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Haptic Interaction Stability With
Respect to Grasp Force

Janez Podobnik and Marko Munih, Member, IEEE

Abstract—This paper addresses the contact instability of admit-
tance control of a haptic interface. A high level of rigidity of the
grasp of a subject operating the haptic interface will result in unsta-
ble behavior of the haptic interaction. Experiments with a system
dedicated to measuring grasp force were performed to explore the
conditions when grasp force has reached the critical grasp force
that destabilizes the haptic interface. The critical grasp force was
quantified for various values of virtual environment parameters.
The experimental results are compared to simulation results ob-
tained with a model of haptic interaction. To improve stability, two
methods were applied: one with virtual coupling, the other with a
compensator filter. A model was used to define the structure of the
compensator filter and to determine the parameters of the virtual
coupling and the compensator filter. Experimental and simulation
results confirmed an improvement of stability. Both methods al-
low higher grasp forces of the human operator, and experiments
show that the compensator filter allows higher grasp forces than
the virtual coupling.

Index Terms—Control systems, haptic interface, human-robot
interaction, simulation, stability.

I. INTRODUCTION

APTIC interfaces render kinesthetic information to a hu-

man operator interacting with a virtual environment [1],
[2]. There are two basic embodiments of haptic interfaces: an
admittance interface, where forces are measured and motion
is displayed [2], and an impedance interface, where motion is
measured and forces are displayed [3].

Instability affects the performance of haptic interfaces [1],
distorting the interaction with the virtual environment. A
haptic interface must be stable for a wide range of admit-
tances/impedances of the virtual environment [4]. The stability
of a robot force control depends upon the chosen combination
of sampling time and controller gain, and upon the chosen pa-
rameters of compliance (relation between position and force)
and stiffness of the contacted environment.

Sustained and growing oscillations previously observed by
several researchers [1], [5], [6] may appear when a simulated
discrete passive virtual environment and a passive human oper-
ator are coupled through the haptic interface in a haptic inter-
action. At admittance type, the instability will occur when the
impedance of the subject is high (rigid grasp) and impedance of
the virtual environment is low (free space) [5].
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Previous experimental work and practice show that grasp can
destabilize the haptic interface; however, there has been no re-
port of experiments to determine the influence of grasp on the
stability of a haptic interface. In fact, Clover [2] reports that, in
general, the haptic interface literature lacks a sufficient number
of experimental examples where dynamic force and moment
interaction have been considered. Burke et al. [7] reports find-
ings of the study on the human—robot interaction that identified
major issues to be solved. A major issue is system architecture,
which explicitly includes the human in the loop and knowledge
acquisition as the foundation of modeling. The main objective
of the research presented here is the evaluation of the depen-
dence of instability on the grasp force of the human operator.
Observations show that for grasp forces lower than the criti-
cal grasp force, the haptic interface will remain stable. When
the grasp force has reached the critical value, the haptic inter-
face will become unstable. The transition from the stable to the
unstable state is sudden, and is accompanied by pronounced
oscillation. Both the critical grasp force (F.) and the frequency
of oscillation can be determined.

Grasp force is correlated with the biomechanical impedance
of the grasp [8]; a light grasp corresponds to low impedance
(low level of stiffness) and a tight grasp corresponds to high
impedance (high level of stiffness) [9]. Stability was studied
with respect to the parameters of the virtual environment and,
most importantly, with reference to the critical grasp force of
the human operator. Contact instability was investigated experi-
mentally with an actual haptic interface and by simulation using
a model of haptic interaction with no additional improvement,
then with virtual coupling [1], and last with a compensator de-
rived from the proposed model. The compensator is used as
a filter of the input force exerted by the human operator. The
use of a compensator filter introduces a two-degree-of-freedom
(2-DOF) haptic control scheme, where a PV controller is used
as a feedback controller, and a compensator filter functions as a
feedforward filter for optimizing the response.

The data of an original system and those of improved systems
were compared in order to demonstrate the effect of improve-
ments. A comparison of experimental and simulation data shows
that the linear control theory can describe the system of a haptic
interaction adequately and can predict regions of instability, thus
simplifying the analysis of the stability of a haptic interface.

II. METHODS
A. Model of A Haptic Interaction

The 1-DOF model of the haptic interaction considered here
is given in Fig. 1. The model consists of a human operator, a
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Fig. 1. Model of a 1-DOF haptic interaction. The model includes a human

operator, a virtual environment, and an one-segment admittance haptic display.

virtual environment, and a one DOF admittance haptic display.
The force Fj, applied by the human operator is the sum of vol-
untary force F;, and intrinsic force F;. Bennett et al. [10] mea-
sured the human arm joint inertia J,, = 0.072 N-ms2-rad™*
and damping by, = 0.62 N-ms-rad . Comparison of values
for the human arm joint with those for the robot arm joint shows
that the robot arm joint inertia is 38 times larger than of the hu-
man arm joint, while the robot arm damping is 11 times larger
than that of the human arm joint (see Table II for robot arm
joint inertia J and damping b). The robot arm dynamics thus
prevails over those of the human arm dynamics, and thus can be
modeled as linearized endpoint stiffness H(s) = K [11]. The
assumption is made that the human operator is passive [3]. The
input force F, in the virtual environment Y, is force F}, filtered
with prefilter C'. The torque 7; is the sum of controller torque
Tac and torque 73, exerted by the human operator (7, = d, Fj,,
d is the length of the segment). Angle ¢, is the desired angle,
x. is the desired position (¢4 = %xe), x, is the actual posi-
tion, and ¢, is the actual angle (z, = ds¢, ). The admittance of
the virtual environment Y, consists of virtual mass m,, virtual
damping b, and virtual stiffness k. in the following form:

1

Yo=—F—7——.
T Mmes2 +bes+ ke

(D

The transfer function }A’e conveys the state felt by the operator
as endpoint admittance for the given virtual environment Y,

&+ K,K,CY,

Y.(s) = 2
(5) Zs+ Kys + K, K, @
d2

= 2 Hch; 3
Zis+ Kys+ K, K, +HCTe ®)
where
K, K
H7(8) P

- st + KUS + Kqu .

Here, K, and K, are PV controller gains, Z; represents the
manipulator joint dynamics (Z; = Js + b, J is joint inertia, b
is joint damping), and d; is the segment length (see Table II
for numeric values). Prefilter C(s) is included in the model and
discussed in detail in Section II-D. The sampling time is 250 ps,
the time constants of the model are greater than 10 ms, and,
thus, the effects of the sample and hold can be omitted [12].
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The first part of (3) represents a mechanical coupling between
the human operator and the mechanical structure of the haptic
display. The second part of (3) is the admittance of the virtual
environment mapped through H; (s), which is a model of a one-
segment admittance haptic display consisting of a cascade of
the PV controller and manipulator joint dynamics Z;.

The minimum endpoint admittance that the haptic interface
can simulate is as follows:

&
Zijs+ Kys + KK,

Yo min(s) = Yo (s)

Y, -0 = (4)
Y. — 0 is achieved with very high values of the parameters
of the virtual environment (m, — 00, b, — 00, and k, — 00;
high inertia, highly damped, and very stiff environment, which
is the opposite of free space). The minimum admittance of the
virtual environment will be affected by the mechanical coupling
between the human operator and the mechanical structure of
the haptic display. The maximum endpoint admittance to be
simulated by the haptic interface is as follows:

?Ei,max(s) = i}e (S)

whereby the admittance haptic interface can simulate an arbi-
trary low impedance Z, = 1/Y, of free space. Simulating an
arbitrary low impedance of free space with an actual admittance
type haptic interface is limited by the stability of the haptic in-
teraction. The transparency of free space will be affected by the
function H;(s)C(s), which consists of joint and PV controller
dynamics, and of the compensator filter (discussed later).

Instability will occur when the admittance of the virtual envi-
ronment Y, is high [5], which corresponds to the low impedance
Z. = 1]Y, of free space. Also, the PV controller gain param-
eters K, and K, are high, which is usual for such an applica-
tion [11]. Since the work envelope (workspace) of a manipulator
is less than 1 m(d? < 1) the K, K, CY, part of (2) thus prevails
over the d? part of (2), and (3) can be simplified for the purpose
of studying the stability of the haptic interaction. By adding a
representation of the human operator H(s) = K, the full open-
loop transfer function Y, (s)H(s) becomes

Y, 00 = OO 5)

K,K,CY,

Ye(s)H(s) =
) =K R s T KK,

=KH,CY,. (6)

The closed-loop transfer function is as follows:

Ye(s)

=—= b @)
1+Y.(s)H(s)

La

where z, is the actual endpoint position of the haptic interface
and F, is the voluntary force exerted by the human operator.
Y. (s) is in the forward path, and the transfer function H(s) is
in the feedback path.

B. Equipment

A general-purpose haptic interface with an industrial Stdubli
RX90 robot was used in this study. The haptic interface was
developed to display a wide range of impedances for arm-size
haptic interactions. The architecture of the controller allows



1216

force sensor

@

beam 2

Fig. 2. Grasp force-measuring system. Beam 1 is attached to the force-torque
sensor 1, beam 2 to the sensor 2, and beam 3 to the sensor 3.

the design of a custom-made robot controller with a personal
computer (PC). The controller is implemented on RTlinux with
4-kHz sampling loop frequency.

C. Measurement Equipment

A grasp force-measuring handle was designed to evaluate the
influence of the human operator on the stability of the haptic
interaction (see Fig. 2). The handle is split into three beams,
and each beam is attached to a separate JR3 force-torque sen-
sor, which allows a wide measuring range of grasp force (0—
260 N). The symmetrical arrangement of the three beams al-
lows us to quantify grasp force independently of the position
of the hand [13]. For each beam, the radial and the tangential
force on the beam are calculated from the xy forces given by the
corresponding sensor. This was realized by transforming force-
torque Cartesian space data from each sensor into a cylindrical
coordinate system aligned with the axis of the handle. The ra-
dial components of each beam are then summed as the grasp
force. An additional force-torque sensor for measuring contact
force Fj, is attached between the handle force sensors and the
top of the robotic manipulator. JR3 force-torque sensors contain
analog and digital circuitry; analog data are converted to digi-
tal data within the sensor housing. The sensors are connected
to JR3 DSP-based force sensor receivers, where force-torque
data are filtered with a cutoff frequency of 125 Hz. The hand
grasp force measuring system is sufficiently robust to operate in
specific conditions of invoked instability.

D. Force-Filtering Compensator Filter

The compensator filter is a feedforward part of the control law
framework presented here, and the PV controller is a feedback
part of the control law framework. The starting point for deriving
the force-filtering compensator filter is the model described with
(6). H;(s) is amodel of a one-segment admittance haptic display
consisting of a cascade of the PV controller and manipulator
joint dynamics Z;. To achieve stability and good transparency
of the haptic interface, H;(s)C(s) must be close to 1. Since
the transfer function H;(s) is strictly proper (more poles than
zeros), C(s) = 1/ H;(s) would be a noncausal filter. To preserve
the causality of C(s), the following form is adopted:
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Fig. 3. Bode diagram of the force compensator filter; observe positive phase
in the region where the phase margin has to be improved.
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By 52 + 20wes + w?
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®)

where w,. determines the new bandwidth of the modeled hap-
tic interface. w, should be chosen to be greater than the
time constants of H;(s), and then H;(s)C(s) =~ 1 for w < w,
which improves the overall transparency of the haptic interface.
H;(s)C(s) takes the following form:

w2

d ) 9
§2 4 2Cewes + w? ©)

H;(s)C(s) =

The minimum and maximum endpoint admittances and, thus,
the Z-width for the haptic interface with a compensator filter,
do not change. Fig. 3 shows a Bode diagram of force filter C/(s).
The positive angle phase of filter C(s) raises the overall curve
of the angle phase, and increased damping moves unstable poles
into the left-half complex plane, thus improving stability. The
amount of high-frequency attenuation depends upon the ratio
between the denominator and numerator bandwidths.

E. Virtual Coupling

This section gives a general insight into the virtual coupling;
a full and detailed description is given in [1]. The design of the
implemented virtual coupling follows exactly the design given
in [1]

1 meb.s

Z, = = 10
%Jrl (10)

mes + b,

mes

F.=F —Zv.,=F, — Z.sx,. (11)
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Equation (10) gives the impedance function of virtual cou-
pling, while (11) gives the control law. Function Y, (s) becomes

d? Y,

Y.(s) = H,
() Zst Kpst KK, |

; . 12
1T ZsY, (12)

The minimum endpoint admittance that the haptic interface
with virtual coupling can simulate is not affected, while the max-
imum endpoint admittance that a haptic interface with virtual
coupling can simulate is affected

Y max(s) = Ye(s)

Y, —o00

2 1
Zis+ Kys+ K, K, Z.8
Thus, virtual coupling will affect the Z-width of the admit-
tance haptic display [1].

13)

F. Experimental Protocol

A series of experiments was conducted for each of the param-
eters of the virtual environment (m,., b., and k. ). In each series,
one of the virtual environment parameters was independently
variable, while the other two parameters were fixed at reference
values. The experiments can be classified as follows.
® Virtual mass series experiments: The virtual environment
mass m, is varied in the range 0.1-1.5 kg, while the other
two parameters of the virtual environment are fixed at b, =
50 X and k. =0 X,

® Virtual damping series experiments: Damping b, is varied
in the range 2-50 X5, with fixed values m, = 1.5kg, k. =
(S

m

® Virtual stiffness series experiments: Stiffness k. is varied
in the range 0—150 %, with fixed values m, = 1 kg, b, =
40 T,

m

For each combination of the virtual parameter values, the
grasp force was increased step by step during the experiment.
The value of the grasp force where the system has become
marginally stable is the critical grasp force. The size of the
grasp force was represented by the height of a blue bar that was
projected onto a wide screen. The desired value of the grasp
force was indicated with a red line. The online visual feedback
information allowed the user to maintain a constant grasp force
at the reference value. The subject maintained the grasp force
at a reference value represented by a red line, while moving the
robot arm with slow movements inside the space with chosen
parameters of the virtual environment. Fig. 4 shows the ex-
perimental setup. The test lasted 10 s, and provided the haptic
interface stayed stable, the robot stopped, giving the signal for
saving data from buffer to disk. The robot was then moved back
to the starting position and the reference grasp force was raised
by 5 N. This procedure was repeated up to levels where the hap-
tic interface became unstable. The grasp force of the subject at
the moment of transition from the stable to the unstable state of
the haptic interaction was denoted as the critical grasp force F...
The transition from the stable to the unstable state was sudden,
and was accompanied by pronounced oscillations. When F;. for
a particular set of values of virtual environment parameters was
determined, the independent variable of the virtual environment
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A

Fig. 4. Experimental setup. In the center is the robot arm of a Stiaubli RX90
industrial robot located in the robotic cell. Behind the robot is a bar indicating
the size of the grasp force projected on the screen. Subject grasps the grasp
force-measuring system.

TABLE I
INCREMENT SERIES OF VIRTUAL ENVIRONMENT PARAMETERS

virtual mass m. [kg], be =50 X2 k., =0 &

N [025]050 ] 060080090 [ 095 [ 1.00 [ 120 [ 1.50
C [ 0.0 ] 025 [ 0.50 | 0.60
vC [ 010 [ 025 [ 050 | 075

virtual damping b, [%] me = 1.5kg, ke =0 %

N 5 15 20 25 30 35 40 45 | 50
C 2 5 10 15 20 30 32
VC 2 5 10 15 20 30 40 42 |

virtual stiffness ke [X], me = 1 kg, be = 40 X2
[ N | o [ 25 [ s0 [ 100] 150

N, normal mode; C, compensator mode; VC, virtual coupling mode

parameter was increased to the next value of the particular se-
ries experiment (see Table I for values of the parameters for
which the measurements were performed). At preselected val-
ues b, = 35 % in compensator mode and b, = 45 % in virtual
coupling mode, the haptic interface was stable. Instead of pre-
selected values, the highest value of b, for which the haptic
interface was unstable was used in the series.

Following the baseline measurements (normal mode) as ex-
plained earlier, the compensator filter (compensator mode) and
the virtual coupling (virtual coupling mode) were implemented,
with the experiments repeated each time. The frequency of
oscillation was determined offline with autocorrelation of the
recorded endpoint position time series.

To ensure consistent results, the same person participated in
all the experiments. In the present case, the subject, a postgrad-
uate student of robotics, was a 24-year-old right-handed male,
with no signs of neurological problems. The subject was well
acquainted with the haptic interface and the virtual environment.
The subject participated in the preliminary experiments and was
familiar with the procedures and the interaction. Hence, the as-
sumption was made that the subject’s interaction approach did
not change during the experiments.

The virtual environment, the compensator filter, and the vir-
tual coupling were implemented as discrete filters derived from
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TABLE II
PARAMETERS OF MODEL USED IN SIMULATION, PARAMETERS OF FORCE
COMPENSATOR FILTER, AND PARAMETERS OF VIRTUAL COUPLING

J [Nms®rad™'] | b [Nmsrad '] K, K,
2.77 7.00 194.87 126.27
wp, [rads™'] Ch we [rads™'] Ce
93.9 0.283 200.0 0.600
me [kgl be [Nsm™'] ds [m]
3 550 045

the analog form thereof [(1), (8), and (10)] with bilinear or Tustin
transformation in the main real-time control loop. Simulation
was performed by Matlab with control system toolbox. Every
block of Fig. 1 is implemented as a continuous-time LTI model.

III. RESULTS
A. Model Stability Analysis

Stability was examined with root-locus analysis. Table II
gives the values of the parameters used in the simulation and
the parameters of the force compensator filter virtual coupling.

The values of the human arm grasp stiffness K, where poles
of closed-loop model of haptic interaction became unstable,
were calculated, and taken as critical values of human arm stiff-
ness K.. Figs. 5(a), 6(a), and 7(a) show the values of K. for
uncompensated system [broken line, eq. (6)], for compensated
system, and for system with virtual coupling (dotted line). The
simulation data presented here show that the overall human
arm stiffness K is mostly in the range 1000-10000 % [see
Figs. 5(a), 6(a), and 7(a)]. A plot of the frequency of oscillation
was constructed [Figs. 5(a), 6(b), and 7(b)]. The critical value of
human arm stiffness K. and the frequency of oscillation are vir-
tual environment-dependent parameters (m., b., and k. ). Fig. 8
shows simulation results for high values of stiffness k..

B. Experimental Results

Experiments on an actual haptic interface were performed
to verify the effects of contact instability. As with the model,
experiments were performed with an uncompensated system, a
compensated system, and one with virtual coupling.

The critical grasp force F. is the grasp force of the human
operator at the moment of transition from the stable to the un-
stable state of the haptic interaction. The critical grasp force
F,. and the frequency of oscillation are virtual environment-
dependent parameters (m., b., and k. ). Fig. 12 shows the plots
of grasp force [Fig. 12(a)] and endpoint position [Fig. 12(b)] in
the experimental case of invoked instability.

The measured values for grasp force F, presented in Figs. 9—
11 are expected to vary at the most: for region [5-13] N+ 2N,
for region [13-50] N & 5 N, for region [50-150] N & 10 N, and
for region above 150 N £ 20 N. The frequencies presented in
Figs. 9—11 are expected to vary upmost for £0.41 Hz.

C. Comparison of Simulations and Experiments

A common tendency of F, and K. for all three modes
[Figs. 5(a) and 9(a)] is that they increase by increasing m..
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Fig. 5. Results of the stability analysis with the model of haptic interaction
(a) K. and (b) frequency of oscillation with respect to m. . (Solid line) Com-
pensated system. (Broken line) Uncompensated system. (Dotted line) Virtual
coupling.
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Fig. 6. Results of the stability analysis with the model of haptic interaction

(a) K. and (b) frequency of oscillation with respect to b.. (Solid line) Com-
pensated system. (Broken line) Uncompensated system. (Dotted line) Virtual
coupling.

There is a slight deviation from this rule for the compensated
mode in the simulated set, where K first decreases, then starts
to increase at m, = 0.4 kg by increasing m,.. A comparison of
Figs. 5(b) and 9(b) shows a common tendency of the frequency
of oscillation for the simulated and the experimental data set.
Both decrease by increasing m...

There is a discrepancy between the simulation and the ex-
perimental results regarding the frequency of oscillation. The
simulation results show that the frequency of oscillation of a
system with a compensator is much higher than the frequency
of oscillation of the system with virtual coupling, while the ex-
perimental results show that all frequencies of oscillation of all
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Results of stability analysis with model of haptic interaction (a) K.

and (b) frequency of oscillation with respect to k.. (Solid line) Compensated
system. (Broken line) Uncompensated system. (Dotted line) Virtual coupling.
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Fig. 8. Results of stability analysis with model of haptic interaction for large

ke (a) K. and (b) frequency of oscillation with respect to k. . (Solid line) Com-
pensated system. (Broken line) Uncompensated system. (Dotted line) Virtual
coupling.

three modes are very similar. The frequencies encountered for
the compensated system are higher, which suggests that loci
branches of the compensated system are further apart than those
of the uncompensated system.

A comparison of Figs. 6 and 10 shows a common tendency of
F,, K., and the frequency of oscillation to increase by increasing
be. A minor deviation from this general trend can be observed
for F, [Fig. 10(b)] as, for instance, the value of the frequency of
oscillation for the uncompensated system [Fig. 10(b)] at b, =
30 % is higher than the value at b, = 35 % A discrepancy
similar to that observed in the virtual mass series experiments
regarding the frequency of oscillation can be seen in the virtual
damping series experiments. For the compensator and virtual
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Fig. 9. Experimental results of stability analysis (a) F}. and (b) frequency of

oscillation with respect to various values of m. . (Solid line) Compensator filter.
(Broken line) Uncompensated system. (Dotted line) Virtual coupling.
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Fig. 10.  Experimental results of stability analysis (a) F}. and (b) frequency of
oscillation with respect to various values of b, . (Solid line) Compensator filter.
(Broken line) Uncompensated system. (Dotted line) Virtual coupling.

coupling modes, the frequencies of oscillation are again similar,
while the frequency of oscillation for the normal mode is lower
than that of the other two modes.

A comparison of Figs. 11 and 7 shows that K., F;, and
the frequency of oscillation are constant for low values of k..
The general trend is that both grasp force F, [Fig. 11(a)] and
frequency [Fig. 11(b)] remain essentially constant with only
minor deviations. Fig. 11 shows the results of experiments with
the uncompensated system, while the compensated system and
the system with virtual coupling were stable for grasp forces
within the range of the measuring equipment (0-260 N).
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Fig. 12.  Experiment where instability was invoked when grasp force reached
the critical grasp force F, = 150 N (m, = 1.5 kg, be =45 2, ke =0 %,
normal mode). At t; = 1.2 s, subject grasped a handle; at to5 = 5.6 s, the
critical grasp force was reached; and, att3 = 6.1 s, the haptic interface became
unstable. At t4 = 9.3 s, the subject started to reduce the grasp force and, at
ts = 10.2 s, the haptic interface became stable again.

IV. DISCUSSION

A. Relation Between the Parameters of Virtual Environment
and Stability of the Haptic Interface

The results of simulation suggest that virtual coupling is a
better choice than the compensator filter for improving stability,
while the experimental results show that a compensator filter
gives better results for an actual haptic interface. This suggests
that a compensator filter is less susceptible to the differences
between the model of the haptic interface and the actual haptic
interface. The compensator filter is designed to compensate for
the poles introduced by manipulator joint dynamics and the PV
controller. The virtual coupling aims to provide unconditional
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Fig. 13. Llewellyn’s stability criteria for admittance haptic display; left side of

the Llewellyn’s inequality (Re(Z¢ ), bold line) and right side of the Llewellyn’s
inequality with (full line) and without (dashed line) human model.

stability of the whole system in terms of Llewellyn’s stability
criteria in such a way that the Llewellyn’s inequality holds [1].
Figs. 5(a), 6(a), and 7(a), dotted line, show the maximum values
of the stiffness K for a given human model for which the in-
teraction remains stable. Adams et al. state that a conservative
design that considers unreasonable levels of human interac-
tion required virtual coupling impedance at excessive levels [9],
which strongly affects the performance. The parameters of the
virtual coupling were chosen to satisfy Llewellyn’s stability cri-
teria for human model parameters given in [10]. Fig. 13 shows
left and right side of the Llewellyn’s inequality. The system sat-
isfies Llewellyn’s stability criteria if the graph of left side of the
Llewellyn’s inequality (full bold line Fig. 13) exceeds the graph
of right side of the Llewellyn’s inequality. The Llewellyn’s in-
equality and thus Llewellyn’s stability criteria is satisfied for
the model of the haptic display with human model (full line
Fig. 13), but not for the model of the haptic display without the
human model (dashed line, Fig. 13).

The main reasons for a discrepancy between simulation and
experimental results regarding the frequency of oscillation are
the following.

1) Mechanical coupling between joints. The actual haptic in-
terface is a 6-DOF device, while a 1-DOF model simulates
only the third joint. Preliminary experiments showed that
the third joint contributes most to the amplitude of oscilla-
tions. Each joint has its own dynamics and, when coupled
together, they form the combined endpoint dynamics of a
6-DOF haptic interface. The data presented in Figs. 9-11
result from combined dynamics, and the data presented in
Figs. 5-7 show the results for a decoupled third joint.

2) Time variant and nonlinear dynamics of the overall hand
grasp stiffness H (s). A small range and slow movement of
the haptic interface during the experiment were adopted,
since it was shown that in such a case the linearized ap-
proximation is reasonable [11].
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3) Temperature-dependence of the joint parameters. The
robot was warmed up before starting the experiments.

For low values of stiffness k., the subject could penetrate a
wall deeply enough to stay in the wall throughout the experi-
ment, while, at high values of stiffness k., the wall penetration
was inadequate. Hence, experiments for only low values of k.,
[k. < 150 %, see Fig. 7(a)] were conducted, and the low level
of stiffness had a negligible effect on the values of F, and K.

Fig. 8 shows the simulation results for k. = [0—30000] X.
For high values, both the compensator filter (k. > 20000 &)
and the virtual coupling (k. > 18000 &) have a destabilizing
effect on the haptic interface. The literature on the stability
analysis of high stiff walls [6], [14] gives a thorough insight
into the solutions of problems related to sample-and-hold as
well as sensor quantization, while we propose solutions on the
basis of device dynamics.

B. Relation Between Human Arm Stiffness and Stability
of the Haptic Interaction

Fig. 14 shows the simulated open-loop Bode plots of the hap-
tic interaction for ideal (G(s)H (s) = KY,), for the uncompen-
sated system, for the compensated system, and for the system
with virtual coupling. Biomechanical impedance of the human
operator H(s) = K does not affect the shape of the magnitude
plot, but shifts it up or down by 20 log;, K. An ideal haptic
interface is always stable, with phase always larger than —180°.
The phase of an actual system drops below —180° for the un-
compensated system, the compensated system, and the system
with virtual coupling in the high-frequency region due to joint
and PV controller dynamics, which introduce additional poles
into the system. The added compensator filter damps the os-
cillating peak of the uncompensated system and increases the
phase of the overall system in the critical frequency region. In
addition, the interface transparency is improved, since the mag-
nitude and phase of the compensated system are closer to ideal
than in those of the uncompensated case (see Fig. 14). Similarly,
the virtual coupling damps the oscillating peak and increases the
phase of the overall system. However, on the basis of Fig. 14,
it can be verified that the virtual coupling affects transparency
considerably more than the compensator filter.

Since the exact relation between the grasp force and stiff-
ness is not known, we present experimental results for the grasp
force. However, higher grasp forces result in higher values of
impedance [15], [16]. The overall hand grasp stiffness K com-
bines both the stiffness of hand—arm and the stiffness of hand—
handle coupling in a serial configuration [15]. Gurram et al. [8]
proposed a linear relationship between stiffness and grasp force.
The experimental data show a large increase of critical grasp
force F, at m, = 0.5 kg and b, = 30 %, indicating that the
relationship between the grasp force and the hand grasp stiff-
ness is not linear. The hand—handle coupling becomes stronger
with increasing grasp force. Hand—handle coupling is dependent
upon a superficial component of the flesh or skin of the palm and
fingers, and upon a subcutaneous component of the flesh within
the hand, which are all coupled to the motion of the handle [17].

A stiffer grasp results in higher human arm grasp stiffness K,
which shifts the overall magnitude of the system up (Fig. 14)
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Fig. 14. Open-loop Bode plots of ideal (dotted line), uncompensated (bro-

ken line), compensated (solid line) haptic interface, and haptic system with
virtual coupling (dash-dotted line). Circle indicates gain crossover frequency
of compensated system, square representing the gain crossover frequency of
uncompensated system, and diamond representing the gain crossover frequency
of system with virtual coupling.

until the phase of the overall system at gain crossover frequency
has reached —180°, which leads to the oscillations observed.
The critical value of stiffness K. is thus the value of K where
the phase becomes —180°.

C. Concluding Remarks on the Use and Design of a Force-
Filtering Compensator Filter

The design proposed in Section II-D has a number of simi-
larities to the input-shaping techniques (IST) applied in indus-
trial robotics for vibration reduction [18], and the loopshaping
method for robust performance design.

The IST scheme utilizes a feedforward controller for
suppressing vibrations and a feedback controller for attaining
robustness against disturbances or parameter variations.
Similarly, the approach proposed here uses the force-filtering
compensator as a feedforward controller for preshaping force
F}, in order to suppress the magnitude and to raise the phase in
the resonant frequency region. The PV controller is used as a
feedback controller.

The idea behind loopshaping is to construct an open-loop
transfer function in such a manner that the feedback system
is internally stable so that it satisfies the robust performance
condition. Section II-D presents the procedure for C' selection
in such manner that Y, arbitrarily approximates Y, by choosing
the best performance values of w, and (..

For the best performance, the design of the compensator fil-
ter suggests values of w, frequency as high as possible. How-
high frequencies, which is not desirable. Tan et al. report that
the upper bound of the human force control bandwidth is at
about 7 Hz [19]. Hence, w. should at least match the haptic
interface bandwidth and the human force control bandwidth.
The compensator filter utilized has a simple design and can
be implemented usefully, even if no strict identification of the

ever, this will lead to a high attenuation C(jw)|, 0o = =% at
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haptic interface has been made. On the basis of Figs. 9(b), 10(b),
and 11(b), it can be resolved that the measured frequency of os-
cillation is always lower than the identified value of w;, = 15
Hz, and bandwidth should be chosen lower than the approximate
value of wy, to ensure a sufficient stability margin.

Last but not the least, a very important property of the pro-
posed compensator filter is that it is not present in a feedback part
of the control law framework, but is included in a feedforward
chain. This enables a 2-DOF scheme where the prefilter and
the feedback controller are obtained independently [20]. The
proposed compensator filter can be combined with a number of
known feedback algorithms for haptic interface control frame-
works, such as algorithms for achieving passivity [12], [21].

V. CONCLUSION

The stability of a haptic interaction has been submitted to
analysis, simulation, improvement, and experimental verifica-
tion. A novel hand grasp force sensor setup was used to evaluate
stability. Model analysis revealed that the main causes of insta-
bility are additional poles introduced by joint and PV controller
dynamics, giving grounds for developing a control law for im-
proving the stability of the haptic interaction. Analysis of crit-
ical grasp forces and critical values of human arm stiffness K,
showed that stability is highly dependent upon the stiffness of
the human operator grasp. The results demonstrate that a higher
grasp force and thus a higher hand grasp stiffness of the human
arm require higher values of virtual mass and damping parame-
ters of the virtual environment for the haptic interface to remain
stable. A comparison of experimental and simulation results of
an uncompensated system and a system with a compensator
filter confirmed the improvement of stability. A comparison of
the experimental results showed that the compensator filter per-
forms better than virtual coupling. Evaluation of a model and
experiments demonstrated that the critical grasp forces and the
critical values of human arm stiffness displayed trends similar
to the parameters of the virtual environment.
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