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ABSTRACT Model-mediated teleoperation (MMT) employs an environment model at the master side to
compute feedback output to the master at a faster rate. This approach improves system stability in the
presence of time delay. MMT, however, does not generally perform well if the employed model is not
accurate. The model mismatch is unavoidable when the environment is unknown in advance or varies. This
paper proposes MMT employing an adaptive model. The proposed method adaptively moves the reference
point of the employed model, whereas the previous MMTs used reference points fixed to the surface of
objects in the environment. This can make system stability independent of the time delay. Experiments
show that the proposed method improves stability compared to the previous MMTs when there are model
mismatches. User studies are conducted to compare the operator’s performance in two tasks, control of force
exerted to objects in the environment, and discrimination of object stiffness. The result shows that the error
in the forces applied to objects in the environment significantly decreases in the proposed method. Errors
in forces rendered to the master are also improved by at least 20.2%. The experiment result also shows that
subjects can discriminate up to 40.9% smaller differences in the stiffness than the previous MMT under the
same time delay.

INDEX TERMS Haptics, teleoperation, stability, time delay.

I. INTRODUCTION

Bilateral teleoperation with haptic feedback has often been
investigated for two practical tasks. The first is to control
forces applied to objects. For example, robotic surgery often
requires knot-tying after suturing [1]. Too much pulling force
on the suturing string can break the fine suture or damage the
soft tissue. The knot cannot be held firmly if the pulling force
is too weak. Haptic feedback can also be used for handling
fragile objects such as soft tissues [2] and explosive ord-
nances [3]. The second is to discriminate stiffness of objects.
For example, a surgeon can distinguish normal healthy tis-
sues from indurated tissues through haptic sensation [4]. The
surgeon can also estimate the boundaries of the abnormal
tissue. This paper aims to improve the performance of these
two teleoperation tasks.
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Time delay between the master and the slave is one of the
principal causes of instability in bilateral teleoperation [5].
A typical approach to maintain stability is to use adaptive
dampers [6]-[9]. Software dampers are added to the master
and slave controllers. Energy generated due to time delay is
monitored and dissipated by the dampers. The operator in this
approach, however, cannot predict the timing and magnitude
of the time-varying damping force. Previous research reports
experimental results showing that the unpredictable forces
can disturb the operators [10]. Dyck et al. also show that
the unpredictable forces can make the human operator effec-
tively active and destabilize the system [11]. A teleoperation
method not causing unpredictable force jumps to the operator,
therefore, is desired.

Model-mediated teleoperation (MMT) [12], [13] improves
system stability without using adaptive dampers. The mas-
ter device’s output to the human operator is computed by
using a predefined force model describing the environment.
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Model parameters are estimated in real-time at the slave side
and transmitted to the master side. Since the master output
can be updated faster in the master’s local loop, the time lag
between the operator’s input and the master’s output to the
user can be minimized. System stability, therefore, can be
maintained regardless of the time delay between the master
and the slave. This model-based force rendering to the opera-
tor can be physically reasonable in contrast to the approaches
that physically unreasonably adjust or limit the master output
to maintain system stability. Previous research reports a user
study showing that MMT improves the success rate of the
task controlling forces exerted to objects in the presence of
time delay [14]. Tzafestas and Velanas also show that the
operator can discriminate smaller stiffness differences using
MMT than directly rendering the environment force to the
master [15].

MMT, however, deteriorates when the predefined model
is not accurate. Parameters estimated in real-time at the slave
side may not converge continuously. The continuously chang-
ing parameter can be transmitted to the master side with
time delay, causing lag between the input and the output
to the master. Experimental result by Willaert er al. shows
that the system is destabilized when the MMT using a lin-
ear stiffness model interacts with a nonlinear object [16].
Xu et al. show that an increase in the model stiffness generates
energy and destabilizes the system [17]. They add an adap-
tive damper to dissipate the surplus energy. This approach,
however, may cause unpredictable force jumps similar to
other previous adaptive-damper-based methods. The previous
MMT approaches may not be suitable when the environment
impedance is unknown in advance or varies so that the model
accuracy cannot be guaranteed.

Early MMTs use a model whose parameters are fixed to
preset values [18]-[20]. This approach is utilized when the
environment impedance is known in advance and static, such
as rigid environment [21], [22]. The MMTs have been fur-
ther developed to estimate the model parameters in real-time
at the slave side to preserve the model accuracy. Vari-
ous models have been also applied, such as linear spring
model [16], [23]-[25], linear spring-damper model [26], lin-
ear mass-spring-damper model [27]-[29], linear spring with
Coulomb friction [30], [31]. Hunt-Crossley model, a widely
used nonlinear viscoelastic model, is also employed with
MMT [32]. Deng et al. utilize a gradient boosting algo-
rithm, a machine learning technique, to obtain a prediction
model for the environment force in MMT [33]. They report
that the gradient-boosting-based prediction is trained more
accurately and faster than the Hunt-Crossley model. This
approach, however, requires a training process prior to the
actual operation. Chen et al. propose a teleoperation method
to robustly control nonlinear manipulators [34], [35]. They
employ an approach similar to MMT to avoid instability due
to time delay. The master renders force feedback using the
parameters transmitted from the slave side, and a radial basis
function neural network is applied to model the reactive force
of the environment.
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Model jumps occur when the estimated parameters change
abruptly, and in turn cause jumps in the master force. These
abrupt and unpredictable changes can cause unintended
move of the operator. An intuitive method to alleviate the
model jump is limiting the change rate of the master force.
Researches [16], [26] apply a proxy-based haptic render-
ing [36] to MMT. The velocity of the proxy is limited to make
the master force change gradually without abrupt jumps.
Song et al. propose a method limiting the force magnitude
that can change during one sample time [37]. These methods,
however, have differences between the forces rendered to the
operator and the applied to objects in the environment, which
can degrade task performance in control of force and discrim-
ination of stiffness. There is a control-based approach [38]
focusing on the model jump occurring when the slave con-
tacts the environment.

This paper focuses on the stability problem in MMT. The
problem is caused by energy generation due to the changing
stiffness in the force model. The damping element in the
model rather dissipates energy and tends to stabilize the
system. The problem occurs even when the master and slave’s
local controllers and the model parameter estimation are
stable and accurate. This paper proposes an MMT method
which can solve the stability problem without adjusting the
stiffness rendered to the operator, in contrast to the previ-
ous MMTs that adjust the rendered stiffness to stabilize the
system.

Main idea is adaptively setting the reference point of the
stiffness element responding to the stiffness update of the
model. The reference point is moved so that the stiffness
update cannot change the model’s force output. This allows
the master’s state to be affected only by the operator’s force
input so that the system stability becomes independent of time
delay regardless of the model accuracy. The adaptively mov-
ing spring approximates the environment force as a piecewise
linear function. The approximation error is compensated
by force control in the slave while interacting with the
environment.

Il. PRELIMINARY

This paper addresses the circumstances that the slave robot
is palpating and touching the objects in the environment.
This situation frequently occurs in many applications such
as remote master-slave surgery and virtual simulation. The
object in the environment is assumed to be soft and
deformable. The scope of this paper does not cover the cases
where the target object’s position or topology changes. It is
assumed that the object does not move during the palpation
and indentation by the slave robot.

The interaction force, denoted as environment force in this
paper, between the slave robot and the environment is mainly
caused by the reaction force by the deformed object. The
“environment model” in this paper indicates the relationship
between the object’s deformation and the reaction force. The
environment model is used to compute the haptic feedback
force rendered to the master device in MMT. The force
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model’s parameters are updated periodically to the value
computed at the slave side.

This paper addresses the instability problem caused by the
mismatch between the force model used in MMT and the
actual environment model. The problem occurs even when
the local controllers of the master device and the slave robot
provide accurate and stable tracking. The term ‘“‘uncertain
environment” in this paper means that the actual environment
force model is unknown, so that the MMT system cannot
use accurately matched force models. Please note that the
method proposed in this paper can be applied to other models,
although this paper focuses on the linear stiffness model.

Since the focus of this paper is the master-slave haptic
controller, the experiment setup employs the built-in local
nonlinear controllers provided by the manufacturer of
the manipulator used in the experiments as explained in
Section V. The nonlinearity is taken care of by the built-in
local controller that is not the scope of this paper. This paper
focuses on solving the stability problem caused by the model
mismatch in MMT method for master-slave haptic control,
not on improving the performance of the manipulator’s local
controller. Please note that any kind of local controller can
be used together with the model-update method proposed in
this paper. The system implemented for the experiments in
the paper is an example.

lll. ADAPTIVE MODEL-MEDIATED METHOD

The master device in model-mediated teleoperation interacts
with a model instead of actual environment. A simplified
example is illustrated in Fig. 1 to show the improvement
over the previous MMT. The example shows the situation
where the master device interacts with a linear spring model
whose stiffness changes. Since the changing stiffness causes
the stability problem in the model, the force model is assumed
to have stiffness element only in this example. The damping
element rather dissipates energy and tends to stabilize the
system.

The interaction force rendered to the user is computed as

— %) - @

where x,, and f;,4 denote the master position and the force
computed by the model corresponding to the desired force of
the master, respectively. The k,,s and x; , indicate stiffness
coefficient and the reference point of the model, respectively.

Fig. 2(a) and 2(b) show force profiles rendered for the cases
Fig. 1(a) and 1(b). The model stiffness is updated from kg
to k1 when the master device reaches the position xj. The
fong @nd ,;:1 denote rendered output force from the model
immediately before and after the update of model stiffness,
respectively. The contact position between the slave and the
actual environment is set to x;.

Since the reference point of the model is fixed to the
contact position x; in the previous MMTs, the output force
changes discontinuously as the stiffness is updated as shown
in Fig. 2(a). The force output rendered to the master device
is instantly affected by the changes in the model parameters.

Jmd = —kma (xm
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FIGURE 1. Examples where a master device interacts with a linear spring
model, and the model stiffness is updated to a new value according to
changing environment. (a) Previous MMTs use a fixed reference point for
the employed models. (b) Proposed method uses a floating reference
point, and adaptively sets the reference point responding to updates of
model stiffness.
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FIGURE 2. Force outputs rendered to the master device for the cases in
Fig. 1 (a) Previous MMTs. (b) Proposed method.

The reference point of the model in the proposed method is,
however, adjusted to a new value when the model stiffness is
updated. The reference point is set to a position which allows
the output force not to be changed abruptly by the stiffness
update. The reference point moves from x; to x;* as follows.

ki — k
xr=x1< 1k1 0). @)

Substituting (2) into the equation for fn; in Fig. 1(b), it can
be shown that the forces before and after the stiffness update,
fong and fn‘;, are the same as shown in Fig. 2(b). Note that the
movement of the reference point does not affect the stiffness
rendered to the master device. This prevents discontinuous
force changes under stiffness update, i.e. model jumps, with-
out adjusting or limiting the stiffness rendered to the operator.
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Previous MMTs limit the change rate of the master force to
handle model jumps.

This approach also has an advantage in stability. The force
rendered to the master device can be changed only by the
operator’s move since the stiffness update does not cause any
change in the master force. The master’s state is decoupled
from the slave’s state, and the master’s command affects the
slave’s state. System stability becomes independent of the
time delay between the master and the slave in contrast to
the previous MMTs where the stability is significantly
affected by the time delay when the model is not accurate.

The proposed method describes the environment force by
a linear stiffness model whose stiffness and reference point
vary. Environment force, therefore, is approximated by a
piecewise-linear stiffness as shown in Fig. 2(b) as

k
f‘e = _Ige,k (xs - xs,k—l) -

1

lge,j (xs,j - xs,k—l)’ 3
1

~.
Il

where fe indicates the approximated force. The
subscript k means the total number of linear segments con-
sisting of the piecewise linear stiffness. The 126,,( and xg 1
denote the stiffness coefficient and the starting position of
the [k]th segment. The starting position of the first segment,
xs,0 corresponds to the contact position between the slave
robot and the environment.

Fig. 3 shows an example of the force profile of an envi-
ronment (solid line) and the corresponding rendered force
approximated by the proposed method (dotted line). The x;
and f, denote the slave position and the reactive force from the
environment, respectively. The k, indicates nonlinear stift-
ness of the environment. The x} means the contact position
and is assumed to be zero for this example.

A

fe(t)

Py >~
9210}

%o - fsn = fe,l

?
x5 (t) Xs1 Xs
position

FIGURE 3. Force profiles of the actual environment (solid line) and the
approximated by the proposed method (dotted line) when a slave
interacts with a nonlinear stiffness object.

The stiffness of the linear spring in the proposed method
is updated whenever the reactive force from the environment
changes beyond a threshold f§,. This is to attenuate the effect
of measurement noise. The value of the threshold is deter-
mined considering the noise level.

VOLUME 9, 2021

The model stiffness is computed through linear fitting
as

kej = —Ixxj17'x] 1, )

where lAcg, ;j denotes the [j]th stiffness coefficient. The x; and
f; are the position and the force vectors, respectively, and are
defined as

Xs,j — Xs,j—1

fej —Jfej-1
fj = 5)
Jej—1 —Jfej-1

where x; ; and f, ; denote the slave position and the environ-
ment force measured at the [j]th computation of stiffness. The
initial values, x;,0 and f, o, correspond to the position and the
force when the slave contacts an object in the environment.
Note that the difference between f,; and f, ;1 is always
equal to the threshold value f;, since the stiffness computation
is triggered each time the environment force changes beyond
the threshold. The linear fitting (4) computes a stiffness coef-
ficient which minimizes the squared error.

The computed stiffness is sent to the master side. The
force to be rendered to the master, f;,,4 is computed using the
stiffness coefficient as

Xj = : )

s j—1 = Xs,j—1

fmd = —Kmd k (xm - x;d,k) , (6)

where

kima k = ke, @)

k—1
1
th (kmd,j (x,’,i"jﬂ — xZ‘J)) ®)

* J—
Xmd k = Xmk — o
md ,k =1

The subscript k is the total number of the stiffness coeffi-
cients sent from the slave to the master. The k;,,4 x and x;’; Ak
denote the [k]th stiffness coefficient and the reference point of
the spring model at the time, respectively. The l%e, k is the [k]th
stiffness coefficient sent from the slave, and xr’i', j indicates
the master position at the moment when the [j]th stiffness is
received.

The current stiffness of the model is set to the most recently
received stiffness coefficient as in (7). The reference point of
the model x,,; , is also adjusted responding to the new stiff-
ness as in (8). The reference point computed in (8) ensures
that the force rendered to the master, f;,; does not change
abruptly due to the new stiffness coefficient. For example,
when ¢t~ and ¢ indicate the moments immediately before
and after the new [k + 1]th stiffness coefficient is received,
respectively, the master force before the reception is given by
substituting (7) and (8) to (6) as

Fna ) = ~kes (om (17) = 0ty )
k—1
- Z (Izeaf <x£ril,j+l _xﬁ]f,j))- ©))
j=1
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FIGURE 4. Two control schemes used in the proposed method. (a) position control mode. (b) force control mode.

After the [k + 1]th stiffness is received, the force becomes
as

fmd(l+)

_ 7 + th r th th
- _ke,k—H (xm (l ) _xm,k+l) - ke,k (xm,k+l - xm,k)
k—1
7 th th
- Z (ke,j (xm,jJrl - m,j))' (10)
J=1

Since x,’;i' k41 is set to the master position measured when
the [k + 1]th stiffness is applied, it is defined as

e = 3m (7). (11)

By substituting (11) to (10), it can be shown that the master
output is the same immediately before and after the stiffness
update if the master does not move so that x,,, (1) = x, (7).
This means that the force rendered to the master is changed
only when the operator moves the master device.

fmd(t+)

= —]ge)k_;’_l ()Cm (l+) — Xm (li) —_ ]ze’k (xm (l‘i) —X'l::’k>
k—1

r o th th
— Z <k€,j (xm’]_,’_l _'xm,j>

J=1

=~
—_

ke (xm () - rtzilk) - (’ze,j (xrtf,jﬂ _x;f,j>)
=1

= fma(t™). (12)

When the master device is assumed to be a mass-damper
system, the dynamics of the master device can be expressed
as

Jn+fm = My + DX, (13)

where fj, and f;,, denote the force applied by the human opera-
tor and the actuating force of the master device, respectively.
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The m,, and b, indicate the effective mass and damping of
the master device.

The force transmitted to the operator f;, corresponds to the
negative value of the fj, as

Jio = —fn = fin — MmZm — b, (14)

The desired force of the master device, f;,;4 is rendered to
the master as

Jn = fnd- (15)
By substituting (6), (7) and (15) into (14),

Jo = iée.k (xm - x;:ld’k) — Mpim — binX. (16)

The force transmitted to the operator consists of the
interaction force computed by the model and the resistant
force due to the impedance of the master device. Since
the model’s stiffness is periodically updated to the stiffness
computed at the slave side, the operator can perceive the
environment stiffness. Note that the resistant force due to
the master’s impedance is compensated in the experiment in
Section V using the built-in controller provided by the device
manufacturer.

The proposed method switches between position and force
control modes depending on non-contact and contact states,
respectively as shown in Fig. 4. The plants of the master
device and the slave robot are noted as inverse impedances,
z ! and Zs_l, respectively, in the block diagrams. The
Zy, and Z; denote the impedances of the master device and the
slave robot, respectively. Position-force switching is widely
used in the literature. During the contact state, the slave is
controlled to exert a force commanded by the master as shown
in Fig. 4(b). The force command corresponds to the desired
force of the master, i.e. the force computed by the model.

Time delay can cause an error between the environment
force f, and the force command from the master f;;. For
example, the force command f;; can be zero even when the
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FIGURE 5. Overall control scheme of the proposed method.

slave has already contacted the environment. This can cause
abrupt movement of the slave at the beginning of the force
control mode. The proposed method, therefore, makes the
slave hold its position after the first stiffness coefficient is
computed at the slave side. At least one stiffness computation
is required to begin force rendering at the master side. The
slave waits for a command from the master, f;; to reach the
current environment force f,. Position control is switched to
force control mode only when the command f;y becomes
greater than or equal to the current environment force f, so
that fsq () > f, (t). The force control mode begins only after
the error between the command and the current environment
force becomes zero.

During switching from force control to position control
mode, the slave is made to hold its position after the envi-
ronment force, f, becomes smaller than the threshold f;;,, so
that f, (t) < fs. The control mode is switched after the
position command from the master x;; becomes the same
as the current slave position x;. The slave controllers always
starts with zero error in the proposed method. The switching
does not affect system stability since it does not change the
states of the master and the slave.

Fig. 5 shows the overall control architecture of the pro-
posed method. The Cj, and Cji are Boolean variables to
switch the control modes.

IV. STABILITY OF THE PROPOSED METHOD

Since the master device renders no force during position
control mode, the dynamics of the master device in (13)
becomes as

Ji = My + by, (I7)

This is a mass-damper system with a positive damping

which is output-strictly passive [39], [40], so it is bounded-
input-bounded-output (BIBO) stable. Therefore,

tlim sup |x,(t)| < co for any bounded f;,. (18)
— 00
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Since the position command to the slave xy; is a delayed
signal of the master position, it is also bounded with the
master position x;, as

lim sup |xsq(2)] = lim sup |x,,(t — tus)| < 00.  (19)
1—>00 t—00
If the slave position controller guarantees BIBO stability,

tlim sup |xs(t)] < oo, for any bounded xy4. (20)
— 00

From (13~15), the following holds.

tlim sup |xs(¢)| < oo, for any bounded fj, 20
— 00

if the slave position controller is BIBO stable. This indicates
that the stability of the master-slave system is independent of
time delay and depends only on the slave’s position controller.

The master renders a force computed by the model during
the force control mode so that f;;, = f;,q. The dynamics of the
master devices is expressed as

i+ fna = mpX + byXp,. (22)

Since the model’s output forces are the same before
and after the stiffness update in the proposed method as
explained with (9~12), the force model can be considered as
a piecewise-linear spring whose stiffness kj varies according
to the master’s position as

foad (0 = —kps Gon ) (50 0 = x3,) . ©@3)

where x;; denotes the reference point of the piecewise-linear

spring. The x, is constant value corresponding to the master
position when the stiffness coefficient is first sent from the
slave.

Substituting (23) into (22), the master dynamics becomes
as

I+ kst | = Muion + bnim + KpsXim. (24)

This shows that the master’s state is determined only
by the operator’s force input f; in the proposed method.
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Since the system is a forced mass-spring-damper system
which is BIBO stable,

tlirgo sup |x,,,(t)| < oofor any bounded fj,. (25)

Since ks and x;‘s in (23) are finite values that depend on
the environment, f,4 is also bounded when x;, is bounded as

tlim sup |fma ()] < oo for any bounded x,,. (26)
—00

The force command to the slave fi; is a delayed signal of
the master force such that fgg (t) = fiua (t — tims). Therefore,
fsa 1s also bounded with f,,4, so

lim sup [fsa(£)| = lim sup fing (t — tms)| < 00.  (27)
—00 —00
If the slave force controller guarantees BIBO stability,
tlim sup |x5(t)] < oo for any bounded f4. (28)
— 00
From (25~28), the following holds.

tlim sup |xs(t)] < oo for any bounded fj, (29)
— 00

if the slave force controller is BIBO stable. This implies that
system stability is independent of any time delay and depends
only on the local controller of the slave side during the force
control mode as in the position control mode.

The proposed method, therefore, is applicable even when
the environment model is not predefined accurately in con-
trast to the previous MMTs where model inaccuracy can
cause instability in the presence of time delay.

V. EXPERIMENTS

A contact experiment is conducted to evaluate the proposed
method. A master-slave system is formed using a commer-
cial haptic device (Delta3 of Force Dimension) and a robot
(LBR iiwa of KUKA Robotics) connected through TCP/IP
communication as shown in Fig. 6. A force/torque sensor
(Gamma of ATI Industrial Automation) is attached to the
end-effector of the slave to measure the environment force.

Master side Slave side

FIGURE 6. Setup for the contact experiment.

The master device is force-controlled at 4 kHz in open-loop
mode using the embedded controller provided by the device
manufacturer. It includes the compensator for the resistant
force due to gravity, inertia, and damping of the device.
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The slave robot is also controlled by the built-in position
controller in Robotics API provided by the manufacturer [41].
Itis safely assumed that the built-in controller of the manufac-
turer provides asymptotically accurate velocity control so that
llingo (Xsa (1) — X5 (1)) = 0 where x4 is the desired velocity
of the slave robot. The built-in local controller provided by
KUKA corresponds to the block in Fig. 7. The experiment
results in Figs. 8 and 10 show that the built-in local posi-
tion controller provided by KUKA stably controls the robot
interacting with the target object made of compliant silicone.
The control frequency is about 450 Hz. It is observed that
the built-in position controller of the slave causes 30 ms time
lag averagely between the position command and the robot
position.

The force control of the slave is implemented based on the
force controller reported in [42]. Fig. 7 shows the scheme
of the force controller implemented for the experiment. The
t; denotes the time when the force control mode starts.
Environment stiffness is estimated in real-time to update
the controller gain adaptively. It is noted that the estimated
stiffness Igfc is different from the stiffness of the force model.
The lzfc is used only for the force control of the slave robot,
but not for the haptic rendering to the master device. The
KUKA built-in position controller block corresponds to the
slave position controller. The stiffness lzfc is estimated using
arecursive least square algorithm with an exponential forget-
ting factor [43]. The forgetting factor is set to 0.1. The control
gain ky is set to 8 mm/Ns. When the position controller
provides asymptotically accurate velocity control, the force
controller provides asymptotically accurate regulation so that
tl_l)rgo (fsa — fe) = 0. The derivation can be found in [42]. The
experiment results in Fig.12 also show that the force control
employing the built-in local position controller of the KUKA
robot provides stable force control during the interaction.

The operator is requested to apply 4 N force to a silicone
object and hold for at least 4 s. The reactive force over time
is displayed to the operator in real-time.

Figs. 8 and 9 show the experiment results when a previous
MMT is applied, mediated by a linear stiffness model. The
slave is controlled to track the master position. The model
stiffness is estimated using the recursive-least-square algo-
rithm with an exponential forgetting factor [43], [44] that
has been widely used to estimate time-varying parameters.
The time delay between the master and the slave is virtually
added. Figs. 8 and 9 are the results without and with a delay
of 50 ms, respectively. The graphs in (a) show the positions
and the forces of the master and the slave. The graphs in
(b) are the force versus position. The graphs in (c) show the
energy stored in the master. It is computed by integrating the
force multiplied by the velocity of the master over time as

t
Ep(1) = / —fn(T)vm(T)dT. (30)
0

The graphs in (d) show the stiffness coefficient estimated
at the slave side, and its initial value is set to 0.2 N/mm in the
experiment.
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FIGURE 9. Experiment results of the previous MMT with time delay of 50 ms. (a) force and position over time (b) force versus position (c) energy

(d) estimated stiffness.

The force profiles in (b) show that the environment has
nonlinear impedance so that model mismatch occurs. The
operator could keep the force as intended during the exper-
iment when there is no additional time delay. But the task
could not be accomplished when time delay is added. It was
observed that the estimated stiffness changes continuously
without converging due to the model mismatch. The graph
in Fig. 9(b) shows that the continuously changing stiffness
distorts the force profile of the master as a loop shape which
rotates clockwise.

This shows that energy is repeatedly generated in the mas-
ter so that the system becomes unstable. Fig. 9(c) shows
that the energy storage decreases continuously during the
interaction, which means energy generation. The instability
causes more than 8 N, 119.9% increase, is applied to the
environment.

Figs. 10 and 11 are the results of a previous MMT with
the force-based model update algorithm (FMU) [37]. The
algorithm limits the change rate of the force rendered to
the master. The force-limiting gain is set to the same value
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used in [37]. Figs. 10 and 11 show the results without and
with 50 ms time delay, respectively. The operator was able to
maintain the force in both cases. The graphs in (c) show that
energy is generated during the interaction in both cases as in
the previous experiment. But the operator could stabilize the
system since the master force changes slowly differently from
the actual environment force.

The model update algorithm, however, causes additional
force-rendering error as shown in (b). The force profiles
rendered to the operator are distorted even when there is
no time delay. The graph in Fig. 11(b) shows that negative
impedance is rendered, physically unrealistic.

Figs. 12 and 13 show the results of the proposed method
without and with the time delay, respectively. The thresh-
old fs, is set to 0.25 N considering the measurement noise.
The operator was able to maintain the force under both delay
conditions stably. The energy storage graphs in (c) remain
positive during the interaction. This implies that energy is
dissipated during the interaction, and system stability is main-
tained even in the presence of the time delay.
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FIGURE 11. Experiment results of the previous MMT with model update, and 50 ms time delay. (a) force and position over time (b) force versus position
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FIGURE 13. Experiment results of the proposed MMT with time delay of 50 ms. (a) force and position versus time (b) force
versus position (c) energy versus time.

There is a difference between the master and the slave stiffness computation. The slave starts to move again only
positions after the slave contacts the environment. The slave after force command from the master exceeds the current
is controlled to hold its position immediately after the first environment force.
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The master position where force rendering begins is differ-
ent from the actual contact position of the slave. The position
difference Ax is marked with arrows in the graphs in (b).
The master starts force rendering only after the first stiffness
coefficient is received from the slave. Note that the position
where the master starts force rendering corresponds to x”il
in (8).

It is shown that the rendered forces in (b) have sharp
turn-arounds. The proposed method computes a new stiffness
coefficient whenever the environment force changes beyond
a predefined threshold. The master renders constant stiffness
until a new coefficient is sent from the slave. This sharp turn-
around becomes longer as the time delay increases.

Fig. 14 shows the results of the proposed method when
the one-way delay is set to 250 ms, four times the delay in
the experiment in Fig. 13. It is observed that the tendency
is similar to the results of 50 ms delay. System stability is
maintained so that the operator is able to maintain the contact
force stably. It is also shown that the larger delay causes the
larger velocity difference between the master and the slave.

Since the environment force is described as a piecewise-
linear spring in the proposed method, errors can exist between
the actual stiffness and the model as

kma k = ke (Xs) + enk + ak + Er k- 3D

where ¢, and &4 denote the errors of the [k]th model
stiffness due to the nonlinearity and the damping of the
environment, respectively. The &,y means the error due to
time delay. Since the computed stiffness is transmitted to the
master side with delay, there is error between the two stiffness
coefficients.

The effect of the error can be discussed by assuming the
environment to be nonlinear viscoelasticity. When the stiff-
ness and damping coefficients are assumed to be nonlinear
functions of the slave position, the nonlinear environment

force can be expressed as
Je = —ke (x5) (xs - x;k) — be (x5) Xs, (32)

When the local force controller of the slave is assumed to
have no tracking error,

Je @) = fina (t — ts) = kmd,k (x:,;d,k — Xy (£ — tmx)) . (33)
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By substituting (32) into (33),
—ke (x5 (1)) (xs ) — x;k) — be (x5 (1)) X5 (1)

= Kmd ,k (x;,km,k — X (t — tms)) . (34)

By differentiating both sides, the delayed master velocity
can be derived as

. ok,
Xm (8 — ts) = (_

xs (xs ) — x;k) X (1) +ke (x5 (1)) X5 (1)

0b . .
5 () + be (s (0) s (r)) [ ke (x5 ()
Xs

+enk + €ak + Enk) (35)

This implies that the stiffness error due to the nonlinearity
and damping element of the environment, and time delay
cause the velocity difference between the master and the
slave. The velocity difference is shown in the experiments,
but the user study in the following section shows this error
does not significantly affect the performance of the two target
tasks.

V1. USER STUDY

Experiments are carried out to test the two frequent goals of
haptic feedback, force-applying and stiffness discrimination.
Twenty-one subjects with an average age of 22.5 years vol-
unteered for the experiments. All the subjects performed the
same tasks of about 50 min. This user experiment is approved
by the Institutional Review Board.

The same haptic device explained in Section V is con-
nected to a 3D virtual environment constructed by an
open-source library CHAI3D [45]. It is reasonably assumed
that the local position and force control of the virtual slave
robot have no error so that x; (1) = xgq (¢) and fp () = fsq (1).

A. APPLYING FORCE

Fig. 15 shows the screen provided to subjects. The virtual
environment consists of a box-shaped object, a vertical gauge,
and a sphere which indicates the position of the slave end-
effector. The box’s width and the sphere’s diameter are set to
200 mm and 5 mm, respectively. The vertical gauge shows the
level of the force applied to the object. There is a marker in
the middle of the gauge. The maker represents a target force.
The subjects are asked to move the slave from the left edge
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Force gauge

<Target force marker

Target object

FIGURE 15. Screen provided to subjects during the force manipulation
experiment.

to the right edge of the box while applying the target force
of 4 N.

The task is repeatedly carried out under four different time
delay conditions, 1 ms, 25 ms, 50 ms, and 100 ms one way.
The previous MMT with FMU and the proposed method are
compared. The previous MMT without FMU was excluded
from the experiment since a preliminary test showed poor
stability.

The virtual object has nonlinear stiffness, and the MMTs
are mediated by a linear stiffness model. Hence there is model
mismatch. The environment force is given as

ke(xs —x¥)?,  xg < x¥
f= (X — x7) X5 < X (36)

*
0, Xg > X5

The stiffness coefficient k. and the object surface position
x; are set to 0.025 N /mm? and 0 mm, respectively.

Two errors are measured as performance indices. First,
the error between the environment and the master forces, ey,
is given by

" (o () = fon ()2

(A0 G
=i

€em =

where i; and i, denote the time steps when the slave passes
through the left and the right edges of the object while press-
ing down the object. The error shows how accurately the
environment force is rendered to the master. Second, the error
between the target force of 4 N and the force applied to the
environment, e, is given as

Z;r:,'l (ftarget _fe (i))z
S (farger)”

This indicates how accurately the operator can apply the
requested force to the object.

Fig. 16 shows the experiment results. The data normality of
each group is verified using Kolmogorov-Smirnov test. It is
observed that e.,; measured using MMT with FMU shows
distribution significantly different from normal distribution
under the 1 ms time delay condition, W = 0.3685, p = 0.0046.

(38)

Cre =
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FIGURE 16. Medians and interquartile ranges measured at the force
applying experiment. (a) eem in the previous MMT (b) eem in the
proposed method (c) e, in the previous MMT (d) e, in the proposed
method.

The results, therefore, are analyzed using Wilcoxon signed-
rank test and Spearman correlation coefficient which are non-
parametric tests.

Tables 1 and 2 show the results of Wilcoxon signed-rank
test between the two control schemes. It is observed that
the p-values for e, are less than 0.05 under all the con-
ditions of time delay. This means that the force-rendering
error in the proposed method is significantly less than that
in MMT regardless of the time delay. FMU, which limits
the force change rate in the master, causes larger errors in
force-rendering. In the case of ey, all the p-values are less
than 0.05 except when the delay is 1 ms. It can be interpreted
as the error in force applying using the proposed method is
significantly less than that in the previous MMT when the
time delay is greater than 25 ms.

TABLE 1. Wilcoxon signed-rank test result of eem.

Time
delay P-value
(ms)

1 9.537e-07 231
25 9.537e-07 231
50 9.537e-07 231
100 9.537e-07 226

Signed-rank

TABLE 2. Wilcoxon signed-rank test result of e;,.

Time
delay P-value  Signed-rank
(ms)
1 0.6578 129
25 0.0049 194
50 4.101e-05 221
100 0.0005 209

Tables 3 and 4 show Spearman correlation coefficients
between the time delay and the e, and e, respectively.
The p-values confirm that e, is significantly correlated
with the time delay in both the previous MMT and the
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TABLE 3. Spearman correlation between egm and time delay.

MMT w/  Proposed

FMU method

Rho 0.8563 0.9073
P-value 2.991e-25 1.371e-32

TABLE 4. Spearman correlation between e;, and time delay.

MMT w/  Proposed
FMU method
Rho 0.3702 0.4787
P-value  0.0005 0.6655

proposed method. In the case of e, however, only the
p-value in MMT is less than 0.05, which means a signifi-
cant correlation between e;, and the time delay. Significant
correlations are not observed in the proposed method. This
implies that the capacity of applying accurate force is not
significantly degraded by the increasing time delay when the
proposed method is used. It can be expected that the gap in
the force-controlling accuracy between the previous and the
proposed methods will increase as the time delay increases.

B. STIFFNESS DISCRIMINATION

Stiffness discrimination is tested by measuring just-
noticeable difference (JND) which indicates the minimum
difference that a person can perceive. This experiment mea-
sures JND using the weighted 1up-4down method [46], [47].
Two objects are presented to subjects as shown in Fig. 17.
The subjects are asked to choose a stiffer object. The stiffness
difference between the two objects changes after each choice,
and the task is repeated. Stiffness difference increases if the
subject’s choice is wrong and decreases if the answers are
correct four times consecutively. The difference, as a result,
converges to the value where the probabilities of the step-up
and step-down become equal as the trials are repeated.

The ratio of the up and the down step sizes is set to 0.8415,
following the guideline in [47]. One of the two objects is
assigned reference stiffness, and the other is set to comparison
stiffness. The reference stiffness is constant, and the compar-
ison stiffness varies depending on the determined stiffness
difference. The stiffness allocation changes randomly after
each choice. The experiment is terminated when the stiffness
difference changes its direction ten times. Fig. 18 shows stift-
ness differences collected during an experiment. The stiffness
difference, initially, is set to decrease even if the choice is
correct only once for quick approach to the convergence level.
Four consecutively correct answers are required after the first
incorrect answer occurs. The dotted circles in Fig. 18 indicate
the reversal points where the up and down directions change.
JND is computed by averaging the stiffness differences at the
reversal points excluding the first reversal point as

log (JND) = 222 log (m;)/9, (39)
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FIGURE 17. Screen provided to subjects during the stiffness
discrimination experiment.
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FIGURE 18. Change of the stiffness difference in the IND measurement.

TABLE 5. Wilcoxon signed-rank test between the JNDs measured in the
two control schemes.

Time delay (ms) P-value Signed-Rank
1 0.0958 164
100 0.0142 46

where m; denotes the stiffness difference at the i-th reversal
point.

The objects have nonlinear stiffness as in (27). The refer-
ence stiffness and the initial value of the comparison stiffness
are set to 0.025 N/mm?* and 2 N/mm?, respectively. The
initial stiffness difference is 1.975 N/mm?>. If the stiffness
difference exceeds 100 N /mm? by repeated wrong choices,
the experiment is terminated before ten reversals. This means
that the subject is unable to discriminate the large difference,
and the JND is recorded as 100 N/mm? in this case. The
experiment is conducted under the two different time delay
conditions, 1 ms, and 100 ms, one way, using the previous
MMT with FMU and the proposed method.

Fig. 19 shows the median and the interquartile range
of the measured JNDs. Table 5 is the result of Wilcoxon
signed-rank test between the JNDs measured using the two
control schemes. A p-value less than 0.05 is observed when
the delay is 100 ms, which implies that the JND decreases
significantly in the proposed method. Table 6 shows the
Spearman correlation between JND and time delay. The
p-values in both cases are less than 0.05. The results of
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FIGURE 19. Medians and interquartile ranges of the measured JNDs.

TABLE 6. Spearman correlation coefficient between JND and time delay.

MMT w/ FMU  Proposed method
Rho 0.7096 0.3223
1.431e-07 0.0374

P-value

the two tests confirm that the operator’s capacity to discrim-
inate the stiffness decreases significantly with the time delay
in both control schemes. But the proposed method signifi-
cantly outperforms the previous method when the time delay
is 100 ms. The rho value of the proposed method is less than
the previous MMT. This means that the JND increases more
with the time delay in the previous MMT compared to the
proposed method. It can be expected that the gap between
the previous and the proposed methods will become larger as
the time delay increases.

VIi. CONCLUSION

This paper proposes an enhanced MMT method. The adaptive
reference point makes parameter updates of the model does
not cause any change in the force rendered to the master. The
master’s state is changed only when the operator moves the
master. Stability of the master-slave control system becomes
independent of the time delay between the master and the
slave in contrast to the previous MMTs where the system can
become unstable by the time delay when the employed model
is not accurate.

A contact experiment shows that the proposed method
maintains system stability even under the delay that the pre-
vious method becomes unstable. The force output rendered
to the master device is less distorted in the proposed method
than that in the previous MMT. Time delay causes physically
unrealistic impedance in the previous method. The proposed
method causes position differences between the master and
the slave while interacting with the environment, instead of
avoiding model jumps and system instability. The position
difference makes the operator feel as if the contact position is
lower than the actual environment position.

Results of the user study show that the position differ-
ence in the proposed method does not significantly degrade
the operator’s performance. The experiment verifies that
the force-rendering accuracy is significantly improved in
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the proposed method under all delay conditions. The pro-
posed method enhances the operator’s ability to control the
force applied to an object, and the improvement is signif-
icant when the delay is greater than or equal to 25 ms.
The force-controlling ability is significantly degraded by the
increasing time delay in the previous MMT, whereas no sig-
nificant difference is observed in the proposed method. The
stiffness discrimination experiment confirms that subjects
are able to discriminate up to 40.9% smaller difference in
the proposed method than that in the previous MMT under
100 ms delay.

Future work can be to extend MMT for the situations where
the target object’s position changes. Since MMT provides
haptic feedback force to the operator through the environment
force model, rapidly reflecting the object’s changes to the
model is necessary to extend MMT for the fast-changing
scenario. The speed of the model update is affected by the
time to estimate the model parameters at the slave side and the
time to compute the force model. This implies that simpler
models with fewer parameters would be advantageous to
the faster estimation and update performance. The method
proposed in this paper enables the MMT system to use a
mismatched but simpler model.
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