smaller accelerations,
which causes less oscillations for the objects at-
tached to the hand. This way, they can reach almost
the same damping time as group 1, using visual
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feedback only (figure 7, lower left). Note that, even
though they have to damp out smaller oscillations,
they still have a higher movement time spent in the
damping phase. This is, because these subjects can-
not use their reflexes to damp out the oscillations:
they only have visual feedback available.

With the transfer to the second training phase,
a few things change. In this phase (T2, middle
figures), group 2 will keep on perfecting the move-
ment. They have already found a strategy that
worked in the first part of the training, and can keep
on improving. Their learning curves will continue
to improve until the plateau is reached. Group 1
however, needs to adjust to the new conditions.
The haptic feedback is removed, so they cannot
use their reflexes to damp out the oscillations of
the virtual object. This can be seen in the damping
phase: subjects from group 1 need more than twice
as much time as the subject from group 2 in the first
trials of T2.

In the generalization phase, there is no difference
in movement times between the groups, both for the
reaching and damping time.

Perhaps it helps to have group 1 train a little
longer in the conditions of T2 (without haptic
feedback). They may just need a little more time
to reach the same level as group 2. When looking
at the learning curve, it can be seen that group 1
reaches a plateau around 125 trials. Therefore, it is
very unlikely that more training will improve their
performance.

But why is it that group 1 performs not as good as
group 2, even though they have the haptic feedback
to help build the internal model in T1? What was
expected, was that group 1 would learn, with the
use of the haptic feedback, an internal model with
the best way to damp out the oscillations in T1. In
the first trials of T2, they would have to adjust to the
new conditions and would have a higher movement
time than the group 2, but once they would adjust
to the new conditions, their movement time would
improve. Perhaps they had to adjust their reaching
movements a little : maybe they start out faster than
group 2 at the start of T2, but they will slow their
movement down a little. At the end of T2 though, a
faster total movement time is expected.

What can be seen though, is that group 1 indeed
starts of with a higher reaching time. They do
not improve the time spent in the reaching phase
though, and end up having a higher reaching time.
The same effect can be seen in the damping phase.
It can be seen that, compared to the reaching phase,

group 1 shows a significant learning curve in the
damping phase. The time spend in the damping
phase is still higher than that of group 2 at the end
of T2.

This can mean that the subjects in group 1 do
not learn how to correct the damping in the first
stage of training. Since they can use their reflexes
to damp out the oscillations, there is no reason to
learn how to do this. In the mean time, group 2,
without haptic feedback, has more time to learn
a correct strategy and can use T2 to perfect their
movements.

But how is it possible that Strom et al. (2006)
and Danion et al. (2012) both find a positive ef-
fect of haptic feedback early in the training? This
can be explained by the experimental design. Both
experiments have two groups with two training
stages. The difference between the two groups is
the order of training: one group trains first with
haptic feedback, later without (only visual feed-
back) while the other group trains the other way
around. At the end of each training phase, their
performance is evaluated. This means, that when
the two groups are compared in the same condition
(e.g. vision only), one group has had one training
session (vision only), but the other group has had
two training sessions (haptics-vision, vision only).
This is visualized in figure 8a. When the results of
the HV task (blue) are compared, group 1 has had
1 training session, while group 2 has had 2 training
sessions.

When looking at the results shown in figure 8b,
is that the HF-V group performs better in the V
condition (red) than the V-HF group. In a previous
literature study, it was theorized that this is because
there is an advantage of having haptic feedback in
the early stage. Another reason for the difference
between the groups may simply be because they
have trained for twice as long. However, when you
look at the HV condition (blue), this results cannot
be found. Look at the HV condition (blue): There
is no difference in movement times between the
groups, even though the V-HF group trained twice
as long. This was interpreted as there being a benefit
of haptic feedback in the early stage of training.
It can however be also interpreted the other way
around: perhaps there is no effect/a very small
effect of first training with visuals only, when you
are training for a task with haptic feedback.

This experiment consists of three phases: two
training phase and a generalization phase. This was
done to mimic a ’regular’ training process: users are
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Fig. 7. Movement times divided in the reaching and the damping phase

(a) Experimental set-up of the experiment by
Danion et al. (2012) [9]

(b) Results of the experiment by Danion et al.
(2012) [9]

Fig. 8. The set-up and results of the experiment by Danion et al. (2012) are shown. In the results, two similar conditions are
compared (HV-task or V-task), respectively blue and red.

often training in a simulator or a virtual environ-
ment, and after that, they have to perform in the
real environment. This real environment is never
exactly the same as the training environment. To
mimics this in the experiment, the dynamics were
different in the training phases and the general-
ization phase. While the differences between the
two groups were quite big during training, in the
generalization phase these differences disappeared.
At the end of the 20 generalization trials, group 2
even had a slightly lower movement time, while it
was hypothesized that group 1 would have a better
performance (i.e. lower movement time).

This means, that even though it may be possible
to have subjects train with haptic feedback, it is still
better to have them train without haptic feedback.
There is no benefit of the additional information in
the first stage of training.

5 CONCLUSIONS

A between-subjects haptic telemanipulation exper-
iment was performed to show the effect of natural
haptic feedback during the first stage of training for
a task without the natural haptic feedback. Subjects
were divided into two groups, and asked to repeat-
edly execute a reaching task. This was done using a
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master-slave system, where the master and virtual
slave are connected through a virtual mass-spring-
damper system. For the experimental conditions
studied, the following conclusions are drawn:

• There is no benefit in adding haptic feed-
back during the first stages of training,
when training for a task without haptic
feedback. Adding haptic feedback in the
early stage of training results in a higher
movement time at the end of training, com-
pared to training without haptic feedback.

• In the first stage of training, the group with
haptic feedback has a shorter movement
time.

• In the second part of the training, the haptic
feedback is removed. There is no smooth
transfer for group 1 - there is an increase
in movement time of 210 %. Both groups
show a significant learning curve from the
beginning to the end of this phase, but at
the end of the training the movement times
from group 1 are significantly lower than the
group 1.

• In the generalization phase, there is no learn-
ing curve for group 1, while group 2 keeps
improving and ends with a better movement
time than group 1.

ACKNOWLEDGMENTS

I would like to thank my supervisors for sharing
their knowledge about the subject, and their en-
thusiasm and motivation. I learned a lot from the
conversations and meetings with them during this
project.

REFERENCES

[1] G. Seet, M. Lau, E. Low and P. Cheng. A unified pilot
training and control system for underwater robotic vehicles
(URV). Journal of Intelligent and Robotic Systems: Theory
and Applications (2001), Vol. 32(3), 279 - 290.

[2] Da Vinci Surgiical System. http://www.davincisurgery.
com/da-vinci-surgery/da-vinci-surgical-system/

[3] Nitsch, V., & Fa, B.. A Meta-Analysis of the Effects of Haptic
Interfaces on Task Performance with Teleoperation Systems.
IEEE Transactions on Haptics (2013), Vol.6, No. 4, 387398.

[4] A.W. Salmoni, R. Schmidt & C.B. Walter. Knowledge of
results and motor learning: a review and critical reappraisal.
Psychological Bulletin (1984), 95(3), 355 - 386.

[5] Zhou, M., Tse, S., Derevianko, A., Jones, D. B., Schwait-
zberg, S. D., & Cao, C. G. L.. The Effect of Haptic Feedback
on Laparoscopic Suturing and Knot-tying: A Learning Curve
Study. Proceedings of the Human Factors and Ergonomics
Society Annual Meeting (2008), 52(12), 880884.

[6] Morris, D., Hong, T., Barbagli, F., Chang, T., & Salisbury,
K. . Haptic feedback enhances force skill learning. Proceedings
- Second Joint EuroHaptics Conference and Symposium
on Haptic Interfaces for Virtual Environment and Teleop-
erator Systems (2007), World Haptics 2007, 2126.

[7] Strm, P., Hedman, L., Srn, L., Kjellin, a., Wredmark, T.,
& Fellnder-Tsai, L.. Early exposure to haptic feedback en-
hances performance in surgical simulator training: A prospec-
tive randomized crossover study in surgical residents. Surgical
Endoscopy and Other Interventional Techniques (2006),
20(9), 13831388.

[8] Wolpert, D. M., & Ghahramani, Z.. An internal model for
sensorimotor integration. Science (Sep. 1995), Vol. 269, No.
5232, 1880-1882.

[9] Danion, F., Diamond, J. S., & Flanagan, J. R.. The role of
haptic feedback when manipulating nonrigid objects. Journal
of Neurophysiology (2012), No. 107, 433441.

[10] Kawato, M.. Internal models for motor control and trajectory
planning. Current Opinion in Neurobioloty (1999), No. 9,
718727.

[11] Wolpert, D. M., Diedrichsen, J., & Flanagan, J. R.. Princi-
ples of sensorimotor learning. Nature Reviews Neuroscience
(Dec. 2011), No. 12, 739-751.

[12] Wolpert, D. M., & Kawato, M.. Multiple Paried Forward and
Inverse Models for Motor Control. Neural Networks (1998),
No. 11, 13171329.

[13] Ernst, M. O., & Banks, M. S.. Humans integrate visual and
haptic information in a statistically optimal fashion. Nature
(Jan. 2002), Vol. 415, 429-433.

[14] R. van der Linde, P. Lammertse, E. Frederiksen, & B. Ruiter
The hapticmaster, a new high-performance haptic interface.
Proceedings of Eurohaptics (July 2002).

[15] Dingwell, J. B., Mah, C. D., & Mussa-ivaldi, F. A. Manip-
ulating Objects With Internal Degrees of Freedom: Evidence
for Model-Based Control. Journal of Neurophysiology (July
2002), Vol. 88, 222235.

[16] T.L. Gibo and D.A. Abbink. Movement Strategy Discovery
during Training via Haptic Guidance. IEEE Transactions on
Haptic (April-June 2016), Vol. 9, No. 2, 243 - 254.

[17] Huang, F. C., Gillespie, R. B., & Kuo, A. D.. Human
adaptation to interaction forces in visuo-motor coordination.
IEEE Transactions on Neural Systems and Rehabilitation
Engineering : A Publication of the IEEE Engineering in
Medicine and Biology Society (2006), 14(3), 3907.

[18] Botden, S. M. B. I., Torab, F., Buzink, S. N., & Jakimowicz,
J. J.. The importance of haptic feedback in laparoscopic suturing
training and the additive value of virtual reality simulation.
Surgical Endoscopy and Other Interventional Techniques
(2008), 22(5), 12141222.

[19] Munz, Y., Kumar, B. D., Moorthy, K., Bann, S., & Darzi,
a.. Laparoscopic virtual reality and box trainers: Is one superior
to the other? Surgical Endoscopy and Other Interventional
Techniques (2004), 18(3), 485494.

[20] GAV Christiansson. Hard Master, Soft Slave Haptic Teleoper-
ation, Ph.D. Thesis, 2007.

[21] F. Huang, R. B. Gillespie, A. Kuo. Haptic Feedback Improves
Manual Excitation of a Sprung Mass. Proceedings of the 12th
International Symposium on Haptic Interfaces for Virtual
Environment and Teleoperator System (2004).



A
Experimental setup

In this appendix, the experimental set-up will be explained a little more. The experimental protocol is
explained before, in the ’Methods’ section.

A.1. Experimental set-up
In this experiment, a teleoperator is used. A teleoperator consists of a master and a slave. The master
is the interface where the human (the operator) is operating, while the slave is the part operating in the
(remote or virtual) environment[2]. They are connected through a controller.

In this experiment, the Haptic Master by Moog is used. The slave is a virtual mass-spring damper
system. An overview of the set-up is shown in figure A.1.

Figure A.1: The master (HapticMaster by MOOG) and the slave (virtual environment, shown on the monitor).

Haptic Master
The HapticMaster is a 3 DoF-device, equipped with a standard end-effector. The HapticMaster is an
admittance controlled device, which means the displacement of the device is calculated by the amount
of force applied to the device. The device runs on a PC with VxWorks realtime operating system, with
an update rate of 2500 HZ [3].

11



12 A. Experimental setup

Table A.1: Overview of the positions and sizes of the objects used in the visualization (see figure XX)

Diameter Value

Start (diameter) 14 [mm]
Target (diameter) 20 [mm]
Hand position 10 [mm]
Virtual mass 7 [mm]

Virtual Slave
The slave used in the system is a virtual mass-spring-damper system, depicted on a monitor. This is
described in more detail in section A.2.

Bachman and Computer
The Haptic Master runs through real-time processors, the Bachman GmbH. This ensures that the sys-
tem can be controlled through a Simulink environment. The design of this system will be described in
appendix D.

A.2. Feedback Types
Visual Feedback
The movement of the mass and the object were shown on a screen in front of the subjects, as well as
the target and the start of the reaching task. See figure A.1 for an overview. Next to these visuals, on
the right side of the screen the movement time was shown after completion of each trial. Furthermore,
the best time of all trials was shown below. Figure A.2 shows the screen in more detail. The sizes of
the objects shown on the screen are detailed in table C.2.

Figure A.2: Details of the visualization for the user. The green circle at the top is the target, the black circle at the bottom is the
start. The grey and blue dots are the hand and the object, respectively.

Haptic Feedback
Next to the visual feedback that all subjects receive, one of the two experimental conditions also has
haptic feedback during one of the training phases. This is haptic feedback of the natural dynamics of
the system. The model and equations of motion used to simulate this, are discussed in section ??.



B
Pilot Experiment

Before the experiment is conducted, a pilot experiment is done to see if changes need to be made
before testing multiple subjects.

B.1. Experimental Protocol
Two subjects were asked to perform the pilot experiment, one for each experimental group. Both
subjects trained in two phases, both of 80 trials. The task is described in the methods and materials
section (chapter 1) . After this, they were asked to perform the same task (10 trials) only the dynamics
were adjusted slightly. Group 1, the HF group, trained with haptic feedback the first training session.
After these first 80 trials, the haptic feedback was removed. Group 2, the NoHF group, trained both
sessions without haptic feedback. In the generalization phase, there was no haptic feedback available
as well. See figure B.1 for a schematic of the two groups.

Figure B.1: Schematic of the two experimental groups.

B.2. Pilot Results
Figure B.2 shows the results for one trial. Both groups are shown in the same figure. These trials
are taken from the first training phase, where subject 1 (from group 1) has haptic feedback available
and subject 2 (from group 2) does not. What can be seen, is that subject 1 reaches the target faster
than subject 2. At the start of the trials, their acceleration is higher, causing the object to move further
from the hand - they can do this, since they have the haptic feedback available to help damp out the
oscillations this is causing.

Figure B.3 shows the pilot results. The individual movement times are plotted, as well as a second
order polynomial fit through the data points. As described in the introduction, subject 1 is faster in the
first stage of the training. Since they have haptic feedback available, this was expected. In the second

13



14 B. Pilot Experiment

Figure B.2: Raw data of the hand and object position, velocity and hand-to-mass distance for one trial.

stage, this subject has an increase in movement time of 260%. However, they quickly improve and end
up with a significantly lower movement time in the last 10 trials of T2 than subject 2 (𝑝 < 0.01). Also in
the generalization phase, subject 1 has a significantly better movement time than subject 2(𝑝 < 0.01).

Figure B.3: Pilot results for movement time. Haptic feedback (blue) vs. no haptic feedback (red).

B.3. Conclusion and Discussion Pilot
The expectations that were described in the introduction (chapter 1) seem to correspond to the pilot
results. In T1, the subject that has haptic feedback has a lower movement time throughout all 80 trials.
This was expected from previous literature [4–6].

In the second stage, the haptic feedback was removed. It was expected that group 1 needed to
adjust, but would end with a better movement time that the group that only trained without haptic feed-
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back. See figure 2 for a visualization of the expectations (chapter 1). When looking at figure B.3, it can
clearly be seen that this is happening. At the end of T2, group 1 has a significantly better movement
time than subject 2. In the generalization phase, it can be seen that subject 1 continues to learn. Group
2 however, has a higher standard deviation in movement times. There is however a small statistical
difference (𝑝 = 0.045), probably because of the small amount of trials. Therefore, the amount of trials
in the generalization phase will be doubled.

Alterations for the final experiment
There were a few adjustments needed before the final experiment could start. Firstly, subjects indi-
cated that the task was becoming repetitive and ’boring’ after so many trials. Therefore, in the final
experiment, a ’competitive’ aspect was added [8]. Additional to the movement time of the last trial, their
total best time was added so that they would feel the need to keep improving themselves. Furthermore,
there was no familiarization phase. In the final experiment this will be added, to get the subjects familiar
with the movement that they need to make, the location of the start and the target and the task.

• The number of trials in the third phase (generalization) is changed from 10 to 20.

• 10 practice trials are added before the start of the training. In these 10 trials, the object is not
attached to the hand. This way, the subject can get a better understanding of the distance tot he
target, the size of the target etc.

• The best movement time will be displayed on the side to stimulate subjects to keep improving
their movement time.





C
Results

In this appendix, the experimental results are shown in a bit more detail. Individual plots are shown, as
well as additional metrics.

C.1. Movement Time
Figures C.1 and C.2 show all movement times two subjects, one of each group. Table C.1 shows the
results for the statistical test of the movement times. In every test, group 1 and group 2 are compared.
For each phase, the first 10 and the last 10 trials are tested.

Figure C.1: Raw data of the hand and object position, velocity and hand-to-mass distance for one trial. These are the movement
times of subject 1, group 1.

C.2. Position and Velocity
Figure C.3 shows the data from 2 individuals, one from each experimental group. The same format is
used as the pilot results, as can be seen in section B.2. The hand and object position can be seen,
from one subject in group 1 and one subject in group 2.

17



18 C. Results

Figure C.2: Raw data of the hand and object position, velocity and hand-to-mass distance for one trial. These are the movement
times of subject 2, group 2.

Table C.1: Results of the statistical tests for the movement times between group 1 and 2.

Test First 10 trials Last 10 trials

T1 𝑝 < 0.001 𝑝 < 0.001
T2 𝑝 < 0.001 𝑝 < 0.001
Generalization 𝑝 = 0.2034 𝑝 = 0.0069

C.3. Reaching and Damping phase
Figures C.5 and C.7 show the reaching phase and damping phase for two subjects, one for both group,
including one standard deviation. Table C.3 shows the results for the statistical tests, comparing group
1 and 2 in different phases of the experiment.

C.4. Learning Curve and Plateau
Both groups show a significant learning curve in all 3 phases. Movement times decreased significantly
from the first 10 trials to the last 10 trials (see p-values overview in table C.4). Both groups reach a
plateau between 120 and 130 trials. There is no statistical difference between trials 120 to 130 and
170 to 180 for group 1 (𝑝 = 0.3431), while for group 2 there is no statistical difference between trials
100 to 110 and 170 to 180 (𝑝 = 0.2208). There is a significant difference per group at the start and
end of each phase (group 1, T1 𝑝 < 0.01, group 1, T2 𝑝 = 0.0318 , group 2, T1 𝑝 < 0.01 , group 2, T2
𝑝 < 0.01 , Group 2, generalization 𝑝 = 0.0102) except for group 1 in the transfer phase (𝑝 = 0.8887).

C.5. Statistical Tests
To test the data, t-test can be used since a between-subjects experiment is used with two independent
groups. A t-test can only be used when a few criteria could be fulfilled [9]. The first criterion is the criteria
of normality: data has to be normally distributed. To test this, the Shapiro-Wilk test of normality is used.
All metrics as listed in section 2.4 are tested for normality. All of the tests rejected the null-hypothesis,
meaning that none of the data sets fulfills the normality criterion.

Therefore, a non-parametric variant of the t-test could be used, the Mann-Whitney U-test [9]. To
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Figure C.3: Example of a representative trial. The hand and object position are shown, as well as the hand-to-mass distance
and the hand and object velocity. This data is taken from subject 19(group 1), trial # 20 (T1) and subject 20 (group 2), trials 20.

Table C.2: Results of the statistical tests for and .

Test First 10 trials Last 10 trials

T1 (Δ𝑦) 𝑝 < 0.001 𝑝 < 0.001
T2 (Δ𝑦) 𝑝 < 0.001 𝑝 = 0.3363
Generalization (Δ𝑦) 𝑝 = 0.1448 𝑝 = 0.2931
T1 (𝑣 ) 𝑝 < 0.001 𝑝 < 0.001
T2 (𝑣 ) 𝑝 < 0.001 𝑝 < 0.001
Generalization (𝑣 ) 𝑝 = 0.1962 𝑝 = 0.0089

use this test, the data needs to fulfill four criteria:

1. The data should be measured on a continuous scale

2. There should be two independent groups

3. There should be independence of observations

4. The two distributions should be the same shape

All the tested metrics fulfill these conditions.
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Figure C.4: Median hand-to-object distance (upper plots) and the median hand velocity (lower plots) are plotted for both training
phases and the generalization phase.

Table C.3: Results of the statistical tests for the reach and damping time between group 1 and 2. The total results are shown in
figure

Test First 10 trials Last 10 trials

T1 (reach) 𝑝 < 0.001 𝑝 < 0.001
T2 (reach) 𝑝 = 0.0052 𝑝 = 0.0071
Generalization (reach) 𝑝 = 0.6969 𝑝 = 0.1090
T1 (damp) 𝑝 = 0.8288 𝑝 = 0.1006
T2 (damp) 𝑝 < 0.001 𝑝 = 0.0578
Generalization (damp) 𝑝 = 0.5836 𝑝 = 0.0627

Table C.4: Learning curve

Phase HF NoHF

T1 𝐻 = 1, 𝑝 < 0.01 𝐻 = 1, 𝑝 < 0.01
T2 𝐻 = 1, 𝑝 = 0.0318 𝐻 = 1, 𝑝 < 0.01
Transfer 𝐻 = 0 𝐻 = 1, 𝑝 = 0.01
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Figure C.5: Movement time of one subject divided into the reaching movement and the damping movement. Subject 1, group 1.

Figure C.6: Movement time of one subject divided into the reaching movement and the damping movement. Subject 2, group 2.
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Figure C.7: Movement time of one subject divided into the reaching movement and the damping movement. Subject 2, group 2.



D
Dynamics and Implementation in

Simulink

D.1. Mass-Spring-Damper System
Figure D.1 shows a schematic of the simulated mass-spring-damper system. The dynamics properties
are listed in table D.1. 𝑀 is the mass of the arm of the subject controlling the teleoperator.

Figure D.1: Schematic of the simulated mass-spring-damper system

D.2. Equations of Motion
The mass-spring-damper system and the hand mass were modelled by the following equations:

𝑚 ̈𝑦 + 𝑐 ̇𝑦 + 𝑘(𝑦 − 𝑦 ) = 0

23
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Table D.1: Overview of the dynamic properties of the virtual mass-spring-damper system

Property Value

Mass (training phases) 3 [kg]
Stiffness (training phases) 120 [N/m]
Mass (generalization phase) 6 [kg]
Stiffness (generalization phase) 60 [N/m]
Damping 1 [N/m/s]
𝑙 (initial spring length) 0 [cm]

and

𝑚 ̈𝑦 = 𝑓

where
𝑚 = Object mass
𝑚 = Hand mass
𝑦 = Object position
𝑦 = Hand position
𝑐 = Damping coefficient
𝑘 = Spring constant
𝑓 = Force, exerted by the hand

The state-space system corresponding to these equations of motion are

[ ̇𝑞 ̇𝑞 ] = [
0 1

−𝑘/𝑀 0] [
𝑞
𝑞 ] + [

0
𝑘/𝑀 ] 𝑦

where 𝑞 = 𝑥 and 𝑞 = �̇�.
The interaction force, exerted by the spring and the damper due to the displacement of the hand,

can then be calculated by

𝐹 = −𝐹 − 𝐹

𝐹 = −𝑘(𝑦 − 𝑦 ) − 𝑐( ̇𝑦 − ̇𝑦 )

The system assumes an initial spring length of 0 cm, meaning that there is no spring force when
the hand and the object are at the same position.

D.3. Simulink
The dynamics of the double mass-spring-damper system, described in section D.2, are implemented
in Simulink. This implementation is described in this section.

A graphical user interface (GUI) was used to start and stop the experiment, switch between the
groups and phases, and to adjust the dynamics. See figure ?? for an overview of the GUI. The GUI
was designed using the GUIDE function in MATLAB.

Upper Level
Figure D.2 shows the upper level of the Simulink model. In green are the inputs and outputs for the
model and for the HapticMaster. In blue is the model that calculates the inputs and outputs. As can
be seen, the measurements of the HapticMaster are the input. These measurements contain the mea-
sured position , velocity and force (𝑦 , 𝑣 , 𝐹 ) of the HapticMaster (controlled by the hand). The model
uses this information to calculate the interaction force 𝐹 , as well as the object position and velocity
(𝑦 , 𝑣 ). What can be seen, is that the interaction force 𝐹 is only send to the HapticMaster when this is
enabled in the model. This can be enabled in the GUI.
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Figure D.2: Top level of the Simulink model.

Lower levels
In the lower levels the slave position and velocity, and the interaction force are calculated using the
measurements of the HapticMaster. A schematic of this process is shown in figure D.3. The orange
symbols are the inputs, as measured by the HapticMaster. The green symbols are the outputs. 𝑋 is
the object position, and 𝐹 is the interaction force that will be send to the HapticMaster (if this mode is
enabled). The forces are calculated using the following equations.

𝐹 = −𝐹(𝑠𝑝𝑟𝑖𝑛𝑔) − 𝐹(𝑑𝑎𝑚𝑝)
𝐹(𝑠𝑝𝑟𝑖𝑛𝑔) = 𝑘(𝑥 − 𝑥 )
𝐹(𝑑𝑎𝑚𝑝) = 𝑐( ̇𝑥 − ̇𝑥 )

𝐹 = 𝑘𝑥 + 𝑐 ̇𝑥
𝐹 = 𝑘𝑥 + 𝑐 ̇𝑥
𝐴 = 𝐹 − 𝐹 + 𝐹
𝑋 = 𝐴/𝑚
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Figure D.3: Lower level of the Simulink Model.
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