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Abstract. This paper aims at presenting a model based compensation
command law developed in order to enhance the transparency of haptic
interfaces for low mass objects manipulations in virtual environments.
After presenting the context and related work of the study, the model
based compensation command law is developed and implemented on a
6-dofs haptic interface. Uncertainties of the model (friction coefficients)
are then tuned thanks to an experimental protocol enabling a subjective
comparison between real and virtual manipulations of a low mass object.
Results of this experimentation are presented and discussed. The com-
pensation of friction on the first and second axes of the haptic interface
showed significant improvement of both realism and perceived load. A
short conclusion opens perspectives to this work at the end of the pa-
per. Such a work has the potential to enhance the fidelity of interaction
for ergonomics applicaitions. Keywords: Haptics, Dynamics, Fidelity,
Ergonomics, Control.

1 Introduction

Virtual Reality (VR) is emerging as a powerful tool for ergonomics, reha-
bilitation or sports applications. In all of these domains, it is mandatory
to guarantee that the results and conclusion made from a virtual setup
are transferable to the real world. In the ergonomics case, it is clear that
the key point to make virtual environments usable in early design stage
of workstations (prototyping shapes, locations, tools of a specified in-
dustrial workstation from a digital mock up (DMU)) is to be sure that
any biomechanical impact evaluated during a virtual reality ergonomics
design session has any reliability with the one observed for real.

In such a setup, the user is immersed in a virtual environment (VE)
simulating his real working environment (RE), and he is asked to per-
form tasks in interaction with the VE corresponding to ones he would
perform in RE. Thus, its activity is monitored and analyzed by exter-
nal actors [1] such as an ergonomist. In cases involving particularly low
level of force exertion, the interaction can be ensured thanks to a 3D-
joystick [2-6]. However, tasks requiring for a moderate or high level of



force to be fulfilled cannot be properly simulated with such a device.
Indeed, to ensure a high fidelity level for such cases, it is necessary to
propose an interaction enabling forces exertion between the user and the
virtual environment [7, 8]. Haptic devices have the ability to ensure this
realistic interaction since they provide a force feedback to the user when
this user interacts with a virtual object. Such a device has to exhibit a
good transparency, i.e. the haptic interface should transmit the virtual
environment impedance to the user without distortion, and stability [9,
10] to be used this way.

The current paper aims at proposing a command law based on dynamic
compensation - Model Based Compensation - to control a 6 degrees of
freedom (dofs) haptic interface (HI) as a transparent and stable interface
between a user and a VE. Particularly, the effect of compensation of
viscous friction effects on the realism and the perception of the task by
the users is assessed through an experimental protocol. The use case
chosen to illustrate the relevance of such an algorithm is low mass object
manipulations, in which the inertia and friction of the HI is not negligible
with regard to the load to manipulate. The novelty of the contribution
lies in the implementation of such control law on a 6-dofs and high-torque
haptic interface and the experimental assessment of the viscous friction
compensation effects on the interaction fidelity.

2 Related Work

2.1 Qualifying the haptic interaction in VE

Classically, the haptic interaction between a user and a VE can be consid-
ered as presented in Fig. 1. The user applies a force F’. on the interface’s
handle enabling its motion. This motion is measured through motor en-
coders and the current position of the interface X, is transmitted to the
physics simulation. This one will compute a force F, corresponding to
the virtual object motion with respect to physical laws (Newton laws,
contact models, ...) and will send it to the HI to generate the correspond-
ing force feedback thanks to the actuators.

Haptic Virtual

End User E. Interface Ey Environment

Fig. 1. An overview of the interaction between the user, the HI and the VE.

Such an interaction will be a more or less fair view of a real interaction
between a user and an object. The fidelity of the interaction can be
characterized through two main components:



— the stability of the system (in Lyapunov terms [11]);

— the transparency of the system, i.e. its capacity to render the forces
arising from the interaction between the object and the user.

These components are affected by several factors, as it has been stated
in [12]:

— the inertia and viscous friction of the interface, whose actions pollute
the actuators ones;

— the actuators dynamics, adding a delay between the command and
the output torque;

— the analogical (human interaction) - numerical (virtual environment)
conversion adding delays due to time sampling and conversion schemes,
and adding quantification errors;

— the current and position sensors, adding uncertainties to the mea-
sured variables.

Several researchers proposed more or less sophisticated methods to limit
the influence of these factors on both stability and transparency, as we
present it in the next section.

2.2 Haptic control methods associated to transparency
and stability features

Studies in the literature focus on either the increasing of the stability
range or on the improvement of transparency. In order to ensure stability,
most methods propose to ensure the passivity of the interaction, i.e. the
energy transmitted by the user to the HI must always be greater than
the initial stored energy Fo [13]:

t
/ F.(7)X,(7)dr > —Ey, ¥ t > 0, admissible F,(¢) (1)
0

A system that does not satisfy (1) is said to be ”active” and unstable
vibration starts. Assuming that the transmission delays and the electrical
time constant are negligible and that only viscous friction and inertia
act on the system, Colgate et al. [13] establish for a 1-dof HI a condition
between the physical viscous friction b, the sampling time T and the
impedance H(z) of the virtual scene, i.e. the ratio between the calculated
force and the velocity set-point of the simulation, to ensure passivity:

b> L 1 Re[(1— e *TVHE*T) for 0<w< & (2)

2 1 — cos(wt) - T
If the scene represents the contact with a wall of stiffness K and damping
B, (2) becomes:

KT
b>T+B 3)

According to (2) and (3), instabilities arise for high impedance of the
simulation, i.e. when contact with a rigid wall is simulated. Due to tech-
nical limitations, the sampling time can not be decreased indefinitely,
therefore to increase the stable range of impedance, damping of the HI
has to be be increased, at the expense of transparency. Consequently,



transparency for low impedances and stability for high impedances can’t
be obtained simultaneously without a control algorithm.

Z-Width plot [14] is used to evaluate the range of impedance that can be
transmitted through a HI. On this plot, the zone of passivity or stability
is delimited in the plane of damping and stiffness.

Various techniques for ensuring stability have been proposed, relying for
the most part on the dissipation of energy either in the haptic interface
or in the simulation.

Colgate et al. proposed three methods to increase the damping of the HI
[14-16], in order to extend the Z-Width. the addition of an active physi-
cal damping to the motor rotor was proposed in order to simulate larger
virtual impedances. A frequency-dependent passive electrical damping
was suggested. This method consists in a resistance and a capacitor in
parallel with the motor. Finally, an active electrical damping propor-
tional to the speed of rotation of the rotor was proposed.

Other methods for increasing the ”Z-width” based on the artificial mod-
ification of the signals between the HI and the simulation have been pro-
posed. Ryu et al. proposed a time-domain passivity algorithm [17-19].
A passivity observer verifies that the condition of passivity is assured,
if not, the passivity controller modifies the control signal of the haptic
interface in order to dissipate the excess energy. This ensure the passivity
of the interaction, however the signal is modified between the simulation
and the haptic interface, at the expense of transparency. Moreover a high
sampling frequency is needed. More details of this method is presented
in the section 3. An analog input shaper (AIS) [20] is proposed by Lim
et al. which performs as a nonlinear low-pass filter that dissipates ex-
cess energy. Adjusting output limit (AOL) is another method to ensure
stability [21]. Maximum force is tuned to avoid instabilities, but this
method can’t be used to transmit the contact with stiff wall.

All of these studies improve the ”Z width”, but the transparency was
never considered. Some methods added to a stability algorithm have
been proposed to improve the transparency of the interaction. Franken
et al. proposed a two-layers control algorithm [22,23], the first layer
guarantees the stability of the interaction and the second layer improves
the transparency. Linear lead-lag [24] and adaptive compensation [25]
were proposed to improve transparency. Closed loop and Model based
compensation are commonly implemented to improve transparency [26,
27]. Model based compensation, which requires to identify perfectly the
mechanical behavior, is developed in detail in the next section. Recently
Baser et al. proposed two methods [28,29,9], the first one is a Torque
compensator based on motor current (TCBMC), consisting in adapting
the control torque of the haptic interface with regard to the actuator
torque. The second one, which extend the TCBMC method, is a hybrid
control algorithm by adding an active actuator, which generates a torque



on the motor shaft.

Most of these techniques have been validated from a system control point
of view for a specifically designed 1-dof HI. However, the current paper
aims at presenting a model based compensation for HI exhibiting 6 de-
grees of freedom and and its capacity to enhance transparency, stability
and therefore fidelity of the interaction for low mass object manipula-
tions. Particularly, the method is of interest for low mass object ma-
nipulations, since the mass to manipulate develop comparable forces as
the proper inertia and friction effects of the HI. In the following section,
the model based compensation method implemented and the subjective
assessment of the effect of the friction compensation for low mass object
manipulation are presented.

3 Materials and Methods

3.1 Model Based Compensation Algorithm

The following section presents the model based compensation algorithm.
The algorithm has been implemented in an experimental setup developed
with Unity®5.5.2 and its physics engine for the virtual environment,
and the Haption SA Virtuose™ 6D-35-45 and its API for the haptic
interface.

HI control scheme The Haption SA Virtuose™ 6D-35-45 is a haptic
interface enabling high force and torque feedback in a volume close from
the human arm one. Its internal control -as shown in Fig. 2 - can be
summarized as follows: A control loop is implemented on servomotors to
control the accuracy and the dynamics of the force feedback. The link
between cartesian and joint spaces is made thanks to the jacobian matrix
of the HI. The HI communicates with the virtual environment through
an ethernet network.

X,
2}
End User
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Fig. 2. HI control details.

VE control scheme The object position in the VE is driven by new-
ton laws simulated by a physics engine. In order to enable a realistic



motion of the object, a control scheme has been developed, as shown in
Fig. 3.
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Fig. 3. Virtual environment control details.

Since the physics engine expects forces to be applied to the object in or-
der to make it move (direct dynamics), a virtual proportional-derivative
controller has been implemented. The gains of the controller are chosen
in order to make the system stiff enough with a reasonable overshoot.
Gains have been normalized with regard to the mass of the virtual ob-
ject to move. Gravity is applied outside of this control scheme in order
to avoid brutal changes of the command.

The force applied to the object is also applied to the HI actuators. How-
ever, in order to minimize the effects of the HI dynamics, a model based
compensation is added and the sum of both actions is low pass filtered
before being send to the HI.The model based compensation is presented
in the next section.

Model based compensation In order to minimize the dynamics
effect associated to inertia and friction, we developed a dynamic model
of the HI to generate a compensation force F,,,,. As shown in Fig. 4,
the haptic interface can be modeled as a 6-dofs kinematical chain with
associated masses and inertias obtained from the digital mock-up. In our
implementation, we chose to compensate (Fig. 5) only the dynamics of
the 3 first axes, corresponding to the translation of the handle. Indeed,
most of the dynamic effects are due to the most massive pieces of the
HI, that are the basis and the two arms. It was also more simple to im-
plement in a first approach.

The equations of motion of the simplified kinematical chain (Fig. 4)
have been obtained thanks to the Lagrange Formalism of the principle
of virtual power. Knowing the expression of the kinetic energy T'(E/Ro),
the torques to be developed by the actuators to make the HI move can
be expressed as follows:

d 9T(E/Ry)  9T(E/Ro)

Teomp = aq dq

With Toomp = [Teomp, Teomps Tzomps]t the vector of compensatory torques,
= [w1 p2 ps])® the vector of viscous friction coefficients and ¢, =

+ pdo (4)
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Fig. 4. Kinematical model of the HI. (a) Digital Mock-Up (b) Complete kinematical
model (c) Simplified kinematical model (positioning the handle).
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Fig. 5. Compensation model of the HI dynamics.

[qv; Gus Qus)® the virtual joint velocities.



T(E/Ro) depends on mass an inertia properties of the bodies constitut-
ing the HI. In our case, we obtained these parameters from the digital
mock-up. However, no data is available to determine the viscous friction
coefficients associated to each axis. Therefore, we developed an exper-
imental protocol to assess the strategy to be applied to generate the
compensatory torques due to friction effects.

Passivity controller In addition to the control scheme presented
above, we implemented a passivity controller (Fig. 6) as presented in [17—
19]. As it has been explained in the related work, this controller observes
if the HI is dissipating energy, and modifies the force issued from the
simulation is this is not the case to ensure the interface passivity. This
algorithm is a safe guard, usually active for high impedance interactions
(e.g. shocks, walls,...), since it modifies the force feedback and reduces
transparency in consequence. « as seen in Fig. 6 is a coefficient applied
to virtual power between the simulation and the HI, in order to adapt
this power to satisfy the passivity condition and forces the simulation
not to generate energy in the HI.

X, X5
End User Haptic [ ] '\/.Tlrtual
Interface ol . Environment
FT F v % F v
s

Fig. 6. Passivity controller added to the main control scheme. The controller was devel-
oped as a safe guard, and is normally not active during low mass object manipulations.

3.2 Subjective assessment of friction compensation

Since no data was available for the viscous friction coefficients u, we pro-
posed to assess the effect of arbitrary compensations p for the 3 first axes
of the HI through a subjective evaluation of the fidelity of the interaction
by a pool of subjects. Ten subjects participated to the experimentation.
They were novices in haptic devices, on a scale of 1 to 7 they estimated
to have an experience of 2.9£1.7, and none of them declared pathologies
of the arm in the last 6 months prior to the experiment.

After signing a consent form, each subject was asked to perform real and
virtual tasks, as illustrated in Fig. 7, alternatively to test different friction
compensations applied to the 3 first axes of the HI. The task consisted
in moving a mass of 0.47 kg from an initial target to a final one through
a passage above a small cylinder of 8 cm. Targets were represented by a
square of the size of the convex envelope of the object and a white circle
represented the point to reach with the bottom of the handle of the
haptic device. In order to minimize bias due to the difference of handling
between the real and the virtual setup, the handle of the real object was



(b)

Fig. 7. Real (a) and virtual (b) setups used to assess the friction compensations applied
to the haptic device. The subject has to move an object from one target to another
with a passage above a small cylinder (height = 8 c¢m).

designed and 3D printed to be a replica of the haptic device’s one, and

the object was balanced to avoid any torque interference.

The task was repeated 16 times in virtual and 16 times in real. After

each trial in real, the subject tried in virtual and was asked to answer

two questions on a Likert scale:

— Realism: Did you find the task close to the real one (1 not at all, 7
absolutely) 7
— Perceived load: How do you judge the quantity of efforts to deploy

in virtual with regard to the real setup (1 much less efforts, 7 much
more efforts, 4 same efforts) ?

The 16 conditions in virtual corresponded to the combination of friction

compensation on the 3 first axes, repeated two times. The value of the

fiction compensation was deducted from a previous experiment and was

fixed to a unique value per axis to simplify the protocol. These have been

set to p1 = po = puz = 3kg.sil. The 8 conditions repeated 2 times are

summarized in Table 1.

Forces sent to the HI were logged during the experimentation to evaluate

the ratio between the compensation forces sent to the HI and the forces

arising from the rigid body motion.

Results of the questionnaire were statistically processed thanks to a 3-

way repeated measures ANOVA, with the friction coefficients as inde-



Table 1. Task conditions in virtual.

Condition Friction compensation value per axis

Condition 1 0-0-0
Condition 2 ©1-0-0
Condition 3 0-p2-0
Condition 4 0-0-p3
Condition 5 pi-p2-0
Condition 6 p1-0-p13
Condition 7 0-p12-p3
Condition 8 H1-p2- 3

Table 2. Mean distances between HI control effort and its components. Significant
effects are in bold. The closer the mean distance is to zero, the more the component is
important in the HI control effort.

X-Axis Y-Axis 7-Axis

Damping compensation 0.2672 N 0.1974 N 4.5355 N
Inertia compensation 0.3558 N 0.6960 N 4.5983 N
Force on the virtual object 0.4429 N 0.7314 N 0.6322 N

pendent variables, the perceived load and the realism as dependent vari-
ables (level of confidence p < 0.05). Significant effects were investigated
through interaction graphs and bar graphs.

4 Results and Discussion

Figure 8 shows the evolution of the HI control effort F, and its compo-
nents during a task with the condition 8 (see Table 1). The compensation
force is divided into damping and inertia compensations. Table 2 shows
the mean distances between HI control force and its components for the
same condition. Except on the Z-axis, the damping compensation are
the most important component of the HI control force and the inertia
compensation are the second one. The force applied on the virtual object
is only predominant on the Z-axis because of the weight of the object.
Therefore, the task chosen to illustrate the model based compensation
method was relevant, since the compensation forces were of significant
amplitude with regard to the simulation forces.

Table 3 shows the results of the 3-way repeated measures ANOVA. Since
the data distribution was not checked, only significant effects were inves-



HI control effort and its various components along the x-axis
T T T T T

HI control effort and its various components along the z-axis
T T T LI— T

Fig. 8. HI control effort and its various components along the three axis. Red doted
line represents the damping compensation, green dashed line represents the inertia
compensation, blue dash-dot line represents the effort applied on the virtual object
and the black line represents the HI control effort.

tigated. Results revealed a significant effect of the first axis compensation
on the perceived load, and a significant interaction between the first and
second axes compensation for the realism. These results were investigated
through the plots presented in Fig. 9.

Figure 9 demonstrates the interest of the friction compensation on the
realism for the second axis. The presence of the friction compensation on
the first axis decreases slightly the realism in interaction with the second
axis but this compensation is necessary since it enhances significantly
the perceived load ( Fig. 9, the value is closer to the median value 4 with
the p1 compensation active). In other words, the compensation of the
friction on the two first axes participated to enhance the transparency of
the haptic interface, since it helped the user to better perceive the load
and since it enhanced the realism of the task.



Table 3. Repeated measures within subject ANOVA on Realism and Perceived Load.
Significant effects are in bold and followed by a *.

Dependent Factors

variables 1 L2 3 W1 X fl2 1 X (3 M2 X f3 f1 X 2 X U3
F p F p F p F p F p F p F p

Realism 1.14 0.31 5.25% 0.048 3.17 0.11 5.38* 0.046 0.015 0.90 3.83 0.082 0.14  0.72
Perceived Load 8.86* 0.016 0.008 0.936 1.31 0.28 0.054 0.82 0.048 0.83 0.31 0.59 1.98 0.19
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Fig. 9. Main effect of the friction coefficient 111 on the perceived load and interaction
effect of the friction coefficients pq and pe on the realism.

As a limit, the pool of subjects was quite limited and these results may
have to be validated on a larger population. Moreover, the interest of the



compensation itself (with or without the compensation algorithm) was
not evaluated and it is an additional work that we need to pursue.
However, these results highlight a real interest of such compensatory
process in order to increase the biomechanical fidelity of such a task
realized in a virtual environment. Indeed, in an ergonomic setup, the
user has to feel the task to be real, and he has to execute it naturally
(in a comparative manner as he would have done in real) [4,5]. In the
current work, we demonstrated that he would feel the task more real-
istically with a compensation, however we did not evaluate if the task
was biomechanically done the same way as for real. To do so, it is nec-
essary to evaluate objectively biomechanical quantities such as postures,
joint angles or forces and compare them with the real task. Moreover,
the comparison between what the user feels and what he actually does is
of importance since it defines how transferable are the results from the
virtual setup to the real world [6, 7]. Indeed, the correlation between sub-
jective ratings of discomfort and objective measurement such as postural
rating and load capacity rating has been investigated in the past. For ex-
ample, in [30], the authors showed a high correlation between subjective
and objective indicators of discomfort. This means that a high level of
subjective discomfort is generally associated with high scores in objec-
tive metrics. A virtual setup dedicated to ergonomics must exhibit the
same behavior. However, due to cognitive differences and altered motor
control strategies, this property is not always verified [31, 4, 6].
Therefore, in a near future, we aim at evaluating the interest of such a
compensation method in an immersive environment in comparison with
a real setup, by measuring biomechanical quantities in virtual and real
environments. The method will still be tested on low mass object ma-
nipulations, since this is an illustrative case of the interest of such com-
pensation methods. Such developments can be made for several different
tasks and may result in the development of alternative and relevant con-
trol strategies for haptic interfaces for ergonomic applications of virtual
reality.

5 Conclusion

The current paper aimed at presenting a model based compensation
command law enhancing the transparency and stability of a 6-dofs hap-
tic device to simulate low mass objects manipulations. An experimental
approach has been proposed to assess the effects of viscous friction coeffi-
cients compensation on the 3 first axes of the haptic arm. Results showed
that the compensation of the friction on the first axis helped the users
to better perceive the load to carry. The compensation of the friction on
the second axis enhanced the sensation of the user to manipulate a real
object during the task. The compensation of the friction on the third
axis did not had any influence on the results. Therefore we consider us-
ing friction compensation of the two first axes in our next experiments
to enhance the experience of the users.

The paper contribution lies in the fact that such model based compen-
sation methods have not been extended to 6-dofs haptic interfaces as



proposed here, and in the experimental approach used to assess the ef-
fect of the friction compensation.

Such results have a real interest to develop biomechanically realistic vir-
tual setups, usable for ergonomic assessments of workstations. To make it
possible, it will be necessary to assess the influence of the compensation
method on the biomechanical fidelity of virtual environments.
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