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Abstract

Haptic shared control is a promising approach to improve tele-manipulated task execution, by making safe and effective control actions tangible through 
guidance forces. In current research, these guidance forces are most often generated based on pre-generated, errorless models of the remote environment. 
Hence such guidance forces are exempt from the inaccuracies that can be expected in practical implementations. The goal of this research is to quantify 
the extent to which task execution is degraded by inaccuracies in the model on which haptic guidance forces are based. In a human-in-the-loop 
experiment, subjects (n = 14) performed a realistic tele-manipulated assembly task in a virtual environment. Operators were provided with various levels 
of haptic guidance, namely no haptic guidance (conventional tele-manipulation), haptic guidance without inaccuracies, and haptic guidance with 
translational inaccuracies (one large inaccuracy, in the order of magnitude of the task, and a second smaller inaccuracy). The quality of natural haptic 
feedback (i.e., haptic transparency) was varied between high and low to identify the operator's ability to detect and cope with inaccuracies in haptic 
guidance. The results indicate that haptic guidance is beneficial for task execution when no inaccuracies are present in the guidance. When inaccuracies 
are present, this may degrade task execution, depending on the magnitude and the direction of the inaccuracy. The effect of inaccuracies on overall task 
performance is dominated by effects found for the Constrained Translational Movement, due to its potential for jamming. No evidence was found that a 
higher quality of haptic transparency helps operators to detect and cope with inaccuracies in the haptic guidance.
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1 INTRODUCTION

Tele-manipultion allows for remote operations in 
environments where human presence is unfeasible,

The bilateral information flow of haptic information allows
humans to make use of their unique problem solving and
manipulative skills in remote environments [1], [2]. Fig. 1
shows a schematic representation of a tele-manipulator, a
human operator and the remote environment. This is
referred to as the Connected Tele-manipulator System [3].

A tele-manipulator is typically not able to represent
the full spectrum of natural haptic feedback from the envi-
ronment as it filters and degrades the position and force
information that passes through [4]. The quality of the
feedback is often referred to as the transparency of the
tele-manipulator and can be indicated by e.g. the transmit-
ted impedance of the remote environment that is felt by
the operator [5]. The transparency of tele-manipulators is
still imperfect and has many unresolved issues. Research
shows that limited transparency already improves task
performance substantially compared to no transparency
[4], [6], [7]. Further system oriented improvements in
transparency by better haptic control architectures (e.g.
[3], [5], [8]) and better hardware configurations (e.g. [3],
[9]) tend to have limited additional benefit on the overall
task performance [3], [7].

A promising approach to improve tele-manipulated task
performance is to haptically guide the operator with forces.
Haptic guidance has many experimental implementations,
with various definitions, including haptic guidance to a ref-
erence position or trajectory (e.g. [10], [11], [12], [13], [14],
[15]) and shielding areas from entering (i.e., virtual fixtures,
e.g. [16], [17]).

unsafe or impractical. The tele-manipulator serves as a tool
to transfer movements from a human operator on a local
station (the master) to a remote station (the slave), through
a controller. The human operator receives visual informa-
tion and information about position and force of the remote
robot (haptic information) from the remote environment.
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The current research adopts the definition of haptic shared
control, which “allows both the human and the [guidance]
system to exert forces on a control interface, of which its
output (its position) remains the direct input to the con-
trolled system [18].” Guidance forces are based on a task
model, which contains information about both the remote
environment and the systems goal. (see Fig. 1).

In general, studies report positively on the effect of haptic
guidance on task performance [10], [11], [12], [13], [14], [15],
[16], [17], [19], [20], [21]. Research shows that, haptic guid-
ance assists operators to work almost on a similar perfor-
mance level as in manual manipulation, while control effort
is improved [14]. However, all these studies assumed that
haptic guidance forces are based on pre-generated, errorless
models of the task and remote environment.

Yet in practical implementations of a haptic guidance
system, the system might not have perfect knowledge of the
environment. Typically the environments, tasks and compo-
nents are complex, unstructured, unpredictable and, more-
over, dynamic [9], [22]. This will introduce inaccuracies in
the model on which the guidance forces are based, due to,
for example, unexpected objects, elastic and/or plastic
structural deformations or sensory inaccuracies. Hence,
resulting in mismatches between the model and the real
world. A real world example is the replacement task of the
ITER Divertor (ITER [23] is an experimental nuclear fusion
reactor currently under construction, the Divertor is its sub-
system that ensures the exhaust of heat and particles), in
which a nine ton segment must be removed remotely. Due
to deformations, the handling system can deflect 80 mm
from its kinematic model. Real time models can still have a
mismatch of about 5 mm [24]. In case the inaccurate models
are used as a basis for the haptic guidance system, the oper-
ator will be guided incorrectly as indicated in Fig. 2.

The effect of inaccuracies in the haptic guidance on task
performance and control effort in tele-manipulation has
received limited attention in literature. In one case research
describes the introduction of an inaccuracy due to varying
grasping locations on a cassette, but mentions that the accu-
racy required to install it in a rack accommodates for this
[15]. Another research shows that if the guidance system is
not aware of obstacles, control effort is increased due to
human-guidance disagreement [25]. Also, intentionally
introduced inaccuracies in the haptic guidance by not
avoiding obstacles during car driving, reduced task perfor-
mance compared to manual control [26]. Our previous
study investigated the effect of a 7.5 mm translational inac-
curacy during a 30 mm diameter peg-in-hole type task [27].

We showed that haptic guidance with small inaccuracies
still improves overall task performance compared to con-
ventional tele-manipulation.

The goal of the current research is twofold. The first goal
is to quantify the effects of haptic guidance when it suffers
from inaccuracies (with different magnitudes and direction)
on operators task performance and control effort. We will
consider effects on the overall task, as well as on certain
generalizable task primitives: Free Space Movement, Contact
Transition, Constrained Translational Movement and Con-
strained Rotational Movement [7]. The task primitives are
defined and explained in Section 2.3.

The second goal is to quantify the effect of the quality of
haptic feedback (i.e., transparency) on the operator’s ability
to detect and copewith inaccuracies in haptic shared control.

This means that, compared to our previous study [27],
this research will gain more insight in task execution as,
besides task performance, we also investigate control effort.
Further the assessment is detailed with the analysis of the
task primitives. The effect of the quality of haptic feedback
was entirely not investigated in our previous research.
Finally, an additional inaccuracy level was evaluated.

For this research three hypotheses are defined. The first
hypothesis is that haptic guidance without inaccuracies
improves overall task execution compared to conventional
tele-manipulation, as was found in previous research (e.g.
[10], [13]). Additionally, the quality of natural haptic feed-
back (i.e., haptic transparency) will only have a limited
effect on task execution [14].

Second, we hypothesize that haptic guidance with inac-
curacies will degrade overall task execution in comparison
with haptic guidance without inaccuracies. Specifically,
these degradations are expected to manifest mainly during
contact tasks, where accurate manoeuvring will be compli-
cated by the guidance inaccuracies, especially when these
inaccuracies are large and require active compensation by
the operator. However, during free space tasks, without a
clear reference, any haptic guidance inaccuracy will not be
relevant.

Third, we expect that during contact tasks high-quality
feedback of natural interaction force (i.e., haptic transpar-
ency) helps operators to detect and cope with inaccuracies
in the haptic guidance.

These hypotheses are depicted in Table 1.

2 METHODS

2.1 Subjects

Fourteen right handed subjects, aged of 18 to 40 (mean age:
27.1 years, standard deviation: 5.9 years) participated in the
experiment. The experiment was approved by Delft Univer-
sity of Technology Human Research Ethics Committee.

Fig. 1. Elements of the connected tele-manipulator system combined
with haptic shared control. The task has the representation of a peg-in-
hole task.

Fig. 2. Side view of the peg-in-hole task, showing haptic guidance
(arrows) based on an accurate and inaccurate task models (dashed
lines).



2.2 Experimental Setup

The tele-manipulated task is performed in a Virtual Reality
environment. The simulation is done by the Interactive Task
Simulator [28] where the slave device and task are modelled
with NVIDIA PhysX that simulates real-time rigid body
dynamics and contact interaction at 1 kHz. Fig. 3 shows an
impression of the environment and slave.

The master device is a Haption Virtuose 6D35-45 as
shown in Fig. 4. This haptic device has a cubic work-
space of 450 mm and a rotational workspace of 145-115-
148 degree. It can generate feedback forces and torques
up to 35 N and 3.1 Nm (respectively 10 N and 1 Nm con-
tinuous). These forces are transmitted with a maximum
controller stiffness of 2,000 N/m (translational) and

30 Nm/rad (rotational). The apparent inertia is 1 kg. The
controller runs on a real-time Linux system and updates
at 1 kHz.

The Virtuose 6D35-45 connects to the (virtual) slave with
a two-channel position error controller (also known as
PERR-control). This controller calculates forces and torques
to apply on the master and slave device based on their posi-
tion/orientation differences and their velocity. Table 2
specifies the controller parameters in more detail.

2.3 Task Description

The experimental task is the placement of a welding tool in
a tube as shown in Fig. 3. The welding tool has the dimen-
sions of 440� 70� 125 mm (L�W�H), a tip diameter of
30 mm and a mass of 1.8 kg. The tool should be inserted for
140 mm in a 30 mm diameter tube with a clearance of
0.1 mm. The tool is actuated by the master via the slave grip-
per on point “A” as indicated in Fig. 3. The welding tool
placement task comprises four subsequent task primitives:

1) Free Space Movement A-B. In general, this task
primitive involves unconstrained transportation of
the slave to a specific location, without contact forces
being involved. Specifically for the current task, it
involves simultaneously movement and turning

TABLE 1
The Hypotheses (H1, H2 and H3) Depicted in a Table

Transparency

High Low

(H1) Task execution in Conventional* 0 0
free space/contact tasks Without inaccuracies + +

(H2, H3) Task execution Without inaccuracies* 0 0
in free space tasks With small inaccuracies 0 0

With large inaccuracies 0 0

(H2, H3) Task execution With small inaccuracies* 0 0
in contact tasks With small inaccuracies 0 -

With large inaccuracies - - - -

Here 0, - and + mean respectively similar, degraded and improved task
execution compared to the respective baseline (indicated by *).

Fig. 3. The top part shows the (virtual) slave in the (virtual) environment.
The red bordered part shows a side- and front-view of the welding tool
placement task. The procedure is to follow the purple path which com-
prises four subsequent task primitives (as explained in Section 2.3):
Free Space Movement (A-B), Contact Transition (B-C), Constrained
Translational Movement (C-D) and Constrained Rotational Movement
(D-E). The front-view in the lower right shows the out of plane rotation
(D-E). Adapted from [27].

Fig. 4. Impression of the experimental set-up with the Haption Virtuose
6D35-45. Also shown is a wooden bar used to define the start position of
the master device. Adapted from Oosterhout et al. [27].

TABLE 2
Properties of the Tele-Manipulator with High and Low 
Transparency

Property High quality Low quality

Ktrans N/m 2,000 300
Btrans Ns/m 14 10.5
Krot Nm/rad 16.88 3
Brot Nms/rad 0.12 0.105
Slave mass kg 0.3 1.2
Slave inertia kgm2 675 2,700
Max force N 35 12
Max torque Nm 3.3 1.2



(20 degree) of the welding tool to the tube. This task
primitive ends when the tool is 30 mm away from
the tube, seen from above.

2) Contact Transition B-C. In general, this task primi-
tive is a stage between free space and environmental
interaction, often characterized by a slower, more
specific movement. Specifically for the current task,
it involves the final movement (30 mm) and subse-
quent alignment of the tool to the tube. It ends when
contact is made, and the tool is horizontally aligned.

3) Constrained Translational Movement C-D. In gen-
eral, this task primitive involves movement along a
single direction, with stiff mechanical constraints in
other directions (often characterized by problems
with jamming). In this study, the task comprises full
insertion of the tool into the tube, until the end stop
is reached.

4) Constrained Rotational Movement D-E. In general,
this task primitive involves rotation around a fixed
point (e.g. opening a door or bolting with a spanner).
Specifically for this task: to rotate the tool 90 degree
counter clockwise.

The instructed strategy, using the tilted approach, allows
the round shapes of the tube and tool to act like a funnel
and gradually constrain the degrees of freedom. This
approach has proven to be successful in peg-in-hole inser-
tions [29], [30].

2.4 Haptic Shared Control Design

This research adapted and modified the proposed haptic
shared control design from Boessenkool et al. [14]. The hap-
tic guidance consists of three path segments along which
the operator is assisted during the four task primitives (see
Fig. 3). The segments consist of 23 to 43 discrete points with
a defined orientation. The guidance forces and torques can
build up to 10 N and 1 Nm. The motion is critically damped
for each degree of freedom. In more detail:

A-B: Free Space Movement with a translational stiffness
increasing linearly from 100 to 300 N/m and a rota-
tional stiffness increasing linearly from 2 to 8 Nm/rad
as the tool moves along the path.

B-D: Contact Transition and Constrained Translational
Movement with a translational and rotational stiffness
of 300 N/m and 8 Nm/rad respectively.

D-E: Constrained Rotational Movement with only a transla-
tional stiffness of 300 N/m. The path is circular
around the tubes centreline and facilitates a snapping
force of 1.2 N.

Several modifications to the shared control design by [14]
where made. First a pilot study showed that artificial damp-
ing near contact rather decreased the ability to detect poten-
tial inaccuracies than reduced the harm of contact.
Therefore it was chosen to omit artificial damping near
contact.

The look-ahead controller—to guide operators based on
a state they would obtain considering their heading—
showed no merit in a pilot study, while it had the potential
to destabilize the controller in low transparency. Therefore
we omitted it and based the haptic guidance on the oper-
ator’s present state.

New features were added to the shared control design by
[14]. Haptic shared control is supplemented with gravity
compensation for the weight of the welding tool and the
operator arm. These weights interfere with the translational
inaccuracy in the task model by shifting the zero force refer-
ence level. Ideally this level is the path as haptic shared con-
trol is designed as a spring perpendicular to the path. But
the tool and human arm weight stretch this spring by their
weight without the operator noticing it.

This might be unexpected for the operator arm weight, as
humans should carry their own weight. Nevertheless a pilot
study revealed that several operators moved the tool at a
constant line below the haptic guidance path, which there-
fore carried about half the arm weight. In other words: oper-
ators rest their arm on the guidance forces.

To remove the interfering translational inaccuracy, the
arm weight is compensated—when the tool sinks below the
path—with a stiffness of 4,500 N/m (max 9 N upward). Fur-
ther the tool weight is fully compensated; a feature which is
also applied in practice, e.g. at JET [31].

2.5 Experimental Design

2.5.1 Experimental Conditions

The experiment consists of four condition being composed of
two operation modeswith two transparency levels as shown in
Table 3. Transparency levels are set to a relative high and low
quality. The high quality is defined as the best performance
that our tele-manipulator can handle. Low transparency rep-
resents an—manually tuned—inferior device in the sense of
controller stiffness, controller damping, device inertia and
maximum force/torque representation. Table 2 lists these
device properties for both transparencies. The transparency
is further quantified as the slave to master force bandwidth
in translational direction. These bandwidths are 19 and 3.7
Hz for high and low transparency, respectively (obtained via
theHapticAnalysis package [3]).

The operation modes are conventional tele-manipulation
and haptic shared control. The haptic shared control paths
were provided with five accuracy levels. Fig. 5 shows the
used inaccuracies. The magnitudes are set to 7.5 (from the
previous experiment [27]) and 17.5 mm (between the
15 mm inner and 20 mm outer radius of the tube in an
attempt to parameterize it to the order of size of the task).
The inaccuracies were applied randomly and in a plus
(SC_7.5; SC_17.5) and minus (SC_-17.5; SC_-7.5) direction—
together with haptic guidance without inaccuracies
(SC_0.0)—in the haptic shared control condition. This

TABLE 3
The Four Experimental Conditions Composed from 
Transparency and Operation Mode

Transparency

Operation mode High Low

Conventional tele-manipulation CT_HT CT_LT

Haptic Shared Control SC_HT_-17.5 SC_LT_-17.5
(Accurate and -/+ inaccurate) SC_HT_-7.5 SC_LT_-7.5

SC_HT_0.0 SC_LT_0.0
SC_HT_7.5 SC_LT_7.5
SC_HT_17.5 SC_LT_17.5



randomization is done to prevent operators from predicting
the size of the inaccuracy. In addition a practical implemen-
tation would also hold random positive and negative
inaccuracies.

The experiment contains seven repetitions for the con-
ventional tele-manipulation mode and 35 repetitions for the
haptic shared control mode (five accuracy levels with each
seven repetitions) in two transparency conditions. The
order with which the four conditions were presented to the
subjects was randomized to minimize the influence of order
effects.

2.5.2 Controlled Variable-Task Instruction and Training

Before the experiment instructions were handed out and
verbally explained to each participant. They were instructed
to:

� Place the tool as specified in Section 2.3.
� Train to obtain a minimum performance level (15 s

target time during training), but work as accurate as
possible due to the delicate welding tool.

After the instruction, participants were trained with the
task and conventional tele-manipulation (in high transpar-
ency) until they performed the task in about 15 s. To indi-
cate inaccurate (reckless) operations, a threshold was set on
the impact energy to trigger a buzzer and stop the simula-
tion. In a second training session participants were
acquainted with haptic shared control (in high transpar-
ency) until they were confident with the provided guidance
forces. In addition, subjects practiced at least three times
before the start of each condition, where—in case of haptic
shared control—they were told that the system could have
some sort of inaccuracies.

2.5.3 Controlled Variable-Visual Feedback and

Direction of the Inaccuracy

During the training participants could rely on a top, rear
and side view of the task. In the actual experiment only the
top view was presented. This top view was positioned
above the tube’s entrance and placed in line with the trans-
lational guidance inaccuracy (see Fig. 5). This visually
occluded the inaccuracy to control this potential confound-
ing variable.

2.6 Data Acquisition & Metrics

For both master and slave the time, forces, positions and
velocities were recorded at 1 kHz. The gathered data
serves to evaluate task execution in terms of both task
performance and control effort. The task performance is
evaluated as:

the task instruction was to perform the task as accu-
rately as possible (and not as fast as possible), task-
completion time as a metric is highly insightful
because participants inherently make speed-
accuracy trade-offs while coping with inaccuracies
in guidance.

Control effort is evaluated in terms of:

� csa: Cumulative steering angle [degree] in Free
Space Movement, Contact Transition and Con-
strained Translational Movement, the total amount
of rotation that the operator made with his hand,
which is a measure of effort to steer the tool accu-
rately. It is measured by summing the differences
between all subsequent orientations of the master
device.

� errint: Integrated path error [cm2] in Constrained
Rotational Movement, the area between the master
position and the ideal path. This is treated as a mea-
sure of effort to steer around a rotational axis. Note
that this metric closely relates to task performance:
an integrated path error in directions constrained by
the remote environment leads to undesirable
increased contact forces.

2.7 Data Analysis

The calculated metrics were averaged over the seven repeti-
tions per subject, for each of the 12 conditions. To analyse
the effect of haptic guidance without inaccuracies and trans-
parency (first hypothesis), a two-way repeated-measures
ANOVA was done with factors Fa1 operation mode (guided
and conventional tele-manipulation) and Fa2 transparency
(high and low quality). To analyse the effect of haptic guid-
ance with inaccuracies and transparency (second and third
hypothesis) a two-way repeated-measures ANOVA was
done with independent variables Fb1 inaccuracy level (-17.5;
-7.5; 0; 7.5; 17.5) and Fb2 transparency (high and low qual-
ity). The ANOVAs were performed on the “tct” metric for
the entire task and all four task primitives. The ANOVAs
were also performed on the “errint” metric for the Con-
strained Translational Movement and on the “csa” metric
for the other three task primitives. The assumption of
sphericity—equality of variances of the differences between
levels—was tested with Mauchlys test. When sphericity
assumption was violated, results were corrected with the
Greenhouse-Geisser method. When inaccuracies had an
effect on haptic guidance (the second hypothesis), specific
hypothesis where tested using a contrast analysis. For this
analysis no multiple comparison correction was applied to
make, in view of our findings, a more conservative
approach: a correction increases the chance of Type II errors.
p-values of 0.05 or below are considered significant
(a � 0:05).

3 RESULTS

Figures and tables in this section show the mean and 95 per-
cent confidence interval (CI) based on 14 subjects, which
each performed seven repetitions. Significant results are

Fig. 5. Magnitude of the translational inaccuracy and the relation to the
provided visual feedback.

� tct: Task-completion time [s], the time in seconds 
required to complete the task. Note that even though



denoted with ‘� � �’, ‘��’ and ‘�’ for respectively p < 0.001,
p < 0.01 and p < 0.05 (in figures) and in boldface (in tables).

Fig. 6 illustrates two trials performed by a typical subject,
shown in a side view perspective. The trials were performed
with conventional tele-manipulation (light grey) and haptic
guidance without inaccuracies (dark grey). Subjectively seen
the results suggest that the haptic guidance trial has
improved task performance. Fig. 7, presenting the task-com-
pletion time of the entire task, shows that haptic guidance
without inaccuracies indeed improves task performance
(F(1,13) = 62.73, p < 0.001). It also shows that transparency
improves task performance (F(1,13) = 5.85, p = 0.031). Fur-
ther Fig. 7 shows that haptic guidance with inaccuracies
decreases task performance (F(1.86,24.18) = 20.3, p < 0.001,
Greenhouse-Geisser corrected). The contrast analysis
shows that, except for SC_7.5, inaccuracies degrade task

performance (p � 0.002, see Table 4). For the effect of trans-
parency on inaccuracy no evidence has been found
(F(1.70,22.05) = 0.57, p = 0.544, Greenhouse-Geisser cor-
rected). The figure does not show which task primitives
contribute to the improvements/decrease of task perfor-
mance due to haptic guidance. Therefore this section further
describes the results per task primitive.

3.1 Effects of Haptic Guidance and Transparency

Table 5 summarizes the results for haptic guidance without
inaccuracies and conventional tele-manipulation for both
transparency levels. In Free Space Movement, task perfor-
mance is not affected by haptic guidance or transparency
(F(1,13) � 4.423, p � 0.056), while control effort is reduced
by both haptic guidance and transparency (F(1,13) � 17.23,
p � 0.001).

In Contact Transition, both haptic guidance and trans-
parency improve task execution (F(1,13) � 25.37, p < 0.001).

In the Constrained Translational Movement, haptic guid-
ance improves task execution (F(1,13) � 6.18, p � 0.027).
Transparency does not affect control effort (F(1,13) = 3.62,
p = 0.08), while it affects task performance (F(1,13) = 8.16,
p = 0.013).

In the Constrained Rotational Movement, haptic guid-
ance does not improve task execution (F(1,13) � 0.26,
p � 0.618). Transparency does not affect task performance
(F(1,13) = 0.55, p = 0.470), but it affects control effort (F(1,13)
= 84.51, p < 0.001).

3.2 Effects of Inaccuracies and Transparency

Table 5 summarizes the results for haptic guidance with
inaccuracies for both transparency levels. Table 6 summa-
rizes the ANOVA results for the effect of haptic guidance
with inaccuracies and transparency. For task performance
during Free Space Movement, the results show that inaccu-
racies do not affect task performance (p = 0.263, Green-
house-Geisser corrected). Inaccuracies do affect control
effort (p = 0.003). The contrast analysis shows that only SC
versus SC_-17.5 increases effort with 2.65 degree (p = 0.014,
see Table 7). The results show that there is no interaction
between transparency and inaccuracies for task execution
(p � 0.271).

For Contact Transition, the results show that inaccura-
cies do not affect task performance and control effort (p �
0.14, Greenhouse-Geisser corrected), even though some par-
ticipants clearly had more trouble with SC_-17.5 provided
low transparency, as indicated by the large confidence inter-
val which clearly shows in Fig. 8. The results show that
there is no interaction between transparency and

Fig. 6. Typical generated trajectories of the handle and tip for the peg-in-
hole task, during conventional tele-manipulation (light grey) and haptic
guidance without inaccuracies (dark grey) with high transparency. The
trajectories for the handle (solid) comprises the four task primitives (as
explained in Section 2.3): Free Space Movement (A-B), Contact Transi-
tion (B-C), Constrained Translational Movement (C-D) and Constrained
Rotational Movement (D-E, highlighted by an arrow). The trajectories for
the tip (dashed) have pins indicating the tool orientation.

Fig. 7. Task-completion time for the entire task showing left Conven-
tional Tele-manipulation (CT) and haptic guidance without inaccuracies
(SC_0.0) for both transparencies. Both haptic guidance and transpar-
ency improve task performance. Right shows the effect of inaccuracy
levels (-17.5; -7.5; 0; 7.5; 17.5) which is that inaccuracies degrade task
performance.

TABLE 4
Contrast Analysis for the Entire Task for Factor Fb1 Inaccuracy 
Level

tct Entire task [s]

SC to Mean diff. (95% CI) F(1,13) p diff.

SC_-17.5 -9.25 (-13.06;-5.45) 27.61 0.000
SC_-7.5 -2.50 (-3.89;-1.10) 14.86 0.002
SC_7.5 -0.07 (-1.26;1.11) 0.02 0.894
SC_17.5 -3.58 (-5.62;-1.54) 14.39 0.002



inaccuracies for both task performance and control effort (p
� 0.407, Greenhouse-Geisser corrected).

During Constrained Translational Movement, the inac-
curacies affect task execution (p < 0.001, Greenhouse-
Geisser corrected). The contrast analysis shows that, except
for SC_7.5, inaccuracies result in decreased task execution
by at least 2.43 s and 50.93 degree (p � 0.048) as shown in
Table 7. The results give the impression of a (asymmetric)
parabola as shown for task performance in Fig. 9. The
results show that there is no interaction between transpar-
ency and inaccuracies for task performance and control
effort (p � 0.199, Greenhouse-Geisser corrected).

For Constrained Rotational Movement, the results show
that inaccuracies affect task performance (p < 0.001, Green-
house-Geisser corrected) but not control effort (p = 0.394,
Greenhouse-Geisser corrected) as shown in Figs. 10 and 11
respectively. Note that for control effort (shown in Fig. 11)
the SC_7.5 and SC_17.5 results are excluded from the analy-
sis as will be explained in the discussion. The contrast anal-
ysis for task performance shows that SC_-17.5 requires on
average 0.13 s more time than haptic guidance without inac-
curacies (p=0.002) as shown in Fig. 10 and Table 7. The
results show that there is no interaction between transpar-
ency and inaccuracies for task performance and control
effort (p � 0.321, Greenhouse-Geisser corrected).

4 DISCUSSION

The results for the entire task show that haptic guidance
without inaccuracies improves task-completion time com-
pared to conventional tele-manipulation, as also found by
most studies on haptic guidance [10], [11], [12], [13], [14],
[15], [16], [17], [19], [20], [21]. The results also show that
improved transparency decreased task-completion time in,
while [3], [7] found no effect. For haptic guidance with inac-
curacies, the benefits of guidance decrease especially for the
large inaccuracies. Interestingly, the direction of inaccura-
cies seems to influence the effect: task performance decrease
is larger for SC_-17.5 and SC_-7.5 compared to the SC_17.5
and SC_7.5. Further the results provide no evidence for the
hypothesis that the quality of haptic transparency helps
operators to detect and cope with inaccuracies in the guid-
ance. To better understand what task elements contribute to
the overall task effects described above, and to be able to
generalize and compare with other studies, we subdivided
the task in four task primitives [7], and the effects of the
experimental conditions on each task primitive will be dis-
cussed in the next section.

4.1 Effects of Haptic Guidance and Transparency

The effect of haptic guidance without inaccuracies and trans-
parency on task performance and control effort shows up

TABLE 5
The Mean (1.96 � SD Describing +/-95% CI) for Task Performance and Control Effort Metrics for Each of the Four Task Primitives

Free Space Movement Contact Transition Constrained Translation
Movement

Constrained Rotational
Movement

Metric tct [s] csa [�] tct [s] csa [�] tct [s] csa [�] tct [s] errint [cm
2]

CT_HT 4.25 (0.92) 39.50 (0.92) 5.81 (0.83) 66.69 (0.83) 5.06 (1.36) 93.89 (1.36) 0.66 (0.08) 0.87 (0.08)

SC_HT_-17.5 4.08 (0.45) 27.00 (0.45) 4.50 (1.09) 43.74 (1.09) 10.22 (2.39) 184.82 (2.39) 0.77 (0.15) 1.16 (0.15)
SC_HT_-7.5 4.06 (0.60) 25.96 (0.61) 3.45 (0.94) 33.47 (0.94) 5.59 (1.01) 92.98 (1.01) 0.66 (0.08) 0.82 (0.08)
SC_HT_0.0 3.73 (0.37) 25.41 (0.37) 3.58 (0.90) 37.07 (0.90) 3.00 (0.55) 51.91 (0.55) 0.62 (0.09) 0.75 (0.08)
SC_HT_7.5 3.80 (0.49) 26.29 (0.49) 3.40 (0.78) 35.95 (0.77) 3.97 (1.02) 57.38 (1.02) 0.61 (0.08) 1.41 (0.08)
SC_HT_17.5 3.94 (0.72) 26.20 (0.72) 4.10 (0.87) 40.65 (0.87) 5.52 (1.47) 81.04 (1.48) 0.60 (0.07) 1.99 (0.07)

CT_LT 4.23 (0.71) 43.66 (0.71) 9.74 (2.72) 125.39 (2.72) 3.14 (0.76) 64.50 (0.75) 0.60 (0.07) 9.04 (0.07)

SC_LT_-17.5 4.22 (0.54) 36.50 (0.53) 7.77 (4.39) 92.48 (4.39) 10.33 (4.21) 198.03 (4.21) 0.76 (0.11) 7.89 (0.11)
SC_LT_-7.5 3.99 (0.52) 32.96 (0.52) 5.43 (2.18) 62.85 (2.19) 5.27 (1.72) 106.05 (1.72) 0.69 (0.10) 7.18 (0.11)
SC_LT_0.0 3.92 (0.43) 32.79 (0.43) 5.64 (1.27) 64.85 (1.26) 3.01 (0.95) 45.25 (0.95) 0.65 (0.08) 8.46 (0.07)
SC_LT_7.5 4.14 (0.59) 32.62 (0.58) 5.12 (1.59) 57.36 (1.59) 2.63 (0.87) 34.88 (0.87) 0.64 (0.10) 11.84 (0.09)
SC_LT_17.5 4.40 (0.77) 34.44 (0.77) 5.41 (1.09) 61.16 (1.09) 6.66 (3.03) 131.01 (3.03) 0.70 (0.10) 14.32 (0.09)

The grey coloured data are excluded from the analysis as will be explained in the discussion.

TABLE 6
ANOVA Results, Per Task Primitive and Metric, for the Effect of Inaccuracy Level (Fb1) and the Interaction of Inaccuracies with 
Transparency (Fb1*Fb2)

Free Space Movement Contact Transition Constrained Translation
Movement

Constrained Rotation
Movement

Performance tct [s] tct [s] tct [s] tct [s]

Fb1 (Inac.) F(2.2,28.1) = 1.40 p = 0.2631 F(1.7,21.7) = 2.22 p = 0.1401 F(1.8,23.8) = 18.14 p = 0.0001 F(2.0,25.9) = 10.85 p = 0.0001

Fb1*Fb2 F(4,52) = 1.26 p = 0.297 F(1.6,20.4) = 0.65 p = 0.4981 F(2.3,29.8) = 0.85 p = 0.4521 F(1.7,21.5) = 0.82 p = 0.4341

Control effort csa [�] csa [�] csa [�] errint [cm
2]

Fb1 (Inac.) F(4,52) = 4.65 p = 0.003 F(1.7,21.8) = 1.83 p = 0.1881 F(1.9,25.2) = 11.27 p = 0.0001 F(1.3,16.5) = 0.86 p = 0.3941;2

Fb1*Fb2 F(4,52) = 1.33 p = 0.271 F(1.6,20.1) = 0.87 p = 0.4071 F(1.9,25.0) = 1.72 p = 0.1991 F(1.4,18.6) = 1.14 p = 0.3211;2

The contrast analysis, for ANOVA results with a significant main effect, can be found in Table 7.
1Corrected with the Greenhouse-Geisser method as the sphericity assumption has been violated.
2Data for the 17.5 and 7.5 mm inaccuracy is excluded from the analysis as explained in the discussion.



differently among the four task primitives. Haptic guidance
improves task execution (combined task performance and
control effort) during Contact Transition and Constrained
Translational Movement tasks. For Free Space Movement,
haptic guidance reduces control effort. Providing high-
quality natural haptic feedback on the other hand, improves
Contact Transition and Constrained Rotational Movement,
while reducing task performance for Constrained Transla-
tional Movement.

While we expected haptic guidance to improve task exe-
cution for Free Space Movement, guidance only improved
control effort (20-30 percent compared to conventional tele-
manipulation). For a similar task in a maze, [25] found a

task performance improvement of 30 percent, while control
effort remained unaffected. Boessenkool et al. [14] found a
20-25 percent reduction in time and a 38-56 percent reduc-
tion in control effort due to haptic guidance in their bolt-
and-spanner task.

Fig. 9. Task-completion time for Constrained Translational Movement
showing the effect of inaccuracy levels. Task performance decrees for
SC_-17.5, SC_7.5 and SC_17.5. A higher quality transparency does not
support operators to detect and cope with inaccuracies.

Fig. 10. Task-completion time for Constrained Rotational Movement
showing the effect of inaccuracy levels. SC_-17.5 requires more time to
complete the task. A higher quality transparency does not support oper-
ators to detect and cope with inaccuracies.

Fig. 11. Integrated path error for Constrained Rotational Movement
showing the effect of inaccuracy levels. SC_17.5 and SC_7.5 are
excluded from the analysis. The other inaccuracies do not affect control
effort. A higher quality transparency does not support operators to detect
and cope with inaccuracies.

TABLE 7
Contrast Analysis for Fb1 Inaccuracy Level for the Task 
Primitives That Had a Significant Main Effect

csa Free space [�]

SC to Mean diff. (95% CI) F(1,13) p diff.

SC_-17.5 �2.65 (�4.66;-0.65) 8.16 0.014
SC_-7.5 �0.36 (�1.66;0.938) 0.36 0.560
SC_7.5 �0.36 (�1.44;0.73) 0.50 0.494
SC_17.5 �1.22 (�2.49;0.5) 4.30 0.058

tct Constrained translation [s]
SC to Mean diff. (95% CI) F(1,13) p diff.

SC_-17.5 �7.27 (�10.05;�4.50) 31.90 0.000
SC_-7.5 �2.43 (�3.45;�1.40) 26.24 0.000
SC_7.5 �0.30 (�0.97;0.37) 0.91 0.357
SC_17.5 �3.08 (-4.80;�1.37) 15.08 0.002

csa Constrained translation [�]
SC to Mean diff. (95% CI) F(1,13) p diff.

SC_-17.5 �142.84 (�209.84;�75.85) 21.22 0.000
SC_-7.5 �50.93 (�79.81;�22.05) 14.51 0.002
SC_7.5 2.45 (�13.61;18.52) 0.11 0.747
SC_17.5 �57.44 (�114.16;�0.73) 4.79 0.048

tct Constrained rotation [s]
SC to Mean diff. (95% CI) F(1,13) p diff.

SC_-17.5 �0.13 (�0.20;�0.06) 14.62 0.002
SC_-7.5 �0.04 (�0.08;0.01) 3.60 0.080
SC_7.5 0.01 (�0.01;0.04) 1.28 0.279
SC_17.5 �0.01 (�0.04;0.02) 0.62 0.446

Fig. 8. Task-completion time for the Contact Transition showing the
effect of inaccuracy levels. There is no significant difference between
haptic guidance with and without inaccuracies. A higher quality transpar-
ency does not support operators to detect and cope with inaccuracies.



An explanation for this difference with [14], [25] could
be that operators chose a different path during conven-
tional tele-manipulation than the guided trajectory, since
the current task execution was not judged on how accu-
rate operators followed the prescribed path. By moving
straight from point A to B (see Fig. 3) this could reduce
task-completion time by roughly 7 percent as the path is
that shorter. However such direct motions were hardly
possible, and not observed, because of the limited percep-
tion on their position in the vertical plane due to the cam-
era view from above.

An alternative explanation could be the difference in task
instruction, which may lead to different performance-effort
trade-offs. In [14], [25] participants were instructed to move
as fast as possible, while our participants were instructed to
be as accurate as possible. Our instructions might have
caused operators to exploit the haptic guidance for accuracy
instead of for speed, which may explain the improved con-
trol effort without effects on task performance.

Interestingly, a higher transparency reduces control effort
during Free SpaceMovement. Possibly a higher quality trans-
parency helps operators to control the dynamics of the—
relatively heavy—tool, as was for example found in [32].

For the task primitive Contact Transition task execution
improves by 20-50 percent due to haptic guidance com-
pared to conventional tele-manipulation. The reduction in
task-completion time (20-40 percent) agrees with the
approximate 32 percent reduction in earlier research [14].
However, it should be noted that the reduction found in our
research could be a result of operators ending the preceding
task primitive (Free Space Movement) too high or low dur-
ing unguided trials. Therefore they might require extra time
and effort during the Contact Transition to reach the tube.
Nevertheless, if such effects occurred, they are the result of
limited depth perception, which is a realistic and frequent
occurring phenomenon in tele-manipulation.

A higher level of transparency substantially improves
task performance (36-40 percent) and control effort
(43-47 percent) during Contact Transition, against our
expectations. Previous work in our group [3], [7] suggests
that there are certain minimum requirements to the con-
tent of feedback information. Apparently, for this task
primitive, the low transparency condition failed to pro-
vide sufficient information.

For Constrained Translational Movement haptic guid-
ance without inaccuracies improves task performance up to
40 percent and control effort up to 44 percent compared to
conventional tele-manipulation. This is in agreement with
previous research which found reduced contact forces at
the remote site [15] and a 42-52 percent improved task-
completion time [14].

Interestingly, low transparency improves task perfor-
mance with 38 percent compared to high transparency for
Conventional Tele-manipulation. This finding corresponds
to the notion that some tasks might benefit from a certain
amount of compliancy, which may occur anywhere in the
master-slave chain [3]. This can be mechanical compliancy
in the slave or, as in our case, the reduced controller stiff-
ness in the low transparency condition.

During Constrained Rotational Movement haptic
guidance without inaccuracies does not improve task

execution. This is in agreement with previous work [14].
We did however hypothesize improvements as the guid-
ance was expected to allow operators to follow the ideal
path at least more accurately, due to our task instructions
having a focus on accuracy. What we observed is that oper-
ators adapt their behaviour by approximating a tangential
force, while acting compliant in axial and radial directions,
as also observed by [7]. By adapting this strategy, in gen-
eral, task constraints ensure accurate path following, but
only if these task constraints are made sufficiently tangible,
by either the haptic transparency or the haptic guidance.
Apparently, in this experiment the task constraints were
only sufficiently tangible for the high transparency condi-
tion; for these conditions the integrated path error is
substantially lower (90 percent), compared to the low
transparency conditions. This suggests that, in this task
primitive, operators benefit more from any transparency
than from haptic guidance, as guidance did not improve
control effort in the low transparency condition.

4.2 Effects of Inaccuracies

The effect of haptic guidance with inaccuracies on overall
task execution (performance and control effort) is domi-
nated by the effects seen during Constrained Translational
Movement. For Constrained Rotational Movement, inaccu-
racies increases task performance. Control effort during
Free Space Movement is marginally affected. Contact Tran-
sition is not affected at all by the presence (or magnitude) of
inaccuracies in the haptic guidance.

During Free Space Movement haptic guidance with
inaccuracies degrades control effort by 6-11 percent for SC_-
17.5, while not expected. The cause of this difference is
unclear as there were no means to obstruct task execution
during this task primitive. Furthermore the inaccuracies in
the haptic guidance condition were randomized to prevent
operators from predicting the size of the inaccuracy.

Haptic guidance with inaccuracies during Contact Tran-
sition does not affect task execution, which is in contrast to
the hypotheses. Yet the large confidence interval of SC_-17.5
under low transparency suggests that this condition was
more troublesome. For this SC_-17.5 condition it was
observed that operators could not always discriminate
whether they placed the tool in or underneath the tube.
Low transparency, limited visual feedback and the presence
of haptic guidance forces by itself may lead to difficulties in
detecting erroneous placement of the tool.

During Constrained Translational Movement task exe-
cution decreases more as the inaccuracy in haptic guidance
gets larger. This originates from the tasks potential to jam,
which is makes it especially vulnerable to forces tangential
to the insertion direction, as the forces due to inaccuracies
in the guidance do. Interestingly, though, the effect seems
to be larger for the SC_-17.5 and SC_-7.5 compared to the
SC_17.5 and SC_7.5, as found for the entire task. Task execu-
tion degrades similarly for SC_-7.5, SC_17.5 with 75-134 per-
cent, while tasks execution for SC_-17.5 degrades with 340-
438 percent. A cause for this unexpected difference between
the inaccuracies could be due to the task kinematics; the
tool is held such (point A in Fig. 3) that jamming is
enhanced with negative inaccuracies, and reduced with
positive inaccuracies. This suggests that task execution



should have increased with positive inaccuracies. We do
however think that, during this task primitive, operators
made use of the task constraint, providing mainly a force in
the direction of the desired movement. Therefore they did
not rely on the arm weight compensation force (max 9 N).
As such, the compensation force could drive the tool to jam
as well.

For Constrained Rotational Movement, haptic guidance
with inaccuracies increases task-completion time with 16-
24 percent for SC_-17.5, while SC_17.5 is not affected. This
might be explained by the fact that during SC_-17.5 the hap-
tic guidance applies a downward force on the operator
hand, therefore counteracting the rotation and decreasing
task performance. For SC_17.5 the inverse is observed; the
guidance force acts in the direction of movement.

4.3 Effects of Transparency

The results indicate that haptic transparency does not affect
the operators ability to detect and respond to inaccuracies in
the haptic guidance. This could be caused by the simulta-
neous presentation of guidance and contact forces to the
operator. According to Powell and O’Malley [33] our haptic
guidance implementation can be classified as “Gross Assis-
tance” for which they found that forces were confusing and
difficult to interpret. As such it may be difficult to distinguish
between natural haptic feedback and guidance forces. In par-
ticular, in case of jamming during the Constrained Transla-
tional Movement, operators seemed to get confused about
the state of the task and perhaps lose situation awareness.

4.4 Limitations and Future Work

A point of discussion is the effect of the arm weight com-
pensation force on the results. The compensation force pro-
vides an upward force (max 9 N with a 4,500 N/m stiffness)
when the tool sinks below the path as shown in Fig. 3. This
compensation force has affected the control effort results for
the Constrained Rotational Movement. For this task primi-
tive we found extreme values for the integrated path error
for SC_17.5 and SC_7.5, while not for the SC_-17.5 and SC_-
7.5. By analyzing the raw data, we found that, with low
transparency, the compensation force pushed the master
position upward to roughly the haptic guidance path. This
is also the equilibrium in path and tele-manipulator stiffness
(4,500 + 300 N/m and 300 N/m respectively). This suggests
that the results are dominated by the arm weight compensa-
tion force instead of inaccuracies in the haptic guidance
itself. Therefore we excluded them from the analysis.

The compensation force—of the arm weight—might as
well have affected the Free Space Movement and the Con-
tact Transition. Though this was not observed.

The effect of model inaccuracies might be substantially
affected by the stiffness of the haptic shared control system
(also referred to as the level of haptic authority [18], [21]).
Using a low stiffness haptic shared control lessens the effect
of an inaccuracy (operators can easily overrule the guidance
forces) but also provides less clear guidance forces. Increas-
ing the stiffness makes haptic shared control act more like
automation in which case small inaccuracies/obstacles will
cause increased execution time [11], [25] and increased con-
trol effort [25]. Literature suggests to adapt control authority

depending on the task, the operator’s intention or the criti-
cality of the task [21], [25]. Additionally one can adjust the
authority based on accuracy of the shared controllers task
and environmental model.

The effect of inaccuracies will strongly relate to the order
of magnitude (e.g. tube radius) and the criticality of the task.
Consider for example the insertion of an injection needle in a
slightly larger tube, which requires careful handling and
high accuracy. On the other hand the insertion of a 4 inch
drain-pipe in a fitting allows rough handling and less accu-
racy. When considering a relative inaccuracy (e.g. a magni-
tude of one radius) for these examples, we expect to find
similar effects for Free Space Movement and Contact Transi-
tion as in our research. For constrained tasks the effect will
likely depend on the maximum guidance force as that will
enhance jamming. Based on the above reasons, the effect of
the absolute size of inaccuracies depend greatly on the task.
How this relates could be the topic of future research.

This research considered translational inaccuracies,
while [27] also defined rotational inaccuracies, spatial dis-
tortions (e.g. pincushion effect) and missing objects. Many
of these inaccuracies will locally behave like a translational
inaccuracy and therefore generate similar effects. For other
situations new research should reveal their effects.

By definition a Virtual Reality model, as used in our
experiment, is a simplified representation of the real world.
Therefore it cannot be validated or verified to a real system as
the model is not truly the same as reality [34]. This means
that our results might not transfer one-on-one to a real sys-
tem. To gain confidence in the fidelity of the model and
results, several tests are done on e.g. the dynamics in a mass
spring system and friction. Here we found that the simu-
lated dynamics and friction closely resemble real world
behaviour [28] and that jamming effects appear realistic
[35]. Furthermore our results on haptic guidance without
inaccuracies and transparency closely resemble those of
previous research (like e.g. [13], [14], [25]) or can be
explained by research (like e.g. benefits of a low or high
transparency [3], [32]). As such, the main effects of our
experiment—inaccuracies mainly affect Constrained Trans-
lational Movement and a higher transparency does not help
operators to detect and cope with inaccuracies—are
expected to be the same in hardware setups that have a sim-
ilar experimental design.

This research demonstrates that an intuitive and reliable
haptic shared control system is possible despite small errors
in the model on which the guidance forces are based. Haptic
shared control is especially robust against inaccuracies dur-
ing Free Space Movement and Contact Transition, which
could be classified as task primitives without much con-
straints. Moreover, the effect of inaccuracies in haptic
shared control does not depend on transparency. However,
the effect of transparency itself should not be neglected as
tasks with mainly Free Space Movements and Contact Tran-
sitions and Constraint Rotational Movements will benefit
from high transparency.

5 CONCLUSION

This human factors study investigated how inaccuracies
in the model on which haptic shared control guidance



forces are based, affects execution of a realistic virtual
tele-manipulated assembly task. Operators performed a
peg-in-hole type task, where we manipulated the magni-
tude of inaccuracy of the haptic guidance trajectory and
quality of the natural haptic feedback (i.e., transparency).
For the experimental conditions studied, we conclude
that: Task-completion time is substantially improved
compared to conventional tele-manipulation, both by
offering haptic guidance without inaccuracies as well as
by increasing haptic transparency.

� Specifically, the overall benefit of haptic guidance is
the result of improvements in task performance and
control effort during Contact Transition and Con-
strained Translational Movement, and in control
effort during Free Space Movement.

� The overall benefit of a higher quality of haptic trans-
parency is the result from improved task perfor-
mance and control effort during Contact Transition
and control effort during Free Space and Con-
strained Rotational Movement. Interestingly, during
Constrained Translational Movement this effect is
opposite: this task primitive actually benefits from a
reduced transparency and the resulting compliancy
in the tele-manipulation system.

Inaccuracies in haptic guidance can degrade task perfor-
mance, depending on the magnitude and the direction of
the inaccuracies. The benefits of haptic guidance are rela-
tively robust against small inaccuracies—only for one direc-
tion a significant but small (20 percent) degradation in task
performance was found, compared to guidance without
inaccuracies—whereas large inaccuracies substantially
degrade task performance (29-77 percent).

� The effect of inaccuracies on overall task performance
is dominated by effects found for the Constrained
Translational Movement, due to its potential for jam-
ming. Here, inaccuracies that increase the potential for
jamming, lead to a larger degradation in task perfor-
mance and control effort than inaccuracies that do not.

No evidence was found that a higher quality of haptic
transparency helps operators to detect and cope with inac-
curacies in the haptic guidance, neither during the entire
task nor during any of the task primitives.

ACKNOWLEDGMENTS

This work was supported by Heemskerk Innovative Tech-
nology B.V., NL. Part of this work was supported by Euro-
pean Communities, carried out within the framework
framework of EFDA (WP10-GOT RH) and financial support
of FOM institute DIFFER. The views and opinions expressed
herein do not necessarily reflect those of European Commis-
sion. J. van Oosterhout is corresponding author.

REFERENCES

[1] C. Johnson, A. B. Koku, K. Kawamura, and R. A. Peters II,
“Enhancing a human-robot interface using sensory egosphere,” in
Proc. IEEE Robot. Autom. Conf., 2002, vol. 4, pp. 4132–4137.

[2] M. O’Malley, A. Gupta, M. Gen, and Y. Li, “Shared control in hap-
tic systems for performance enhancement and training,” J. Dyn.
Syst., Meas., Control, vol. 128, no. 1, pp. 75–85, 2005.

[3] G. Christiansson, “Hard master, soft slave haptic teleoperation,”
Ph.D. dissertation, Delft Univ. of Technol., Netherlands, 2007.

[4] Y. Yokokohji, Y. Iida, and T. Yoshikawa, “Toy problem’ as the
benchmark test for teleoperation systems,” in Proc. IEEE/RSJ Int.
Conf. Intell. Robot. Syst., 2000, vol. 2, pp. 996–1001.

[5] D. Lawrence, “Stability and transparency in bilateral tele-
operation,” IEEE Trans. Robot. Autom., vol. 9, no. 5, pp. 624–637,
Oct. 1993.

[6] B. Hannaford, L. Wood, D. McAffee, and H. Zak, “Performance
evaluation of a six-axis generalized force-reflecting teleoperator,”
IEEE Trans. Syst., Man, Cybern., vol. 21, no. 3, pp. 620–633, May
1991.

[7] J. Wildenbeest, D. Abbink, C. Heemskerk, F. van der Helm, and H.
Boessenkool, “The impact of haptic feedback quality on the per-
formance of teleoperated assembly tasks,” IEEE Trans. Haptics,
vol. 6, no. 2, pp. 1939–1412, Apr.-Jun. 2012.

[8] B. Hannaford, “A design framework for teleoperators with kines-
thetic feedback,” IEEE Trans. Robot. Autom., vol. 5, no. 4, pp. 426–
434, Aug. 1989.

[9] A. Rolfe, “A perspective on fusion relevant remote handling
techniques,” Fusion Eng. Des., vol. 82, no. 15–24, pp. 1917–1923,
Oct. 2007.

[10] L. Rosenberg, “Virtual fixtures: Perceptual tools for telerobotic
manipulation,” in Proc. IEEE Virtual Reality Int. Symp., Sep. 1993,
pp. 76–82.

[11] P. Marayong, A. Bettini, and A. Okamura, “Effect of virtual fixture
compliance on human-machine cooperative manipulation,” in
Proc. IEEE/RSJ Int. Conf. Intell. Robot. Syst., 2002, vol. 2, pp. 1089–
1095.

[12] A. Bettini, P. Marayong, S. Lang, A. Okamura, and G. Hager,
“Vision-assisted control for manipulation using virtual fixtures,”
IEEE Trans. Robot, vol. 20, no. 6, pp. 953–966, Dec. 2004.

[13] C. Basdogan, A. Kiraz, I. Bukusoglu, A. Varol, and S. Do�ganay,
“Haptic guidance for improved task performance in steering
microparticles with optical tweezers,” Opt. Express, vol. 15, no. 18,
pp. 11 616–11 621, Sep. 2007.

[14] H. Boessenkool, D. Abbink, C. Heemskerk, F. van der Helm, and J.
Wildenbeest, “A task-specific analysis of the benefit of haptic
shared control during tele-manipulation,” IEEE Trans. Haptics,
vol. 6, no. 1, pp. 2–12, Jan.-Mar. 2012.

[15] N. Stefanov, C. Passenberg, A. Peer, and M. Buss, “Design and
evaluation of a haptic computer-assistant for tele-manipulation
tasks,” IEEE Trans. Human-Mach. Syst., vol. 43, no. 4, pp. 385–397,
Jul. 2013.

[16] S. Park, R. Howe, and D. Torchiana, “Virtual fixtures for robotic
cardiac surgery,” in Proc. 4th Int. Conf. Med. Image Comput. Com-
put.-Assisted Intervention, Oct. 2001, vol. 2208, pp. 1419–1420.

[17] J. Abbott and A. Okamura, “Virtual fixture architectures for tele-
manipulation,” in Proc. Robot. Autom. Conf., Sep. 2003, vol. 2,
pp. 2798–2805.

[18] D. Abbink, M. Mulder, and E. Boer, “Haptic shared control:
Smoothly shifting control authority?” Cognition, Technol. Work,
vol. 14, no. 1, pp. 19–28, Nov. 2012.

[19] D. Abbink, E. Boer, and M. Mulder, “Motivation for continuous
haptic gas pedal feedback to support car following,” in Proc. IEEE
Intell. Veh. Symp., Jun. 2008, pp. 283–290.

[20] M. Mulder, D. Abbink, and E. Boer, “The effect of haptic guidance
on curve negotiation behavior of young, experienced drivers,” in
Proc. IEEE Int. Conf. Syst., Man, Cybern., Oct. 2008, pp. 804–809.

[21] M. Mulder, D. Abbink, and E. Boer, “Sharing control with haptics:
Seamless driver support from manual to automatic control,”
Human Factors, vol. 54, pp. 786–798, May 2012.

[22] P. Fischer, R. Daniel, and K. Siva, “Specification and design of
input devices for teleoperation,” in Proc. IEEE Int. Conf. Robot.
Autom., May 1990, vol. 1, pp. 540–545.

[23] R. Aymar, P. Barabaschi, and Y. Shimomura, “The iter design,”
Plasma Phys. Control. Fus., vol. 44, no. 5, pp. 519–565, 2002.

[24] S. Kiviranta, H. Saarinen, H. M€akinen, and B. Krassi, “A method
for enabling real-time structural deformation in remote handling
control system by utilizing offline simulation results and 3D
model morphing,” Fus. Eng. Des., vol. 86, no. 9–11, pp. 1958–1962,
Oct. 2011.

[25] C. Passenberg, R. Groten, A. Peer, and M. Buss, “Towards real-
time haptic assistance adaptation optimizing task performance
and human effort,” in Proc. IEEE World Haptics Conf., Jun. 2011,
pp. 155–160.



[26] M. Mulder and D. Abbink, “Correct and faulty driver support
from shared haptic control during evasive maneuvers,” in Proc.
IEEE Int. Conf. Syst., Man, Cybern., Oct. 2011, pp. 1057–1062.

[27] J. van Oosterhout, D. Abbink, J. Koning, H. Boessenkool, J.
Wildenbeest, and C. Heemskerk, “Haptic shared control improves
hot cell remote handling despite controller inaccuracies,” Fus.
Eng. Des., vol. 88, no. 9-10, pp. 2119–2122, Dec. 2013.

[28] C. Heemskerk, M. de Baar, H. Boessenkool, B. Graafland, M.
Haye, J. Koning, M. Vahedi, and M. Visser, “Extending virtual
reality simulation of ITER maintenance operations with dynamic
effects,” Fus. Eng. Des., vol. 86, no. 9-11, pp. 2082–2086, Oct. 2011.

[29] M. Caine, T. Lozano-Perez, and W. Seering, “Assembly strategies
for chamferless parts,” in Proc. IEEE Int. Conf. Robot. Autom., May
1989, vol. 1, pp. 472–477.

[30] D. Strip, “A passive mechanism for insertion of convex pegs,” in
Proc. IEEE Int. Conf. Robot. Autom., May 1989, vol. 1, pp. 242–248.

[31] S. Sanders, “Remote operations for fusion using teleoperation,”
Ind. Robot: An Int. J., vol. 33, no. 3, pp. 174–177, 2006.

[32] J. Wildenbeest, R. Kuiper, F. van der Helm, and D. Abbink,
“Position control for slow dynamic systems: Haptic feedback
makes system constraints tangible,” in Proc. IEEE Int. Conf. Syst.,
Man, Cybern., Oct 2014, pp. 3990–3995.

[33] D. Powell and M. O’Malley, “The task-dependent efficacy of
shared-control haptic guidance paradigms,” IEEE Trans. Haptics,
vol. 5, no. 3, pp. 208–219, Jul.-Sep. 2012.

[34] J. D. Sterman, ”Truth and Beauty: Validation and Model Testing,”
in Business Dynamics: Systems Thinking and Modeling for a Complex
World, 1st ed. New York, NY, USA: McGraw-Hill, Feb 2000,
pp. 845–892.

[35] J. Van Oosterhout, C. J. M. Heemskerk, J. F. Koning, D. M. S.
Ronden, and M. De Baar, “Interactive virtual mock-ups for remote
handling compatibility assessment of heavy components,” Fus.
Eng. Des., vol. 89, pp. 2294–2298, May 2014.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


