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ARTICLE INFO ABSTRACT

Keywords: This paper demonstrates that incorporating passive compliance to the follower (slave) by means of a series elastic
Teleoperation actuator (SEA) improves system transparency for haptic teleoperation applications with large time delays. Time
Time delay delay induced force and position tracking errors limit the practical implementation of teleoperation systems. Tra-
Haptics

ditional approaches have focused on passifying the communication channel and estimation methods to improve
transparency, but performance degrades in large delays. In a force-position architecture using a Smith predictor,
the ability to implement force control through position control with an SEA aids in increasing transparency of
the system. The position drift common in most time delayed systems is eliminated with the proposed method
while maintaining an accurate force reflection for a constant round trip time delay of two seconds. The combined
actuation and sensing capabilities of the SEA also provide a means for detecting and correcting for variations in
the environment contact location. This aids in estimating the follower dynamics for the predictor as both position
and force information of the environment are captured. The proposed method is validated through simulation
and experiment involving stiff and soft unilateral environment contact. The results of haptic teleoperation with
an SEA demonstrate the effectiveness of compliance for accurate system transparency and improved performance

Series elastic actuation (SEA)

in comparison to stiff actuation, while reducing controller complexity.

1. Introduction

While teleoperation has been studied for quite some time, the prac-
ticality of time delayed systems has been significantly improved in re-
cent years. A survey by [1] reviews contemporary control approaches
to extend the capabilities of time delayed haptic systems. Many of the
most recent methods are built off of earlier control architectures that are
presented in a historical survey by [2]. Improving time delayed haptic
teleoperation continues to be important work, as it is the most suit-
able solution when a human operator is desired but unavailable due
to a remote or hazardous environment. Applications for this include
space, subsea, robotic surgery, nuclear/disaster sites, and virtual reality
[1,2]. The majority of approaches to extend teleoperation performance
in greater time delays has been done with focus on passifying the com-
munication channel, and application of control schemes that estimate
the environment and follower dynamics. Although some achieve good
force tracking performance, position error and performance losses in
larger delay times is often reported. This paper rethinks the approach by
examining the mechanical system and investigating environment con-
tact dynamics, proposing the use of passive compliance through an SEA
for extending teleoperation performance.

The remaining sections are organized as follows: Section 2 reviews
the state of the art. Section 3 defines the problem being addressed and
elaborates on the proposed solution. Section 4 provides a detailed dis-
cussion and formulation of the teleoperation system. Sections 5 and
6 provide the simulation and experimental results with discussion re-
spectively. Finally, Section 7 gives concluding remarks and presents fu-
ture work.

2. Literature review

Previously, increasing the performance and ensuring stability of tele-
operation systems has been addressed using model based predictive ap-
proaches augmented with estimators and adaptive methods [3,4], or ad-
ditions such as neural networks (NN) [5,6], wave variables [7,8], energy
bounding approaches (EBA) [9,10] or optimization [11]. Oftentimes, a
Smith predictor (SP), first proposed in [12], will be implemented as the
main controller, although other model based predictors have also been
studied. In this scheme, if the time-delayed dynamics are perfectly pre-
dicted then the time delay is canceled out.

The greatest challenge in predictive control approaches is obtaining
an accurate model or estimation of the follower and environment, par-
ticularly when the follower and environment dynamics are nonlinear or
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Fig. 1. 2-Channel force position teleoperation system. * denotes delayed signal.

time varying. To address this [5] uses an online NN to estimate follower
side dynamics. As an online method, the network can respond to small
changes in the follower and environment dynamics. However, the NN
weights can take up to 1.5 s for a round trip time (RTT) delay of 500 ms
to converge.

Others have addressed the concerns with predictive methods by us-
ing adaptive model based approaches in [4,11,13]. From the most re-
cent example, the improved extended active observer in [13] relies on
accurate rigid body models and observers to estimate the external and
friction torques of the system. This approach, like most adaptive meth-
ods, can handle variations in the communication delay but is limited
to small delay times, and its ability to adapt to varying environment
dynamics has not been investigated.

Performance in teleoperation is based on transparency between the
master and follower (slave) system. In early studies, transparency was
focused on matching the impedance transmitted to the operator (Z,,)
to the environment impedance (Z,) such that Z,, = Z,. A 4-Channel
(4C) approach was proposed where both force and velocity signals are
transmitted [14]. However, transparency was achieved at the expense
of passivity. To guarantee passivity, the common two channel method
was developed, but with a loss of transparency [15]. This asserts that
transparency and passivity are opposing goals that researchers continue
to combat. The two channel architecture is depicted in Fig. 1 where F
and x denote the force and position signals, and subscripts h, m, f, and ref
refer to the human, master, follower, and reflected value, respectively.

Passivity, as first presented for teleoperation systems with scattering
variables by [16], is a convenient and conservative assurance of sta-
bility, and thus has been widely implemented through transformation
variables applied to signals sent through the communication channel.
The use of wave variables (WV) in particular has become very popular
since it guarantees stability regardless of the time delay and follower
side dynamics. However, because no position information is explicit,
available position drift is a common consequence. A detailed discussion
on the benefits and limitations of WV is presented in [17].

WYV have also been notably used to stabilize the H_ controller in [8].
This study performed a pick and place telemanipulation task between
the USA and Japan in an RTT of 0.48 s, with the help of voice queues
from the follower side. Although this work successfully presented a prac-
tical demonstration, it was constrained to a small delay. Additionally,
the system features the common performance and stability trade-off for
passivity approaches.

An energy bounding approach (EBA) is another method used to
achieve passivity without scattering or WV [9]. Here the concept of
passivity is applied as a controller to bound energy output on both
the master and follower. This method was expanded in [10] where
the bilateral EBA was combined with an SP force position (F-P) ar-
chitecture. Similar to [7] this method guaranties stability, but has the
common stability-performance trade-off since the EBA bounds the force
magnitude on the master side. Like many approaches, the predictive
EBA also needs to know the environment dynamics to have good trans-
parency.Alternatively, [18]used a sliding mode based finite time con-
troller with a barrier Lyapunov function to address performance and
stability, with a NN for uncertainties. This has promising results with
its ability to constrain the position error, but has not been applied to
environment interaction.

Earlier work in teleoperation has also investigated shared compli-
ance control (SCC) [14]. It was recognized that compliance on the fol-

lower side is beneficial for safely controlling the remote robot. However,
at the time, manipulator stiffness was preferred for positional accuracy.
Thus, compliance was actively achieved through impedance control de-
spite certain advantages of passive compliance. A well known example is
the remote compliant center (RCC) wrists [19]. Because of this, passive
compliance remains mainly unexplored in teleoperation, despite many
potential benefits that can be applied in the form of an SEA.

SEA’s have many advantages over direct drive actuators including ac-
curate force control, and reduced force errors from friction and torque
ripples that can cause position drift [20]. Moreover, the unified force
through position control of SEAs lends itself very well to the F-P architec-
ture in teleoperation. Compliant robots are also becoming increasingly
more popular in both research and industry as safe human interaction
is becoming a critical concern. The main method of ensuring safe oper-
ation is minimizing inertial forces and enforcing compliance by passive
means with SEA’s instead of active control, as compliant actuators lower
the reflected inertia [20,21]. A new robot design in [22] showcases the
importance and the benefits of passive joint compliance through SEA’s
in contact detection as well as unified force motion control.

Since an SEA functions as a force/torque sensor as well as an actu-
ator, contact can be determined by measuring the joint torques while
interacting with an unknown environment. This is beneficial for teleop-
eration as it provides a method to accommodate varying environments.
A study by [23] also suggests that the use of SEA’s on the follower
side may be beneficial in future teleoperation systems. Another study
[24] makes note that the effects of compliance in haptic feedback has
not been examined thoroughly.

3. Methodology

To the knowledge of the authors, the practical limits for bilateral
haptic teleoperation is an RTT of approximately 500 ms. Performance
of teleoperation systems degrades as the delay time increases, partic-
ularly for systems that enforce passivity. Moreover, few studies have
investigated robust solutions to varying environment dynamics. Much
work remains for increasing haptic teleoperation performance in large
time delays by further examining unexplored components of the sys-
tem such as environment contact on the follower side. To address these
issues this paper presents the novel use of an SEA as a compliant end
effector on the follower side, for improved transparency in time delays
of up to two seconds and adaptability to environment position variation,
with a simplified control strategy.

The proposed system uses an F-P architecture with an SP to com-
bat the effects of time delay. In this approach, the slave robot tracks a
position command from the master device and sends back the external
force from the environment, where it is reflected back onto the user by
the master haptic device. Because the slave side tracks the master po-
sition, it is referred to as the follower. In this scheme transparency is
achieved through position and force matching, such that x, = x, and
F;, = F,, where the subscripts h and e refer to the human operator and
environment, respectively. Additionally, in the implementation of an F-
P architecture, the reflected force becomes proportional to the follower
position through the spring constant and thus the outer loop force con-
trol also drives the position tracking. This reduces the common devi-
ation between force and position error and simplifies modeling of the
follower-environment system. Due to the compliance and force position
relationship, the system is far more robust to large time delays.



D. Budolak and P. Ben-Tzvi

Comm.
1 ——

e-sT

Master Follower, G,

Fig. 2. Block diagram of the proposed force-position Smith predictor architec-
ture.

Although time delays can be time varying and asymmetrical,methods
to deal with the nonlinear and time-varying effects of internet commu-
nication have been studied in [25-28].Moreover, time varying delays
can be turned into constant delays with the use of buffering and a net-
work delay regulation [27].Because the proposed system can be applied
in tandem with some of these methods, for simplicity of presenting the
control strategy and to focus on the novelty of using an SEA, this study
assumes a known constant delay.

4. Teleoperation system
4.1. Smith predictor

Due to its simplicity and proven performance, the Smith predictor is
the primary method for dealing with time delay. In the Smith predictor,
the desired force feedback F,, can be written as

F,=G(1-¢T)x, + F; (1)

where G’ is the follower dynamics estimate, T” is the estimated round
trip time delay, X, is the position of the master, and Fy is the actual force
feedback from the follower side

Fp = e_STGp Xpy- 2)

The desired reflected force can be rewritten in terms of the time delay
and follower dynamics such that the equation becomes

F,=G\(1-eT)x, +e77G,x, (©)

where G, is the actual follower dynamics and T is the round trip time
delay. If the time delay is known, T’ = T, and the follower dynamics are
perfectly predicted, Gl/, = G, then the time delay is canceled out and the
reflected force becomes

F,=G,x,. Q)

Because no passivity enforcing control is applied to this architecture, the
system is only stable when there is full cancellation of the time delayed
dynamics, G, = G; , with proper controller selection on the follower side.
Thus, stability for the proposed system with the architecture presented
in Fig. 2 is dependent on the accuracy of the follower and environment
dynamics modeling. When modeling error is present, stability of the
teleoperation system can still be guaranteed for a bounded error using
Nyquist criteria [29]. From examination of the representative block di-
agram of an SP in Fig. 3, the closed loop transfer function is

_ CGe™T
1+ CG' + CAGe=sT

where AG is additive modeling error. Based on the Nyquist theorem the
system will be stable if 1 + C(jw)G(jw) > CAG(jw)e™/®T. The additive

®

Gcl
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Fig. 3. General Smith predictor system with time delay.

error can be represented as G(jw)5G(jw), where 5G(jw) is multiplication
modeling error. The stability condition now becomes

11+ [C(@)GG)] ™| > |6G(jw)e™ T | ©)

Thus, |6G(jw)| < W(w), where W(w) is an upper bound function requiring

1+ [C@)G(o)] ™| > W(w) Va. (7

Therefore, even with modeling error the SP remains stable for the tele-
operation system based on the appropriate selection of C for the follower
dynamics. The stability of the presented architecture is verified in ex-
periment.

4.2. Compliance in the system

The addition of passive compliance to the follower provides many
advantages for improving the capabilities of teleoperation systems.
Compliance is beneficial because with two objects in contact, the kine-
matics of the most compliant member dominates. This becomes evident
by examining the pole locations of both a stiff and compliant system.
The time constant depends on the pole locations Re{1}, where 1 is an
eigenvalue of the system. A’s with large time constants decay quickly and
only the compliant dynamics remain. Thus, if the follower has a com-
pliant member such as an SEA in contact with the environment, where
the follower impedance is much smaller than that of the environment,
Z;< <Z,, then the force exerted by the follower on the environment
reduces to the SEA spring displacement as given by Hooke’s Law. How-
ever, this simplification cannot be made with a stiff follower, or when
the compliances have a similar relative order of magnitude.For these
cases the environmental force is
P {—Ks(xe -x;) K; <K,

8
¢ fxpoxe, %) K;p> K, K;~K, ®

whereK is stiffness with subscripts e, f, and s referring to the follower,
environment, and SEA respectively, and f is a generalized function that
is dependent on the follower position x;, environment contact location
X,, velocity x,, and may be time-varying with linear or nonlinear stiff-
ness and damping. Naturally, if K;> > K, then the SEA will be unable to
measure the contact force since the spring does not displace. For mea-
suring environmental forces in this situation, a secondary force sensor
can be used at the expense of stiff contact behavior common in F-P archi-
tectures. Thus, the spring stiffness must be appropriately selected for the
environment and use case. Environment dynamics can also be nonlinear.
With traditional SP approaches, nonlinear environment dynamics cause
prediction errors that lead to transparency losses, thereby destabilizing
the system. With an SEA, the environment position is known through
contact with the follower and the position is encoded in the force sig-
nal. This is used to update the prediction model and allows the proposed
system to have good force and position tracking even in contact with soft
nonlinear environments.

The compliant follower is a great simplification in both the sensing
and modeling of the follower and environment. Because SEA’s decouple
the inertia of links in a multi-link manipulator, only a single SEA in con-
tact with the environment is presented. The generalized rotary model
is formulated as a force sensing SEA similar to that examined by [30].
Including the electrical and mechanical subsystems, the SEA is modeled
as follows. The electrical system is coupled to the motor dynamics by
the motor torque, which is proportional to the current as z,, = K,,i with
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motor constant K,,. The motor is coupled to the load by z,,,, through the
spring displacement d, = N~'4,, — 6,, giving

Ri+ L% +K,0, =V
Jmem + Bmem =T~ Tour
JIX[ + BIX[ = Tout T Text

KSdS = Taut (9)

where J; and B; are the mass and damping of the load, J,, and B,, are
the motor inertia and damping, V is the voltage applied to the motor, L
is the armature inductance, and R is the armature resistance.

For the proposed linear actuator used in experiment, the rotary mo-
tion from the DC motor is converted into linear motion with a lead screw
as x,, = N~'0,,1/2z, where [ is the screw pitch. The force applied by the
SEA is then F,, = K,d where displacement d = x,, — x;, and x,,, and x;
are the motor and load positions. The general linear load dynamics now
become M,%, + B;x; = F,,, + F,,,.

From the system of equations above, an open loop transfer function
relating the output force of the SEA to the input voltage while the fol-
lower is in contact can be written as

F, KK,

out __

V" 2zs[(Ls + R)(J,s + B,) + K2’

10)

A PID control law can be applied to this for position control of the
SEA for implementation of the proposed F-P architecture as follows:

e =X, =Xy

v kpe+k,/e+kDe'. 1n

Without loss of generality, x; can be set to zero with x,, being the new set
point relative to x. The transfer function for the follower side dynamics
for use in calculating F), in the SP is now

KK, [(Kps®> + Kps + K;)

= . 12
G 27s2[(Ls + R)(J,,s + B,,) + K2] (12)

4.3. Environment contact location sensing and correction

Compensating for time varying environment dynamics is impor-
tant for teleoperation systems with large time delays since prediction
schemes in particular necessitate exact knowledge of the follower and
environment dynamics. Generally, the follower side dynamics are as-
sumed to be known a priori, and not subject to disturbances. In predic-
tive architectures, inaccurate estimation will have losses in transparency
from delay cancellations, and subsequently large force reflection error.
Thus, any unknown environmental variations can lead to undesired col-
lisions resulting in destabilizing oscillations or damage to the system
and environment. Because the SEA is capable of both position and force
sensing, it can be used to compensate for varying environment dynam-
ics without the use of a neural network or an adaptive control scheme.
For environment position variation, if there is an error in the environ-
ment contact location, F, # Fy even if x,, = x ;. Because the force on the
follower is proportional to the SEA spring displacement, x, can be cal-
culated by the difference in follower position and spring displacement
as
I

A 13)

X, =Xp—
s

The spring displacement cannot be used directly since the F-P architec-
ture only uses two channels to send and receive the position and force
respectively. During operation when the environment position varies,
the contact location x, is determined from Eq. (13) upon initial con-
tact with the environment, and the force reflection is carried out with
the new estimate. This method continuously updates x, while in contact
with the environment.
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Table 1
Simulation parameters.

Parameter ~ Value

I 4 E-6 kg m?

i 2 E-4 kg m?

B, 2.9 E-5 Nm s/rad
B, 1.0 E-4 Nm s/rad
K 5 Nm/rad

N 10

R 4Q

L 27E-6H

K, 0.0275 Nm/vyW

5. Unilateral contact dynamics simulation

Often the initial contact dynamics are not considered in teleopera-
tion since a stationary environment is passive from energy and momen-
tum conservation of impact. However, this ignores important aspects
of the system such as the large impulses that occur due to discontinu-
ity in velocity upon impact. When these are large, the resulting oscilla-
tions can degrade performance, in particular for higher speeds. Perhaps
since teleoperation was developed with a "move and wait” strategy in
its formative years [2], most studies and applications have been low
bandwidth, which helps in the follower prediction but limits practical
application. Another advantage of SEA’s over direct drive actuators is
that they do not have chatter when in contact from a stiff load cell read-
ing in high gain feedback [21]. This is an important distinction further
investigated in simulation, as this sensing method is implemented most
often for teleoperation. Moreover, gain limitations affect the amount of
modeling error the system can handle with an SP as discussed above.

5.1. Simulation setup

To further investigate how the contact dynamics affect the system,
a simulation was carried out in MATLAB for a generalized scenario of
a 0.1 m rod making contact with a wall 0.05m away. Actuation with a
stiff motor was compared to a rotary force sensing SEA with dynamics
defined by Eq. (9) with parameters listed in Table 1. Unilateral contact
dynamics were implemented using the nonlinear Hunt-Crossley (HC)
model [31]. The HC method is well known and widely used to model
contact with viscoelastic materials [32,33]. The benefit of the HC model
is that the normal force Fy is continuous and takes into account viscous
friction forces for elastic conditions based on contact pseudo penetration
5. Here the normal force is expressed as

Fy = K,8"+ x8"8, (1) > 0. (14)

K, is the effective stiffness calculated as

WE

" 30 +0) 1

Ke
where o, = (1 - v?)/E, , for =i, j, where v- and E- is the Poisson ratio
and Young’s modulus respectively, for object i coming into contact with

object j. y is the hysteresis damping factor given by [34] as
3K,(1 -
_ Kl -e) (16)
260

where c, is the coefficient of restitution and 5\ is the initial contact ve-
locity. Contact with both a stiff and soft wall was investigated by chang-
ing K, and c,, as both are inversely proportional to damping [35].

5.2. Results and discussion

Results for contact with a stiff environment are depicted in Fig. 4 for
K, and c, values of 2.8 x 10° and 0.75 respectively, with a proportional
gain K, of 7.5. The target force was set to 2.5N. The results show a
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Fig. 4. SEA vs. Stiff Motor simulation results in force control with stiff unilateral
contact force modeling.
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Fig. 5. SEA vs. Stiff Motor simulation results in force control with soft unilateral
contact force modeling.

substantial amount of chatter and overshoot for the stiff motor, whereas
the SEA settles much faster within the acceptable error.

The simulation was repeated for contact with a soft wall with K,, ¢,
and K, values of 2.8 x 104, 0.5, and 18. As the wall stiffness decreases,
the SEA loses its compliance advantage and has a larger settling time
than the motor as demonstrated in Fig. 5. It should be noted that be-
cause of the compliance and damping of the material, the motor settles
behind the nominal contact location as the wall is deformed. Moreover,
because of the SEA compliance the final settling distance within the wall
is different despite having a negligible difference in steady state error.

In the proposed F-P architecture, the follower is position controlled.
Simulations were also run for stiff and soft contact with proportional po-
sition control targeting the wall location at 0.05m. The same K, and c,
were used as before with K, set to 80. Results did not vary much for stiff
and soft contact, and are shown in Fig. 6. In both cases the stiff motor
had large overshoot and chatter, but occurring with much less frequency
than in the force control case. The SEA showed less overshoot than with
force control. These results support the use of an SEA over a stiff mo-
tor for sensing and actuation as a means to increase the capabilities of
delayed teleoperation systems.

6. Experimental validation

Experiments were set up to validate that the performance of a time
delayed system is improved by the use of an SEA, as well as demon-
strate the capability to adapt to a varying environment. A Geomagic
Touch haptic device was used as the master and a force sensing SEA as
the follower. For the experiment, a one degree of freedom contact task
was performed for ease of comparison with literature. The Geomagic
Touch user input and haptic feedback was restricted to motion along
one axis. The linear actuator on the follower side used a potentiome-
ter for position feedback to implement the Smith predictor architecture
from Fig. 2.
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Fig. 6. SEA vs. Stiff Motor simulation results in position control with (a) stiff
and (b) soft unilateral contact force modeling.

Fig. 7. Experimental setup with Geomagic Touch, SEA, and stiff actuator.

The master side control was executed on a computer communicat-
ing through a serial port to a Teensy 3.2 microcontroller on the follower
side. Although serial communication does not provide a constant delay,
buffer sizes were set to achieve a maximum upper bound to the delay.
The master side was implemented using Simulink, and a delay block was
used to create a well controlled artificial delay. The Simulink model was
executed at 1kHz. The contact experiment was conducted for a 0.5, 1,
and 2 s RTT. Contact with an aluminum wall was performed with a user
input target force of around 2.5N. The estimated force signal was dis-
played on the computer screen to aide the user. Contact was initiated for
approximately two seconds and the device was returned to the starting
position to repeat the contact. The experiment was conducted with an
SEA in both a stationary and varying environment. A similar test was
conducted for soft contact with foam.

6.1. SEA contact with stiff wall

The follower uses a Firgelli L12-30-210-6-P linear actuator with a
guided compression spring and a 20 kOhm linear potentiometer for the
spring displacement measurement. The spring has an overall length of
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Fig. 8. Master and follower contact with an aluminum bracket for a 0.5, 1, and
2 s RTT.
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Fig. 9. Example of master and follower position with a changing environment
contact location in one second RTT.

one inch and a stiffness of 0.86 N/mm (4.93 1bf/in). This size was cho-
sen to investigate finer movements while staying within typical hand
exoskeleton limits of 10N [36]. The SEA was placed 9 mm from an alu-
minum L-bracket acting as the stiff wall. The environment contact posi-
tion was known to the controller, and system identification was used to
obtain a model for the SEA. A manually tuned PID controller was used
on the follower to track the master position.

From Fig. 8 it can be seen that the use of an SEA greatly increases
performance in terms of transparency for position and force tracking.
These results can be compared to existing work in the field that use a
stiff follower as referenced in Section 2. One of the greatest benefits of
this implementation is that accurate force matching is achieved without
sacrificing position accuracy as with traditional methods. With the use
of an SEA, position and force is linearly related and thus the follower
position tracking is also part of the environment sensing and force re-
flection estimation. Consequently, any position errors from inaccurate
modelling of the follower and environment dynamics will directly af-
fect the force tracking. Additionally, from a more detailed inspection of
Fig. 8, the resolution of the spring displacement affects the force reflec-
tion accuracy since the force and displacement are coupled in an SEA.
However, the proposed system still demonstrates excellent performance,
with force reflection accuracy to within a few tenths of a Newton, and
position tracking to less than half a millimeter, even at a time delay of
two seconds. Some data packet losses were observed, but the occurrence
was infrequent and did not have any significant effects on performance.

6.2. Varying environment and soft contact

In most studies, the environment is assumed to be stationary, and
determining the contact location is often overlooked or assumed to be
known a priori. This is one of the greatest limitations to practical ap-
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Table 2
Varying environment contact location error.

3mm Contact [mm]

RTT [s] max dev. avg. settling dev.
0.5 0.688 0.336

1.0 0.647 0.393

2.0 0.534 0.522

9mm Contact [mm)]

RTT [s] max dev. avg. settling dev.
0.5 0.186 0.102

1.0 0.209 0.097

2.0 0.094 0.102

plication of teleoperation systems since environments in real life are
often time varying. Based on a review of recent work, few studies have
mentioned the capability to handle varying contact positions [5,13],
with limited discussion. However, the ability to adapt to time varying
environments is important to extend the capabilities of teleoperation,
particularly in the presence of time delay.

An experiment was conducted where the environment contact sens-
ing and correction (ECSC) method defined in Eq. (13) was applied to
the SEA controller. A 6 mm block was placed between the wall and the
SEA to change the contact location. The user was instructed to make
contact with the wall as before, assuming the original contact location
at 9mm. The teleoperation system was set with an initial contact loca-
tion of 9 mm as well. After the first contact, the block was removed and
the user was instructed to make a second contact at the original wall
location at 9 mm.

The ECSC is an online correction method that is constantly executed
throughout the motion. However, because it is based on Fy, it is only
updated once contact is initiated. Moreover, since the ECSC is on the
follower side, the user receives an update only after the backwards time
delay duration, or half the RTT for a constant and symmetric delay as
in this implementation. The accuracy of the sensing method is affected
by the model accuracy and position error. As before, the SEA spring
displacement resolution also has an effect on the ECSC and thus an ap-
propriate sensor must be selected for the specific application of the tele-
operation system.

Knowledge of the contact location is necessary for predictive ap-
proaches based on an SP, and affects the force sensing of the SEA. As
such, this becomes critical information for the proposed teleoperation
architecture. To evaluate the performance of the ECSC the test was con-
ducted with five trials at RTT’s of 0.5, 1, and 2 s. The maximum deviation
and average settled value after contact is shown in Table 2. The results
do not follow any significant trend, although the average settled x, er-
ror was larger for trials with a two second time delay. This is likely due
to the increasing error between Fy and F, as the communication delay
increases, causing drift between the estimated x, and the actual contact
location. This provides the first quantitative result known to the authors
for capabilities to compensate for environment variations. Contact tests
were also conducted with a soft environment using a foam block. For soft
materials the contact location changes as the material deforms. There-
fore, x, must be updated on the master side to prevent modelling errors
that will degrade performance and potentially destabilize the system.
Fig. 10 demonstrates the performance of the proposed system and the
ability of the ECSC to correct for dynamic environment variations on
top of the static case discussed above.

For small time delays, the ECSC is able to correct G;} with small force
errors. As the delay increases, the update time causes greater force es-
timation overshoot until contact is maintained and the correction al-
lows F, and Fy to converge. Although in dynamic environment varia-
tion the correction will always trail the actual contact location, in small
delays the performance can be acceptable for small bandwidths. More-
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Fig. 10. Master and follower contact with foam block environment location,
0.5, 1, and 2 s RTT.

over, these results are particularly promising as the ECSC assumes no
knowledge of the environment dynamics.

7. Conclusion

This work presented the improvement in performance and trans-
parency for a robust teleoperation system with the use of an SEA on the
follower side in a F-P architecture using a Smith predictor. Simulation
results demonstrate the benefit of using an SEA for unilateral contact
with a stiff environment over direct actuation. Compliance in the system
demonstrated a reduction in chatter and overshoot for both force and
position control in stiff and soft environments. In experiment, accurate
force and position tracking was achieved in an RTT of two seconds for
contact with a stiff environment. Additionally, a method to account for
variations in contact location, ECSC, was developed and demonstrated.
Contact with a soft environment showed good performance in an RTT
delay of 500 ms.

The results provide promising direction for increasing teleoperation
performance further as part of future work. Currently, the proposed sys-
tem assumes no knowledge of the environment dynamics, and takes ad-
vantage of the coupled actuation and sensing capabilities of the SEA.
Estimation of the follower-environment dynamics can be added to the
control architecture to improve the follower side prediction. This has
the potential to reduce the update error in the ECSC as well, resulting in
better performance in the presence of increased delays for soft contact.
This would be particularly useful in telesurgery applications for interact-
ing with soft tissue. This work can also be extended by extending it to a
multi-degree of freedom manipulator, as evaluating specific task perfor-
mance and completion times will be a useful metric to further evaluate
the system’s practical application.
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