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Abstract— In a haptic teleoperation system, the incorporation Tm TraniTSS'on

of knowledge about the remote environment in the controller |
design can improve stability and performance. Model-mediated
teleoperation adopts this idea by rendering an estimated model

of the remote environment on local site instead of transmitting ®

force/velocity flows. Thus, the user perceives locally gener- = Lo
ated forces corresponding to the estimated and transmitted fem N B P
model parameters and the control loop between master and o [+ A -
slave is opened. Less conservative stability boundaries and

the applicability to teleoperation systems with arbitrary time Fig. 1. Model-mediated teleoperation scheme

delay are the main advantages of this approach. In order to . i
guarantee a high fidelity, the estimation has to fit well with the One of the reasons is, that the control loop is always
measurements. In this paper, we extend the approach of model- closed over the communication channel. Thus, back in 1989,
mediated teleoperation to a full 6 degrees-of-freedom (DOF) Hannaford [3] proposed the so-calldilateral impedance
teleoperation system with negligible time delay. We furthermore .40 Instead of transmitting efforts and flows, he proposed
propose a hybrid approach for the estimation of the remote . . .
environment by combining the classical Kelvin-Voigt model and to (Iaxchange estimated operator and environment impedances
the nonlinear Hunt-Crossley model. Persistent excitation and This leads to two decoupled control loops on operator and
device-dependent limitations of the estimation algorithm are teleoperator site. With the focus on estimating the environ
discussed. Experimental results show stability and accuracy of ment impedance, similar approaches, also called impedance
the estimation technique as well as a superior fidelity of the  ofjacting, virtual-reality based enodel-mediatedeleopera-
proposed approach compared o a position-based admittance tion have been recently proposed by various research groups
controller with fixed parameters even with negligible time delay. ) . ) .
[4]-[10]. As shown in Fig. 1, the environment impedance is
estimated on teleoperator site and transmitted and recteat
. INTRODUCTION as a virtual environment (VE) on operator site. The benefits
Haptic teleoperation systems allow a human operat@f this approach were shown in [8] in terms of fidelity
to perform complex tasks through a teleoperator or slavenprovement and in [10] in terms of a significantly improved
while receiving feedback about the interaction betweetobfeeling of perceived realism. The main differences between
and remote environment. Main objectives for the controllethe approaches are the estimation algorithm as well as the
design argobustnessindtransparency The controller is re- updating procedure of the virtual model.
quired to be robustly stable with respect to a prespecified seThe requirement for model-mediated teleoperation to work
of uncertainties introduced by operator, remote enviramtme properly is an accurate estimation of the interaction betwe
communication channel, and sensors. Transparency measkeoperator and remote environment. Consequently, one of
that the technical medium between operator and remotie main challenges is to automatically gain accurate tbjec
environment is not felt. The two objectives are, howeverlynamics, when contact occurs on the remote site. The two
conflicting, see [1], such that a compromise has often to b@ain models used in robotics research are the lik@dwin-
found. A measure for transparencyfidelity. It captures the Voigt model and the nonlineadunt-Crossleymodel. In the
capability of a teleoperation system to accurately disgit@y above mentioned approaches, the underlying model is in all
remote environment to the operator. cases the Kelvin-Voigt model, except in [4], where a mass-
In an extensive survey by Hokayem & Spong [2], a larg&pring-damper system is used. However, due to physical
amount of control architectures are reviewed. Yet, most dficonsistencies, the Kelvin-Voigt model is not suitable to
these approaches do not exhibit a high degree of fidelityccurately model soft objects. We will therefore adopt a

) ) ) _hybrid modeling approach, including both, the linear Kelvi
This work is supported in part by the German Research Fowmati

(DFG) within the collaborative research center SFB453 tHigdelity Voigt ajnd th_e nonlinear Hunt'CrPSSIEV moqel' .
Telepresence and Teleaction”. For stiff objects, the Kelvin-Voigt model is the simplest



model due to its linearity and does not show inaccuracies for « Damping can only occur when pushing into the object.
these kind of objects. Estimation of parameters of the Kelvi Otherwise, we would assume, that the robot’s tool sticks
Voigt model for use in a model-mediated teleoperation together with the object.

approach is typically performed by adapting recursivetieasyith these assumptions, the simplest and most popular model
squares (RLS) approaches with constant forgetting factor g the linear Kelvin-Voigt model (KVM). In order to account

in Weber et al. [10] or using self perturbation as in Mobassepy the unilateral damping, enforced by the last assumption
& Hashtrudi-Zaad [5]. Also, an adaptive control method hage damping term of the original KVM is slightly modified.
been proposed by Tzafestas et al. [8]. The mechanical equivalent of this model is the parallel of a
The nonlinear Hunt-Crossley model allows for a consisteripring and a unilateral damper. For translations, the objec

RLS estimation techniques for the use in robotic systems

have been developed by Diolaiti et al. [11] and Haddadi & Kidzs+ By oxs, if dws>0/0ws>0
Hashtrudi-Zaad [12]. To our knowledge, an application to fe=<{ KOs, if 0xs>0Adxs<0 (1)
teleoperation has not been presented. 0, else

In this paper, we extend the model-mediated teleoperati
approach to arbitrary point contacts between slave en

effector and remote object. The approach is applicable atrices Ky, and By, represent the object's stiffness and

o o et foimping of e KA n e iferent drecions. D o e
g or pap y assumption of decoupled dynamics, they are diagonal.

surgery. The proposed approach allows motions and prowdesm the original version of the KVM without unilateral

haptic feedback in 6 DOF. Furthermore, we propose : . . o
new hybrid model for describing the interaction betweer?ampmg’ the stiffness term vanishes at the beginning and

; . L end of contact, as the penetration depth is zero, and the

teleoperator and static objects. Due to its simplicity and d . . . .
. : D environment is only represented by the damping term. Since
to the dynamic behavior of the parameter estimation, w

: . o . ) fhe velocity is not necessarily zero at these moments, a non-
prefer the Kelvin-Voigt model for describing stiff pbjects Zero forceyjump can occur \yvhen contact is established and
while we use the Hunt-Crossley model for soft objects. WFost. This furthermore implies, that some powRE fodis

then propose to switch between these models, dependin -
. . is”already stored at the beginning and end of contact, as

on the encountered object type. A self-perturbing recarsiv . . . . .
. ; .~ ~ .shown in Fig. 2. This, however, is contradictory to physical

least-squares algorithm (SPRLS) is chosen as estimatiQ . o ; . .
7 .__"0Observations. In a modified KVM with a unilateral damping

method. For the proposed estimation method, we discuss

persistent excitation and device-dependent limitatidrise as presgnted abpve, the power jump occurs only, when
. ; o ontact is established, while it is removed at the end of
model-mediated control approach is verified on a 6 DOF

robotic teleoperation system with negligible time delayhia contact, see Fig. 2. Furthermore, the modified KVM does
P y g'g not lead to negative forces at the end of the restitution @has

communication channel. We can show an improved fidelit : ! : . .
. . : aused by a negative velocity. This property avoids a sticky
in terms of smaller virtual mass and damping for the model- . . . .

iehng when releasing contact with the object.

mediated control approach compared to a position-base s damping is not negligible compared to stiffness for soft

admittance controller with fixed parameters. : . oS ; L

; . o . objects, the discontinuity of the power flow is not negligibl
The paper is organized as follows: in Sec. Il, a hybrid 2> 0% Lt B0 e ot
environment model is presented. In Sec. lll, the SPRLS | PP y

introduced and persistent excitation and device—dep&ndegibjeas' Regarding stiff objects, the Kelvin-Voigt modeyn

estimation limitations are analyzed. In Sec. IV, the cdntr e even superior to the Hunt-Crossley model, as it captures

design for model-mediated teleoperation is pres;entedelEqu.Dy construction the Il_near|t_y betwegfb anq 5w5’. .Wh'Ch
. . . "is characteristic of stiff objects. This again facilitatése
imental setup and results for model-mediated and adméatanc .. . ; ; .

: . €stimation process, as will be shown in experiments. Furthe
controller are described in Sec. V. The results are compare

in terms of stability and fidelity. Sec. VI concludes the papem.ore’ the damping term becomes negllg_|ble compared to the
. stiffness term for these materials, reducing considertigy
with a summary and outlook.

magnitude of the power flow discontinuity at the beginning
Il. ENVIRONMENT MODELING of contact. Therefore, we will further work with this model,
The choice of a suitable environment model is based on tf¢en interaction with stiff objects occurs.
following assumptions abqut .telleop.erator and environment
« The end-effector tool is rigid with a small contact area.
Grasping does not occur.

« The objects are static and their surface is smooth. e K
Motions tangential to the surface are not considered, W
i.e. the geometry of the object is not estimated.

« The dynamics of the remote object are not coupled with
each other in different directions of penetration.

there fe are the measured contact forces anek, dxs are
enetration depths and velocities into the remote objdw. T

Compressiol

Power
o

Time

Fig. 2. Power flow for the Kelvin-Voigt model



For soft objects, the Hunt-Crossley model (HCM) is chowhere 8 is a design constant ang the sensitivity gain.
sen. Physical inconsistencies are avoided and the nonlinédhese parameters have to be adjusted with respect to the
behavior of soft objects is captured more precisely. Similaneasurement noise @fi and ¢x. The functionNINT (-) is
to the modification for the Kelvin-Voigt model, a unilateraldefined as a component-wise round off operator:
damping is introduced. The dynamics is described as

52 if ve2
2 | veg,, ifye_,>05
Kpdxd™ + Bndzd™dxs, if dxs>0AdLs>0 NINT (véi-1) = { 0, else. (7)
={ Kpdzdr if dxs>0Adis<0 . ,
fe 0 heo®s ebgJS - s In the original RLS, the covariance mat would become

(2) small, if the estimation erroey”gets small. This in turn
with 82" = [5x)y" X5 8X5°]. The matriceskn and would lead to a decline of the adaptation matii& and
By capture the parameters of the HCM. The exponerhe algorithm would become unable to react on parameter
nne reflects contact geometry and material by altering thehanges. The self perturbation term in (6), as proposed by
stiffness depending on the size of the contact area. Anothdi2], is introduced to avoid this behavior. The algorithm
aspect of the HCM is the dependency of the damping term @tts like the general RLS algorithm wheneegr ;"is within
the penetration depth. As a result the damping term vanishfee maximum error bound defined lyy Otherwise the self
when the displacement becomes small, hence avoiding phygerturbation is activated andS, increases automatically
ical inconsistencies when establishing and loosing contac whenever a parameter change occurs epd increases.
As outlined above, the choice of the model depends o . . .
the encountered object type. We therefore propobghaid IQ Adaptation to Kelvin-Voigt and Hunt-Crossley model
object modeling approaghin which the Kelvin-Voigt model ~ The Kelvin-Voigt model can be transformed into the
is selected for stiff objects and the HCM for soft objectslinear-in-parameter form without further modifications:
The estimation is running for both models during contacys = fe, ¢s = [0as ds|" and6s= [Kyy Bi]' .
with an object. Initially the Kelvin-Voigt model is assumed Due to its nonlinearity, the Hunt-Crossley model is not
After a time of 50 ms to check the convergence of botliguitable for the SPRLS estimation in its original formuati
models, a switching between both models occurs if thAccording to [14], a solution is to linearize the model's
estimated stiffness of the Kelvin-Voigt modki,, falls below ~€equation by taking the natural logarithm of (2):
a prespecified thresholly, in one direction. This hybrid _ -1 .
switching between the modekelvin-Voigt modekkv), and In(fe) = In(Khe) + nncln(0as) +In(1+ Ky Bredas). (8)
Hunt-Crossley modeghc) can be described by the switching By assuming that IfL+ o) = a for |a| < 1 equation (8) can

operatorS(+) in directioni: be rewritten as:
[ kv if k> ke IN(fe) = IN(Khc) + 1IN (8s) + BreKpds.  (9)
o) ={ e ©)
' ' Equation (9) only holds if the tern#, !Bncdas is very
As the estimation error is small enough for both models whesmall compared to one. Since, for most robotic applications
switching, force discontinuities are not perceivable. the velocity is small during contact with the environment,
and the stiffnesdy, is commonly larger than the damping
lIl. ESTIMATION TECHNIQUE B this condition can assumed to be met. The formerly
A. Algorithm nonlinear system is now expressed by a linear equation

g_nd is therefore compatible with the SPRLS algorithm. The
stem outpuys, the regression vectaps and the estimated
rameter vectorfs can be rewritten asys = In(fe),

5= [I 25 In(dxs)]” andbs = [IN(Knc) K Bhe Mnd -

Recursive least square schemes with different modific
tions allow for a fast converging and stable estimation. Tid
this paper, the SPRLS as proposed in [13] is employed. THi
algorithm showed superior convergence speed and tracki
properties compared to RLS with variable forgetting factor
or adaptive identification techniques. In general, thetleag. persistent excitation & estimation limits
squares estimation can be described as an optimizationA
problem where the estimation err@r =y — ¢ between
measured and estimated system output has to be minimiz
The model has to be transformed into timear-in-parameter
form y = 87 ¢ with y the system output ang consisting
of input variables. Using the SPRLS algorithm, the optim
estimate of the parameter vecircan be found by solving
the following set of equations at each discrete time &tep

ccording to Yokokohji [15], a teleoperation system is
transparent, if the forces on master and slave site as well as
€ positions on master and slave site are equal. Assuming
contact, if master and slave position coincide, the geadrat
forces on master and measured forces on slave site will be
aéqual for our approach. If, however, different controllare
used on master and slave site or if time delay is present
in the communication channel, a difference in master and

0 = 6 1+Ky (Yk*(ﬁ-lgék—l) (4) slave positions may occur. In this case, a high fidelity can
- 1 only be achieved, if the estimated parameter vector is equal
Kk = Bcagx (1+¢’k Pk—1¢k) ®) 1o the true parameter vector. This can be guaranteed, if the

P, = (I—qubl)Pk,l—i—BNINT(yéﬁ,l)I. (6) input signal is persistently exciting (PE), i.e. if the itpu



signal contains enough different frequency components gent back to the master site and local external forces and
excite all parameters of the model. A thumb rule saygprques have to be generated. It is assumed, that only point
that [n/2] distinct non-zero frequencies are necessary faontacts occur between teleoperator and remote objects.
a model of ordem to guarantee persistent excitation [16].Therefore, during contact, only forces and no torques are
As all environment models in our approach are of ordemeasured at the tip of the tool, i.e. in the tool-tip frame
one, also one non-zero frequency should be contained in tfiET), see Fig. 3. Using these forces and corresponding
input signal. In teleoperation, due to the natural tremor gbositions and velocities as input to the above described
human arm movements, see [17], the operator unconsciouslybrid estimation technique, an estimate of the envirortmen
provides input signals with at least one non-zero frequengarameter vector can be obtained for the three translationa
component and, thus, persistent excitation is guaranteed. directions.

Another important aspect is the identifiable range of paran®n master site, local forces are generated during contaiet wi
eters, which limits the estimation to some extent. This eanga remote object using the received parameter véiand a
essentially depends on the robotic device, used for ideatifi regression vectop,, depending on the environment model
tion, as it is connected in serial with the object. Assuming a A 6 i Sk — k
admittance-type robot, for example, its mechanical stmect fom= { Dskwbmiw, If Skiy) = kv (12)
can be simplified to a spring-damper system denoted by ' Osncdmne, it S(kwv) = he,

k., by, interacting with another spring-damper-like objectwhere ¢mkv and ¢mnc are calculated on master site by
denoted byko,bo. The maximum identifiable stiffness is integration over the desired master velocity, when es-

therefore the serial connection kf andk,, i.e. timates of the parameter vectég are available. When the
kKo first estimate is received, the penetration depths are set to
Kmax = K+ ko' zero. For the haptic feedback on master site, it is furtheemo

assumed, that the operator should feel as holding a toelalik

In the case of a completely stiff wall, t,he identifiable St6s g oy qriver, for example. Consequently, also torques have
is consequently limited by the robot's mechanical stiffies |, computed at the grasping point of the tool, i.e. in thetwris

Given PE, the obtained parameters are therefore not the e me (W), see Fig. 3. The geometry of the tool mounted on

values of the object's model alone, but the true values Gf,q tejeoperator's end-effector and with it the distancastare

the interacting robot-object system. These limits havedo b ¢, \yrist frame to tool-tip frame, is assumed to be known.

considered in the interpretation of the obtained parametqf, .« the cross product betweerand the force vectofem
values. For control, this estimation limitation becomeas-cr is calculated in order to determine the torqagn”

cal only, if the stiffness of the device, where the paranseter R
are applied to, is higher than the stiffness of the devicéy wi Tem =7 X fem. (13)

which the parameters have been obtained. o .
On master site, it is assumed, that, for a natural feeling of

IV. M ODEL-MEDIATED CONTROL APPROACH the haptic feedback, the human intuitively grasps the teandl

By applying the hybrid environment estimation techniqu@t the tool center point, where all axis of rotation intetsec

in a teleoperation setup, a model-mediated control approadhe estimated forces and torqugfem, 7em provide the
can be realized. The teleoperator is position controlled jfPerator with haptic feedback about the interaction bewee

joint space using a high-gain PD controller. The desiregp!eoperator and remote objects. As mentioned above,. Wi_th
position and orientation in task space are commanded frofis @pproach the feedback loop from remote to local site is
the operator. On operator site, a position-based admétanglosed locally, su<_:h that the dynamics on the remote site do
control approach, as presented in [18], is chosen for thengiv Ot alter the haptic feedback.

setup. Using a virtual mass-damper system, the differefice o
forces and torques applied by the operatfyr,and m,, and
external forces and torqueg,; and e, are transformed into

V. EXPERIMENTAL VALIDATION
A. Experimental setup

desired position and orientation, respectively, i.e. For evaluating the proposed method, we used a robotic
. ) system, consisting of a redundant 7 DOF haptic interface

fo—fe = McZm+ Bem (10)  visHaRD7 [19] and an anthropomorphic 7 DOF robotic

Th—Te = Mowm+ Bowm. (11)  arm [20]. Both devices have a relatively large, human-like

The virtual inertia and damping matrices are chosen %orkspace and a high force output capability. The redun-

M. =5-T kg and B, = 1- 1 Ns/m for translations and ancy on operator site is used to decouple translational fro
MC —0.1.T kgn? andCB — 0.05- T Nms/rad for rotations rotational movements, while on teleoperator site it is used
o — P B o — . . .

The desired position and orientation are controlled using a
high-gain PD-controller in joint space. In order to avoie th
dynamics of the underlying position controller, the desire
position and orientation are sent to the teleoperator site.

To realize model-mediated teleoperation during contdet, t
environment parameters have to be estimated on slave site,

Fig. 3. Wrist frame and tool-tip frame



20 master site. For a realistic impression of the object, thee ti
— 15 _2 of contact has to be longer than the convergence time. Other-
e TE wise, the haptic impression of the object is determined by th
g 10 2 1 initial values of the estimation. Furthermore, the norzedi
S 5 = root-mean-square error (NRMSE) between measured and
< Wy estimated forces on slave site is calculated in the directio
0 0 of penetration
0 10 20 0 10 20
t[s] t [s] 1 N (1 R
Fig. 4. Estimated stiffnesi,, and dampinga, for contact with the steel NRMSE= 2n-1(fen — fesn) )
plate in the direction of penetration fe,max— fe7min N
S 4
0 — x10 15| Itis 1.16% for the steel plate andél7% for the silicone cube,
b , e’ = , which is very good. As described in Sec. IlI-C, the stiffness
% 2 4 E of the Kelvin-Voigt model is the maximum identifiable stiff-
ot =2 05 ness of the robot-object interaction. It is consequenthjtéd
< % 1o 20 & o5 - ﬂ T to the robot’s stiffness when touching a rigid wall. Therefo
tls t[s t[s the estimated value ok ~ 17 kN/m seems plausible.
Fig. 5. Estimated parametekg., bnc andnpc for contact with the silicone The mmf"‘l peak m_the damplng valge occurs, because the
cube in the direction of penetration penetration depth is very small, while the measured forces

are not. As the parameters of the Hunt-Crossley model are
avoid singular configurations. A 6 DOF force/torque sensarot physically interpretable, a statement about the acgura
is mounted at the end-effector of the devices and end-effectcan hardly be done. Finally, the hybrid switching technique
positions are obtained by applying the forward kinematics tchose the correct models for the right material, i.e. Kelvin
the measured joint angles. Gravity forces are compensatedigt for the steel plate and Hunt-Crossley for the silicone
in the force measurements and inertial forces due to the erlibe.
effector mass are neglected assuming slow velocities glurin 2) Model-mediated control approach=or teleoperation,
contact. An aluminium bar is used as handle for the operatahe most important aspects are robustness and fidelity.
while a steel pin is mounted on the teleoperator's end-&ffec The observed behavior was always stable, i.e. moving in
simulating a rigid tool. Thus, the operator should feel ageespace and establishing and keeping contact did notdead
holding some kind of tool like a screwdriver, for example.oscillations or instabilities. For fidelity evaluationetffiorce
The operator had a direct view on the teleoperator site. measured at the wrist of the teleoperator's end-effectdr an
For estimation, the parameters were initialized witithe virtual force generated in the wrist frame on master
Oy = [10000200 and 6énc = [log(3000,1/30,1.3] and site were recorded and are shown in Fig. 6 for the steel
for the self-perturbation, the parameters were chosen phte and in Fig. 7 for the silicone cube in the direction of
Yov=1,Bwv="50 and yhc = 190003y = 1. The stiffness penetration. The virtual forces generated by both models
threshold for the hybrid estimation approach was chosen & well with the measurements. In steady-state, the force

kih = 2500 N/m. error for the steel plate and the silicone cube is always
smaller than the the just noticeable difference (JND) for
B. Results force (10% for the arm/forearm, see [21]). Thus, in steady-

Using this setup, experiments were conducted, whe®ate, the estimated forces can not be distinguished frem th
the operator remotely established and kept contact wiffeasured ones by the operator. This is a satisfactory fidelit
two objects of different material using the model-mediatefurthermore, the high-frequency oscillations of 1-2 N are
control approach. In order to show the applicability of the10t perceivable for the operator as they lie below the JND.
approach to a wide range of materials, a steel plate and a sBfsides force tracking, a high degree of fidelity requires a
silicone cube were used as objects and mounted on a sofigod position tracking, i.e. a position error between maste
surface. The true model parameters of these two materi&@8d slave as small as possible. As the desired master positio
are not known. In the following, estimation results, fidelit
and stability during teleoperation are discussed. Funtbeg,

a comparison between the proposed method and a cont 40 20
approach with fixed parameters is performed. = 30 10
1) Estimation: Regarding the estimation results, the im-= =
portant aspects are speed, accuracy and a correct switch-* 20 : ° 0
between Kelvin-Voigt and Hunt-Crossley model. In Fig. 4= 10} ;
and Fig. 5 the estimated model parameters for the steel ple 10
and the soft silicone cube are shown in the direction c 0 10 20 0 10 20
penetration. The parameters converge in less than 1s, whi t [s] t [s]

enables a good rendering of contact forces and torques pig. 6. Left plot: Measured force on slave site (solid) anduel force on
master site (dashed) for the steel plate, right plot: forcerer
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