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Abstract—Recent work introduced the concept of human
teleoperation (HT), where the remote robot typically considered
in conventional bilateral teleoperation is replaced by a novice
person wearing a mixed reality head-mounted display and
tracking the motion of a virtual tool controlled by an expert.
HT has advantages in cost, complexity, and patient acceptance
for telemedicine in low-resource communities or remote loca-
tions. However, the stability, transparency, and performance
of bilateral HT are unexplored. In this paper, we therefore
develop a mathematical model of the HT system using test
data. We then analyze various control architectures with this
model and implement them with the HT system, testing volunteer
operators and a virtual fixture-based simulated patient to find
the achievable performance, investigate stability, and determine
the most promising teleoperation scheme in the presence of time
delays. We show that instability in HT, while not destructive or
dangerous, makes the system impossible to use. However, stable
and transparent teleoperation are possible with small time delays
(< 200 ms) through 3-channel teleoperation, or with large time
delays through model-mediated teleoperation with local pose and
force feedback for the novice.

Index Terms—Teleoperation, Augmented Reality, Human
Computer Interaction, Stability, Transparency, Force Feedback,
Haptics

I. INTRODUCTION

Many remote and underresourced communities experience
severe challenges in accessing qualified medical care. For
example, ultrasound imaging is important, widely used, and
much lower cost than other modalities such as CT or MR.
However, capturing and interpreting ultrasound images re-
quires a high degree of expertise that is not commonly present
in many small communities. As a result, a sonographer or
radiologist must be transported to the town on a regular basis,
or patients must be sent to a major medical center. Either case
leads to long wait times and difficulty handling urgent cases.
In communities across Canada, patients are flown hundreds
of kilometers for standard ultrasound exams. This takes up to
three days and exerts a high social and financial cost on the
community.

Therefore, tele-ultrasound is an important and growing
field. However, current commercially available technologies
are often impractical. Video teleguidance is simple, low-cost,
and accessible to anyone but is highly inefficient and imprecise
if the person being guided does not already have ultrasound
experience [1]. On the other hand, robotic teleultrasound gives
the physician complete and precise control but is expensive
and complex to set up and maintain. We thus recently intro-
duced a novel teleguidance method called human teleoperation
to address the shortcomings of both existing approaches [1].

This method is also useful in any other application that could
©2026 IEEE

benefit from hand-over-hand guidance, including other tele-
health, remote maintenance, inspection, teaching, and more.

A. Background on Human Teleoperation

Human teleoperation is described in detail in [2]. Diagrams
of a prototype system are shown in Figs. 1 and 6.

In human teleoperation, a local novice person performs
an ultrasound exam on a patient while being guided by a
remote operator, the sonographer or radiologist. The novice
wears a mixed reality (MR) head-mounted display (HMD)
which projects a virtual ultrasound probe into their field of
view. The pose of this virtual probe is controlled in real time
by the operator, who manipulates a haptic device with an
ultrasound probe-shaped end effector. As the operator moves
the virtual probe, the novice aligns their real probe to the
virtual one and follows it as it moves, thus achieving the
operator’s desired motion. The ultrasound image and video
from the novice’s HMD are streamed to the operator so
they can carry out the procedure. The two sides are also in
verbal communication. Following the MR virtual probe is very
intuitive, and no prior ultrasound experience is required for
the novice. Indeed, the ability of the novice to track the MR
input was previously characterized [3], [4], showing tracking
lags of 200-350 ms and steady-state error of less than 3 mm.
The results of these tests are used to inform the mathematical
modeling in the following sections. Relative to audio/video
guidance, human teleoperation is very precise and tightly-
coupled, though the accuracy and speed are slightly less than
a robot’s [1]. Such tight coupling of the operator and novice
enables this teleguidance system to be designed and analyzed
like a robotic teleoperation system in which the follower robot
is replaced by the novice person, leading to the name human
teleoperation.

While the position and orientation of the ultrasound probe
are key during procedures, and are tracked by the HMD using
infrared reflective markers [5], the applied force is also an
important factor. Applying the correct level of force avoids ex-
cessive deformation of structures such blood vessels, displaces
gas that otherwise obstructs the image, and allows imaging
below the ribs, for example. Therefore, the ultrasound probe
in human teleoperation is instrumented with force sensing,
as previously described [6], [7]. Moreover, the operator and
novice sides communicate over the Internet using WebRTC,
a fast peer-to-peer framework [4]. Together, these enable fast
feedback of pose and force to the operator.

The haptic device of the operator has three actuated joints,
allowing it to apply forces to the operator’s hand. In this way,
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Fig. 1. Conceptual overview of the teleoperation system. The gray boxes of operator, novice, and environment have to be modeled while the haptic device,
communications, and HoloLens 2 represent the part of the system we can directly control. In general human teleoperation, the novice moves a tool in space,
as shown here, but for our tests, this tool was connected to a haptic device to record the motion and simulate a known environment (See Fig. 6)

it is possible to render a realistic haptic sense of the patient
to the operator, which is essential for three primary reasons.
First, sonographers are accustomed to resting their hand on the
patient and exerting relatively large forces up to approximately
20 N [8]. Without this support, the scanning by sonographers
feels unrealistic and unintuitive. More importantly, it is very
difficult to hold the probe at exactly the height of the patient
surface or to make precise motions if the operator’s hand is
floating in space instead of resting on the surface. Finally,
the operator uses their sense of touch to perform the exam,
for example by palpating tissue or by feeling the ribs so as
to image between them. Beyond teleultrasound, other contact
tasks also require haptic feedback, making it essential in
human teleoperation.

B. Stability and Transparency in Robotic Teleoperation

Haptic feedback has been extensively studied in the context
of robotic teleoperation. In robot-assisted minimally invasive
surgery [9] and surgical training [10], haptic feedback has
been shown to increase task performance and decrease tis-
sue damage [11], [12]. Similarly, in teleoperation of mobile
robots [13], unmanned aerial vehicles [14], and robots for
micro-manipulation and assembly [15], haptic feedback has
shown utility.

As shown in the telerobotics control literature, haptic feed-
back increases the transparency of the teleoperation. Trans-
parency describes how well the follower and operator sides
match each other in terms of force and position (velocity) [16].
In a perfectly transparent system, the velocity and force of
the operator and follower (often referred to in prior literature
as master and slave, respectively) would be exactly equal
at all times. Thus, the follower would perfectly track the
operator’s motion and the operator would feel exactly as if
they were touching the remote environment directly. This is
a primary goal in teleoperation that has been addressed using
many approaches including direct force feedback [17], position
feedback [18], combined position and force feedback [19],
impedance feedback [20], adaptive control [21], local force
feedback at the follower [22], and more.

The other essential objective in teleoperation is stability.
Especially in medical applications in which the novice robot

interacts with patients, instability in the system can constitute
a health hazard. Unfortunately, even a small amount of time
delay can destabilize nominally stable bilateral teleoperation
systems [23]. Since any remote teleoperation system inevitably
includes communication at a distance, leading to delays, this
is an important problem that has been studied extensively.
Due to the complex, nonlinear nature of teleoperators, system
passivity is commonly used to show stability [24]. For exam-
ple, it has been shown that transmitting wave variables rather
than the values themselves guarantees the passivity of the
system under arbitrary time delays [25], [26]. However, this
can degrade tracking accuracy and transparency. Thus, others
have used Smith predictors [8], [27], [28] and model predictive
control [29] to deal with the time delay by predicting the
feedback before it arrives. Similarly, model-mediated control
allows instantaneous feedback by keeping a local model of the
remote environment on the operator side [30]. As these meth-
ods are affected by modeling accuracy, however, others have
studied transmitting adaptive combinations of velocity and
force [31], and robust control approaches [32]. A particularly
successful method called time-domain passivity was proposed
by Hannaford and Ryu [33], [34], in which an energy-like
quantity of the system is observed and dissipative elements are
added to eliminate only the net energy output, thus maintaining
passivity with less degradation of performance.

C. Stability and Transparency in Human Teleoperation

Despite extensive research on robotic teleoperation, there
is no research that examines the stability and transparency
of human teleoperation. In human teleoperation, the follower
robot is replaced by a human, leading to fundamentally differ-
ent system behavior. In particular, the human novice may be
considered passive [35], [3], [36], but their reaction time and
imperfect tracking lead to potentially larger delays and inaccu-
rate motions and forces. The novice can intrinsically respond
to changing environment conditions and does not require
trajectory planning around joint limits and singularities, nor
initial calibration, safe deceleration, or compliant controllers.
However, they must be guided effectively according to the ca-
pabilities of their vision and perception, without providing too
much input so as to cause cognitive overload or rapid fatigue.
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Thus, human teleoperation is influenced by other factors than
robotic teleoperation, but stability and transparency remain
paramount. To achieve efficient, performant teleoperation, it
is thus important to study the stability and transparency of the
human teleoperation system.

D. Contributions

This paper presents an initial application of the concepts of
stability and transparency from telerobotics to bilateral human
teleoperation. Though the initial motivation is teleultrasound,
this analysis holds for any application of human teleoperation.
In particular, the following contributions are included:

o A physical model of the human-in-the-loop system is

derived and used to create a hybrid matrix formulation
of the teleoperation with time delays in Section II-B.

o This model is used with several candidate controllers
to investigate their respective transparency and expected
performance for human teleoperation in Section II-C.

o In Section II-E, the stability of bilateral human teleoper-
ation is investigated.

e In Section III-D, the robustness of the derived models to
parametric and dynamic uncertainty is explored using the
structured singular value.

o Tests with the real system and volunteer novices were
performed to validate the modeling and characterize the
novice behavior under different controllers. The environ-
ment/patient was simulated using a haptic device virtual
fixture. The setup is described in Sections II-F and II-G,
and the results are presented in Section III.

o It is shown that instability in human teleoperation man-
ifests itself differently than in telerobotics and primarily
degrades system performance.

Human teleoperation, despite many parallels with telerobotics,
constitutes a novel system whose responses to control in-
puts have not yet been studied. While this paper does not
constitute a comprehensive analysis or test of all possible
human teleoperation approaches, it lays the foundations both
for future practical tests with human volunteers and for further
algorithmic development, for example in predictive or robust
control schemes.

II. METHODS
A. Notation

In the following, f is force, x position, £ = v velocity,
7 time delay, m mass, b damping, and k£ a spring constant
or gain. The subscripts are n for novice, o for operator,
e for environment, v for the virtual tool, and h for haptic
device. Note, novice and follower are equivalent here, but
we use novice to avoid confusion with subscript f for force.
Scalar variables are lowercase, Laplace domain variables are
capitalized, column vectors are bolded lowercase, and matrices
are bolded uppercase.

B. Modeling

A general linear-time invariant model of human teleopera-
tion is shown in Fig. 2. Although the overall structure is similar
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Fig. 2. A general model of human teleoperation. The operator (subscript o)
interacts with a haptic device (subscript k) while the novice (n) interacts with
the environment (e). The communication channel induces time delays of 7
on the force and velocity which are transmitted bilaterally. The MR headset
creates a visual control output potentially using all four channels of force and
velocity, denoted C'ryr,. The novice responds to the MR input according to
the novice transfer function, G,,. The controllers C* are on the novice or
haptic device if the superscript ¢ = f or h, respectively, and involve force or
velocity if the subscript j = f or v, respectively. Most haptic devices are not
equipped with force sensing, so there is no Cj’}.

to previous robotic teleoperation models and has the same
expert components, the novice side is different. We assume
that the novice is seated or otherwise supported, so we model
only the relationship between the novice’s MR input (pose of
virtual ultrasound transducer in the headset) and the motion of
the novice’s hand (pose of the actual ultrasound transducer in
the hand). In following the virtual tool, the human novice is
controlled through position commands and implicitly accounts
for his/her own arm dynamics. We therefore assume that the
novice’s arm dynamics in tracking the MR input is linear, time-
invariant, and passive, with minimal coupling between axes.
This is justified by detailed analysis of MR-guided human
response [3], [35], building on widely used prior work on
human arm models [36]. We further assume the novice sees
only the virtual tool pose and the operator receives feedback
only by forces applied by the haptic device. This does not
take into account the operator’s visual feedback from video or
other sensor streams such as ultrasound images, nor the verbal
communication between operator and novice.

Beyond the virtual tool pose, it is possible to give addi-
tional input to the novice such as changing the tool color or
displaying an error bar, arrow, or visual renderings in the MR
headset [3]. These options could be added in the blue Cgp,



IEEE Transactions on Robotics (T-RO) paper, presented at ICRA 2026, Vienna, Austria. Cite as T-RO paper.

Operator

> fo
> fa

Fig. 3. Models of the operator and haptic device (bottom), and the novice
potentially in contact with the environment (top). The damping of the operator
arm and haptic device together is represented by b,. The black fixture attached
to the novice mass is rigid and massless. The square end at position z,
represents the virtual tool. The novice force f;, = —kexn — be®y cancels
the environment dynamics at all times. Thus, when the novice motion has
converged (i.e. by, and k), are at equilibrium), the novice position x,, should
equal x,.

box in Fig. 2. However, human response to color or error bars
may be distracting and may lead to cognitive overload for the
novice [3]. Hence, this paper examines only controlling the
virtual tool pose and other renderings are left for future work.

Given these assumptions about the human teleoperation
system, we develop models of the novice and operator in
contact with the environment and haptic device respectively,
and study the tradeoffs between stability and performance for
different choices of the control parameters in Fig. 2.

1) Follower: The model was derived from measured re-
sponse data of 11 volunteer novices [3], [4]. It was found that
a second-order system with two poles and one zero matched
the measured behavior well. This is equivalent to attaching
the novice’s hand and tool, which have a certain mass, to the
virtual tool by a spring and damper, as shown in Fig. 3. The
novice either moves freely in space or is in contact with the
environment, represented by an impedance Z, = b, + %ke,
which is taken to be constant.

We assume the novice applies whatever force is necessary
to match the virtual tool, whether or not they are in contact
with the environment, so there is no steady-state error. In other
words, f, = —kex, —bey, at all times, so it perfectly cancels
the environment contact dynamics. In this way, intermittent
contact with the environment has no effect on the novice’s
stability or tracking, which is as expected from experience; the
human hand does not become unstable, even in high-frequency
contact with a stiff surface. The novice can thus be represented
by the passive (strictly passive if b,, > 0) transfer function

bps + ky,
X == =
n <m"52 ¥ bns n kn> Ty any (1)
Fp = —(bes + ke) Xy 2)

where k., b, are zero when not in contact with the envi-
ronment. For this to be LTI, we assume the environment is
unmoving and its impedance is constant. This is approximately

true, for example, when ultrasound scanning a specific region
of a patient such as the abdomen. In this case, F = 0 in
Fig. 1.

2) Operator and Haptic Device: The operator hand holding
the haptic device is modeled as a mass and damper system
which is subject to the applied force of the operator and the
haptic device, as shown in Fig. 3.

mo‘f&o“”boi’o = fh+fo (3)

The operator changes their applied force depending on the
haptic device force, to track a desired trajectory. In particular,
to choose a representative response, we use a proportional-
integral-derivative (PID)-inspired controller,

fo = —ko1To — ko2To + kq /(ZCZ - xo>dt (4)

where z}; is the operator’s desired motion. The gains in (4)
can be tuned to obtain a response that resembles the recorded
operator data. We ignore the operator’s desired velocity for
simplicity as it introduces a zero eigenvalue and the operator
is primarily interested in position. We thus find the following
Laplace-domain representation of the operator:

kq
Fp+ —X7
X, = s . 5)
Mos? + (bo + ko2)s + ko1 + ?a
ka kq
F, = 7X: - (kOZS + ko1 + > X, . (6)
S S

The state space formulations of the operator and novice are
derived in the Appendix.

TABLE I
APPROXIMATE MODEL PARAMETER VALUES DETERMINED THROUGH
SIMULATION AND SYSTEM IDENTIFICATION BASED ON PREVIOUS
DATA [3]. ALL UNITS ARE SI - N, M, S, KG.

Environment Follower Operator
ke 10 kn 1 ka 100
be 1 b, | 0.275 bo 0.1
myp | 0.02 mn 0.02 mo 0.1
ko1 | 0.01
koo 80

3) Parameter ldentification: To check the modeling of
Subsections II-B1 and II-B2, the operator and novice pa-
rameters were independently estimated to obtain responses
similar to previous measurements [3], [4]. An effective set of
parameters is shown in Table I. The chosen model parameter
values were obtained by fitting the models to the previously
measured data using the MATLAB linear system identification
toolbox and some manual tuning. Specifically, linear grey-box
estimation was utilized with Adaptive subspace Gauss-Newton
search to fit parameters to the derived ordinary differential
equations, with non-negativity constraints and regularization
on all parameters, and a stability constraint on the system.
The final system fit the measured dataset with a mean-squared
error (MSE) of 0.67 mm in the novice motion. The fit accuracy
is relatively insensitive to changes in the parameters, which
shows robustness in the model. The fit MSE has a partial
derivative of 0.125 mm/kg for novice mass with all other
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Fig. 4. Interconnection of the derived models in the closed-loop teleoperation system. Different behavior is achieved by changing the feedback and feed-
forward gains of the positions, velocities, and forces. The operator-side model is given in Equation 5 while the novice side is in Equation 1.

parameters fixed at their chosen values. All other parameters
have slopes of less than 0.0625 mm/unit in magnitude. The
measured and fitted data are shown in Fig. 5.

In this way, approximate numerical values could be assigned
to the various environment, novice, and operator parameters,
as shown in Table I. These values are useful for simulating
and testing controllers before implementing them on physical
hardware, and for numerically assessing the stability of a
controller.
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Fig. 5. The derived model with parameters fitted to the measured data from
previous tests [3], [4]. The MSE between the two is 0.67 mm.

4) Teleoperation System: The full teleoperation system
is shown in Fig. 4, given the models derived above. Let
y; = [z; fj]T j = {o,n} be the output of the operator
and novice, respectively. In this case, we control the virtual
tool pose, x, for the novice, and the haptic device force,
fn for the operator. Each can be a function of the position,
velocity, and force of the operator and novice as shown in
the diagram. Some gains are never used, so they are set to
zero. For example, the haptic device is not equipped with a
force sensor, so its actual force cannot be fed back. Thus, the
general inputs to the operator and novice are

fn= kfofn + kpo(xn - IO) + kdO(‘in - j:o) 7
j;‘y = jjo + kpn(xo — xn) + kfn(fh - fn) (8)

Let Koo = [Fpo Fao O] Kon = [kn 1 Epu]s Ky =
[kpn 0 kfn], and K,,, = [k:po kdo kfo]. Then in terms

of the individual model outputs, these expressions become

fh = Knoyn - Kooyo (9)

Ty = Konyo - Knnyn (10)

For non-zero time delay, the equations are:

fn=e"""Kypoln
T, = eisTKonyo

(1)
12)

- Kooyo
- Knnyn

The full state space notation of the closed-loop teleoperation
system is shown in the Appendix. In addition, Equation 13
shows how the model of Fig. 4 relates to the generic teleop-
eration model of Fig. 2:

1
Cr=1+—kpm Co = kyo
1
C3 = kfn C4 = kdo + ;kpa
1

Cr = ~kpm CF = kyn

v s P f f

. 1 1
CU = kdo + ;kpo Ze = be + gke

1 1
Zo =moS +bo + ko2 + —ko1 + < ka (13)
s 5

And Zj, depends on the haptic device.

C. Transparency conditions

Bilateral teleoperation systems are commonly expressed
using a hybrid representation:

A= e ] - [

For perfect transparency, &, = &, and f, = f,, so the ideal
hybrid matrix consists of elements h1; = hoo = 0, h1o = 1,
and ho; = —1. Equations 11 and 12 together with the operator

(14)
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and novice models can be expressed as a hybrid matrix with
the following elements:

e (kpo + kaos) (1 = G1)

hi1 = 15
T GaTs + kn — €2k g (Kpo + kao$) (15
Gls+kpn) ko —kpn(kpo +k
hio = ( 7n1 s pl) sz fL( po doS)G,ST (16)
Gn S + kp’n — e~ S kan(kpo + kdOS)
k " — 737']9 , k k
hop = — _81+ pm — € - 2f 1(Fpo + kdos) (17)
Gn s+ kpn —e S kan(kpo —+ kdos)
k n 1_6—527—k o)
hag = fn 7o) a8)

Gn's + kpn — €52k (kpo + kaos)

Notice that all elements of the H matrix share the same
denominator. Consider the case where time delay approaches
zero (7 — 0) and we use unity-gain force feedback (ky, = 1).
Then hoy = 0 and hio = 1. The terms hq; and ho; achieve
their ideal values of 0 and —1 respectively if and only if
G, = 1, which would occur if the novice were infinitely fast
and perfectly accurate. Of course this is not the case and the
transient response will never be exactly unity. Thus, with no
time delay and k¢, = 1, the hybrid matrix becomes

(kpo + kaos) (1 — G 1)

Grjls + kpn - k;fn(kpo + kdos)

3 s(1—-G.1) 10

Gr_LlS + kpn - kfn(kpo + kdos)
However, at steady-state if there is no remaining error, G,
tends to 1, so h1; = 0 and ho; = —1. Similarly, if the operator
velocity is very small, for example when in contact with a
environment during an ultrasound, v, — 0, so transparency is
achieved at steady state.

The novice’s response, G, can only be altered through
practice, not external control, but kp,, k4o, kppn, and kg, can
be tuned to bring h1; closer to 0. Indeed, taking either novice
gain, k,, or K¢y, to infinity drives hq; and hg; to their ideal
values. With very large operator gains, k,, and kg,, ho1 — 0
and hyi; — ,5;2751 However, such large gains are prevented
by practical considerations such as haptic device joint torque
limits and stability. Adding time delay further degrades the

transparency.

H(s) = 19)

D. Control Architectures

In this subsection, various possible teleoperation architec-
tures based on this model are described. Their stability is
analyzed in Section II-E.

1) 2-Channel Teleoperation: Three 2-channel teleoperation
approaches were implemented, differing in which variable is
reflected from novice to operator and whether the novice
receives local position feedback. In each case, the operator
motion is sent to the novice.

Position-Position (Cy = C3 = 0):

In this architecture, the novice position is fed back to the
operator, and a force proportional to the position error and its
time derivative is applied to the haptic device. This is one of
the first bilateral teleoperation schemes to have been developed
and has the advantage of not requiring a force sensor at the
novice. In this case, however, ks, = kp, = kf, = 0, which

leads to problems with the transparency. In Fig. 2, this is
equivalent to setting C> = C3 = C = C'} = 0. The hybrid
matrix becomes
kpo
e—527 (p + kdo) (Gn — 1) 0
S
-G, 0

H(s) = (20)

The obvious problem is that the haptic device force has no
relation to the novice force. In practice, the bigger problem
is that the novice lags the operator and the returned force is
further delayed, so the operator always feels forces resisting
their motion which makes operation difficult and frustrating.
This is evident in A7, which becomes further from 0 as the
novice response G,, departs from unity and as the round-trip
time of the communication (27") increases.

Position-Force (C3 = Cy = 0):

This teleoperation scheme is the naive method of providing
force feedback, with position being sent from operator to
novice and measured forces being fed back to the operator.
In Fig. 2, this is equivalent to setting U5 = Cy = C} =
C’}} = Cﬁ = 0, or, with our particular implementation,
kpo = k4o = kpn = kyn, = 0. The hybrid matrix then becomes

0 757k0
H(S):|:—Gn ¢ 0 f:|

The time-delayed force feedback is seen in hj2, and motion
tracking is affected by the novice’s response. If the tracking
is not fast and accurate, it can lead to oscillation due to
the delay. Often in practice kf, < 1 is used to improve
stability. Intuitively, this reduces the jerk on the operator when
the novice side changes suddenly, e.g., when first touching
the environment. Similarly, lowpass filtering the fed-back
force injects damping into the system, greatly reducing the
oscillatory behaviour. Both, however, decrease transparency.
Additionally, in human teleoperation the novice can easily
misjudge the alignment of the virtual and real tools due to
imperfect depth perception as well as partial occlusion of the
real tool by the virtual one. With this controller there is no
possibility to correct the novice’s pose to account for such
steady-state errors.
Position-Force with Local Position Feedback (C3 = Cy = 0):
To correct for these steady state errors, the pose of the novice
can be measured, and the tracking error fed back locally. In
particular, the control law for the novice is then

21

T, =T+ kpn(xo - In) (22)

In Fig. 2, this is equivalent to setting C3 = Cy = C} = Ch =
0. To render this on the HoloLens 2, the desired velocity is
numerically integrated using the time step between successive
frames, and the resulting pose is applied to the virtual probe.
In practice, a deadband is used for the velocity error before
integration, and the output x,, is saturated to avoid losing track
of the virtual probe.

By adding the position error to the virtual probe signal, the
tracking error is effectively amplified with an integrator. If the
novice is not well aligned in one axis, the virtual probe starts
moving further away in that axis, causing the novice to realize
their error and better align the probe.
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This control scheme creates the following hybrid matrix,
with ]fpo =kqo = k‘fn =0.

0 e ko
H(s)=|__s+km (23)
Gn'ts + kpn

As expected, adding position error as local force-feedback
provides an opportunity to modify hoi. As kp, increases, if
stability is maintained, we achieve kinematic correspondence.
2) 3-Channel Teleoperation (Cy = 0): As in the 2-channel
position-force teleoperation, only the novice’s force is reflected
to the operator. However, both pose and force are sent from
operator to novice, enabling the novice control law to include
a local force feedback term:
T, =T, + kpn(xo - mn) + kfn(fh - fn) (24)
This is useful during contact phases of the teleoperation, in
which the novice is to apply a certain desired force. With a
relatively stiff environment, even a large change in force will
not cause a change in the MR virtual display, so employing
only position and velocity in the control law in Equation 24
leads to relatively poor force tracking.
In Fig. 2, this is equivalent to setting C; = C" = 0. The
hybrid matrix with this controller becomes

0 eis‘rkfo
H(s)=| s+kpm k(1 —e 2T)s (25)
G;ls—&—kpn Gﬁls—i—kpn

From this it is apparent that the novice force now has a bearing
on novice velocity, as desired. Numerically, this decreases
transparency. However, in practice the novice is relatively
insensitive to small changes in virtual probe pose and the
human hand has limited motion resolution. These effects are
not well modeled and make the added local force feedback
term desirable.

3) Model-Mediated Teleoperation: One problem with the
above methods is that the operator’s sensation depends directly
on the novice’s actions. While this gives a true representation
of the system on the novice side, it can lead to an unsteady
experience for the operator who feels every small jolt and in-
advertent movement of the novice. This effect can be reduced
using low-pass filtering, but only at the cost of response speed.
Furthermore, the performance decreases with increasing time
delays.

One method to potentially overcome both problems is to
render to the operator a local virtual haptic environment that
is a replica of the novice’s real environment. This is known
as model-mediated teleoperation [37]. In our present system,
a point cloud or mesh of the patient is captured and sent to
the operator. This mesh is used as a virtual fixture or keep-out
volume by the haptic device [1]. An outward force dependent
on an estimated impedance and the novice’s tool pose within
the mesh can be applied, as long as the impedance estimation
is significantly faster than the change in the environment (i.e.
the patient moves slowly).

With estimated parameters 136, lAce, the haptic device and
novice forces are given by:

fu = —beito — ke, (26)
fn = —bedpn — kexyp, 27
Plugging in the novice model of Equation 1 gives
i == (bes + ke ) X, (28)
F, = —(bes + ke) Gpzy (29)

For the virtual probe pose, we can substitute this into Equa-
tion 8:

Ty = e_STXo + kpn(e_STXo - anu) + kfn(e_STFh - fn)
L+@n—km(@s+kJ

= e TX, 30
1+ [kpn - kfn (bes + ke)] Gn ( )
Thus we obtain an expression for the novice velocity:
1+ kpn — kfn (l;es + l%e)
vV, = Gre 7V, 31
T Tom — o (bes 4 )] G 7€ Gl
Similarly, from Equations 26 and 27, the novice force is
bes+ke 1+kpn_kfn (bes+ke) B
F,= 1= = Gpe °TFy,
b65+l€e 1+kpn _kfn (b68+ke)
(32)

Here, it is clear that if G,, = 1 and the impedance estimate is
perfect, the novice motion and force will correspond precisely
to the delayed operator motion and force, so the hybrid matrix

will be
0 esT
_6787 0

Notice how the time delay in the force is negative. Depend-
ing on the communication delay, the operator feels the force
feedback from the local model before the novice has applied
it. In this way, the model-mediated method gives predictive
haptic feedback.

In general, even with imperfect impedance estimation, the
damping is very small, and for many tasks, the steady-state
the velocity is zero, so damping is negligible. Assuming G,
is constant, the steady state gain is

H(s) = (33)

(ke kpn — Kk
fn B (iﬂe) kpn - kfnke fh

If kpn — kfnke > 0 and the environment impedance is
underestimated, i.e. k. > l%e, the operator moves too far into
the environment for a given force, so the novice must press
harder to match the virtual tool and f, > fn. Conversely,
overestimation leads to f,, < fp.

If the impedance model is inaccurate, a small ky,, reduces
the pose tracking error due to the mismatch, but the force
experienced by the operator remains proportionally inaccurate.
If the novice response, G, is poor, large &y, can suppress the
error. Thus, every effort should be made to have an accurate
and fast impedance estimation and environment model while
using a reasonably large kf, to compensate for the novice

(34)
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response. Making k¢, too large, however, becomes unintuitive
for the novice and amplifies modeling errors. Additionally,
taking k,, = O ensures a steady-state gain of 1 but may lead
to poor position tracking. Thus, the best strategy may be to
have large kf, and zero kp, in the normal direction to the
tissue (the direction of the force), and non-zero ky, in the
tangent directions.

E. Stability

Since the novice is a person, not a robot, instability does not
lead to violent motions that cause harm or damage. However,
it does render the teleoperation unusable, so some analysis
of stability can give insight into how well the system will
perform. In this section we use a state space formulation of
the model that is derived in the Appendix.

For the zero time delay case, the system stability is given
by the eigenvalues of the state space A matrix in Equation 44.
These depend on the choice of the feedback and feedforward
gains from Equations 7 and 8.

For position-force control with no local feedback loops, only
kfo is non-zero. In this case, A is stable. However, it has
one eigenvalue close to zero. Increasing k¢, makes the novice
slower and more oscillatory and in turn pushes this eigenvalue
closer to zero. At large enough kj,, the system becomes
unstable. Thus, we expect that with poor tracking from the
novice, the position-force feedback will be oscillatory.

Conversely, if we add local position and force feedback for
the novice, the hybrid matrix is given in Equation 25. By the
Routh-Hurwitz criterion for a third degree polynomial, sy
from the hybrid matrix, H, is stable if

bn(kn + kpnbn) - mnkpnkn > O (35)

This is clearly true if k,, = 0, meaning no local position
feedback. With the feedback, and using the parameter values
from Table I, the system is stable for any k,,, > 0. Depending
on the novice’s behavior (k, and b,), however, this may
change. Notice also that with no time delay the stability is
independent of the local force feedback, k.

An alternative criterion to determine the stability of the
teleoperation system in Fig. 1 uses the scattering matrix

se=|y O] @e -n@ent. o

If ||S(s)||2 < 1 the two-port network in Fig. 1, terminated by
Z. and Z,, is passive if Z. and Z, are passive, and therefore
the overall system is stable [38]. For example, the hybrid
matrix in Equation 33 leads to a scattering operator norm of 1,
so stability is maintained irrespective of delay. However, this is
more difficult to show when the novice response or parameter
estimation are non-ideal. In reality, the impedance estimation
is time-varying, delayed, and not perfectly accurate. Fur-
thermore, passivity is a conservative method of guaranteeing
stability, so a system may be stable even if ||S(s)||2 > 1. Less
conservative criteria were developed for passive Z, and Z,
using Llewellyn’s absolute stability criterion or the structured
singular value of S, and the conservatism can be further
reduced when bounded impedances are considered [32].

MR Virtual Probe

Novice Side

Operator Side

Fig. 6. Experimental Setup showing the operator and novice sides, which
shared one host computer but were separated by a screen. The virtual probe
rendered by the HoloLens 2 is shown in semitransparent blue. The red objects
on the haptic devices are the ultrasound probe-shaped end effectors with retro-
reflective IR markers. The novice-side haptic device is used only to provide
a precisely known novice environment during the tests, and to measure the
novice’s pose and force.

F. Experimental Setup

Section II thus far has shown how the developed models
enable predictions of how different controllers will affect the
system. For example, local pose and force feedback will likely
improve the tracking and speed of the position control, while
model-mediated teleoperation will be more stable with time
delays but dependent on the model’s fidelity. Adding local
feedback will decrease this dependence and improve accuracy.
The following sections describe experiments to determine if
the modeling is accurate, the controllers effective, and the
assumptions justified, thus enabling future development of
more complex controllers using the same methods. Moreover,
we will show empirically that stability is much less of a
concern in human teleoperation than in robotic teleoperation,
and is in this case secondary to performance and transparency.

To test the human teleoperation architectures in a controlled
and close-to-ideal environment, we developed the following
system. In order to measure the novice’s motions and forces
while presenting them with a known environment, instead
of interacting with a patient or a tissue phantom, their tool
was connected to the end effector of a second haptic device.
The novice and operator sides thus both consisted of a host
PC running Windows 11 and a haptic device (Touch X, 3D
Systems, Rock Hill, SC). The haptic devices were controlled
via C++ programs using OpenHaptics, with a graphical user
interface written in Qt. The two clients communicated over a
fast WebRTC connection, exchanging position, velocity, and
force data, as well as occasional synchronization messages
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to measure the communication time delay [4]. The time
delay was controlled by handling all sending and receiving of
WebRTC messages on the operator side on a separate thread,
which delayed every message by a set time before sending it
or forwarding it to the main graphics and haptics threads. The
novice side also had a Microsoft HoloLens 2 MR HMD which
communicated with the novice side PC application over a local
WebSocket, receiving messages forwarded from the WebRTC
connection.

The virtual tool used in the tests was an ultrasound probe
viewed through the HoloLens 2. An identical ultrasound probe
shape was 3D printed and attached to the novice’s Touch X
stylus. Four infrared (IR) reflective spheres were also attached
to the dummy probe and were tracked by the HoloLens 2,
allowing the HoloLens to compute the haptic device end
effector pose in the HoloLens frame [5]. This was used to
perform a registration before every test. Suppose the operator’s
haptic device has base frame represented by the homogeneous
transform “T, relative to the world while the novice’s has
base frame “T',, and the HoloLens is at “T',, as shown in
Fig. 6. When the operator moves their haptic device end
effector to a pose “T,°T., the virtual probe is rendered in
the HoloLens at pose “T,"T,, and the novice moves their
handle to pose “T,,"T .. The virtual probe should be rendered
such that when the novice aligns perfectly to the virtual probe
G.e. *T,,"T. = “T,"T,), their handle is at "T, = °T,. In
this way, if the novice matches the operator, the poses output
by the haptic device control software, OpenHaptics, are equal.
Note that the novice pose is "T. = (YT,) T, "T,, so
to achieve "T, = °T., the virtual probe pose must be set
to "T, = (“T,)"'*T,°T.. For this, we must determine
the novice haptic device base frame relative to the HoloLens:
th — (wTh)_len-

Thus, at the start of each test, the novice haptic device end
effector was moved to several different positions and orienta-
tions while the HoloLens recorded the measured pose "T.)
and received the actual pose from OpenHaptics ("T'.) over
the WebSocket. These are related by “T,,"T, = *T,,"T., so
hP, = (vT),) T, ="T.("T.)~!. After recording several
hundred samples of ("T., "T.), the least squares-optimal
value of "T,, was computed using the Kabsch-Umeyma al-
gorithm, which ensures a valid homogeneous transform using
singular value decomposition (SVD) [39].

During tests, the operator performed arbitrary motions with
their haptic device. The motion and force were sent to the
novice PC over WebRTC, and forwarded to the HoloLens over
the WebSocket. Here they were transformed into HoloLens co-
ordinates and rendered to the novice through the virtual probe
pose. The novice grasped the dummy ultrasound probe on their
haptic device end effector and aligned it with the virtual probe
to follow the desired motion. A virtual environment in the
form of a flat surface of specified stiffness and damping was
rendered haptically to the novice, leading to forces generated
due to the motions. The applied forces and novice motions
were sent to the HoloLens for rendering local feedback, as
described above, and to the operator for haptic feedback.
Depending on the architecture being tested, the operator’s
haptic device either applied forces based on this feedback

and/or simply rendered an identical virtual environment to the
novice one to test the model-mediated feedback.

The operator and novice PC clocks were synchronized by
sending timestamps along with every data message, and all
forces, positions, orientations, and velocities were in the same
coordinate frame since both sides used identical haptic devices.
All data received on the operator side was recorded to a file
for later analysis in MATLAB (Mathworks Inc., Natick, MA).

G. Tests

Using this setup, we performed preliminary tests of the
various teleoperation architectures. These tests provide a val-
idation of our mathematical modeling under controlled con-
ditions. The architectures we considered are listed below and
described in the previous sections.

o Position-Position (PP):

&, =4, and fr, = kpo(Tn

e Position-Force (PF):

i:u = x.o and fh = kfofn - kdos.co
« Position-Force with local position feedback (PFP):
fu = i’o + kpn(xo - ‘rn) and fh = kfofn - kdoi;o
o Position-Force with local pose and force feedback

- xo) - k’doj:o

(PFPF):
Ty = To + k:pn(xo - xn) + kfn(fh - fn) and
fh = kfo.fn - kdox.o

o Model-mediated (M):
T, = T, and
fr = ke(l‘o - xo) — beo
b —beyp otherwise
where xq is the position of the virtual mesh surface.
¢ Model-mediated with local position feedback (MP):
Same as (M) but with
Ty = Tp + kpn(mo - zn)
o Model-mediated with local position and force feedback
(MFP):
Same as M and MP but with
T, = -fo + kpn(xo - xn) + kfn(fh - fn)

Note, in MFP the force feedback was given normal to the
surface and the position feedback was tangent to the surface.
In PFP and PFPF, a deadband of an acceptably small distance
error, d.., is applied to the integrator since the error is never
exactly zero. The threshold was chosen based on the steady
state tracking error from step response tests [4]. Moreover,
when integrating &, to render the virtual probe position, the
offset from the actual desired position was limited to be less
than d,, 4.

The controller parameters were tuned by hand before testing
to give good nominal (no time delay) performance while
remaining stable according to Section II-E. This was also
attempted with time delays, but the performance remained
relatively poor, as shown below, except for the model-mediated
approaches. Thus, similar parameter values were used for a
given controller for all tests at different time delays.

For each teleoperation architecture, the operator performed
arbitrary smooth motions for 1 to 4 minutes with the novice
tracking. The position and force root-mean-squared (RMS)
tracking errors were analyzed, as well as the steady state error

if z, inside mesh
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for step-like motions. Next, the two most promising methods
of each type (force feedback and model-based feedback) were
selected and tested again five times, each time with increasing
communication time delay (0, 50, 250, 500, and 1000 ms).
Then the same methods were tested with three different
environment stiffness values (0.2, 0.4, and 0.8 N/mm) and no
time delay, with and without low-pass filtering.

In the tests, the operator was one of the authors, and the
novice was a volunteer. Five novices were tested, including
three males and two females with age ranging from 22 to
57, with various backgrounds. None were experienced in
ultrasound or MR. The volunteers were instructed to follow
the virtual probe closely, focusing on matching its pose as
accurately and quickly as possible. Ethics approval for the
tests was obtained from the University of British Columbia
Behavioural Research Ethics Board (BREB), approval number
H22-01195. Informed consent was given by all participants.

III. RESULTS

TABLE II
TELEOPERATION PERFORMANCE FOR DIFFERENT CONTROL SCHEMES AT
ZERO TIME DELAY. THE RMS POSITION TRACKING ERROR, €,
STEADY-STATE POSITION ERROR, €pss, RMS FORCE TRACKING ERROR,
e, STEADY STATE FORCE ERROR, €755, AND APPROXIMATE TIME DELAY,
T, BETWEEN NOVICE AND OPERATOR ARE SHOWN.

ep €pss ef €fss T
(mm) | (mm) | N) | N) | (ms)
PF 7.92 6.57 0.18 | 0.12 440
PFP 5.91 383 | 0.16 | 0.11 38
PFPF 6.18 1.52 0.33 | 0.07 48
M 6.75 5.12 2,66 | 245 254
MF 6.91 6.23 | 0.94 0.9 284
MFP 3.86 338 | 0.58 | 047 36
PF PFP PFPF
6 6 6
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8 8 8
i £2 &2
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Fig. 7. Force tracking with no time delay using various teleoperation schemes.

A. Tracking Tests with no Delay

The average results of the first test are shown in Table II, and
one set of tests is plotted in Figs. 7 and 8. For these nominally
zero time delay tests, the communication round trip time was
measured to be 3.69+2.67 ms (average + standard deviation)
using the method described in [4]. For later non-zero delay

tests, the nominal time delay is also reported but may vary
similarly.

Even with no delay, it was immediately apparent that
position-position teleoperation was impractical. The lag of
the novice in tracking the input signal made it difficult for
the operator to move at all if the stiffness was high, while
low stiffness gave the operator very poor feeling of where
the surface was. Additionally, the novice, being human, does
not track very smoothly, so the operator continually received
unwanted and jarring feedback. Low-pass filtering helped
but increased the delay, which again made it harder for the
operator to move. Thus, while the position tracking was by
definition good, the teleoperation experience was intolerable
and the method was removed from the tests.

Direct force feedback (PF controller) performed much bet-
ter, though the lack of explicit position coordination on the
operator side was apparent, with relatively large tracking er-
rors. Additionally, contact was oscillatory: due to the tracking
lag of the novice, the operator initially moved well below the
surface before receiving force feedback which was stronger
than anticipated due to the novice’s attempt to reach the virtual
tool inside the surface. This jerked the operator’s hand upward
which the novice tried to track, thus decreasing the force, so
the operator’s hand moved down again. This leads to periodic
and uncomfortable motion when in intermittent contact. This
is similar to the chattering effect in robots, but at a lower rate
and larger amplitude. This back-and-forth reflection of waves
is very apparent in Fig. 7. Both behaviors match what was
expected from Equation 21.

Adding local position feedback for the novice (PFP con-
troller) helped decrease position error and substantially re-
duced tracking lag. By effectively magnifying any tracking
error, the local feedback has a predictive effect, moving the
probe further than the operator has yet moved and encouraging
the novice to react immediately. This reduced the oscillation
during contact. The feedback also led to much more accurate
position tracking, as shown in Fig. 8. With local position and
force feedback (PFPF controller), position tracking suffered
slightly, since the virtual probe no longer exclusively repre-
sents the desired pose, but aims to control the force as well.
In Equation 25, this is reflected by the non-zero hos element,
while k,, enables the more responsive position tracking.
Interestingly, RMS force tracking also became slightly worse
since the increased feedback to the novice sometimes caused
initial overshoot. However, in steady-state the force quickly
converged to be more accurate than without local feedback.
The addition of force additionally had a damping effect during
contact, discouraging sudden changes in force and thus leading
to much less oscillation.

The teleoperation architectures based on a local model
or mesh showed different behavior. Contact oscillation was
completely eliminated due to the stable and unchanging mesh.
This led to a much more comfortable and intuitive experience.
With local position feedback, the position tracking was the
best of any of the methods. On the other hand, force tracking
was completely lacking unless explicitly enforced with local
feedback (MFP controller), as shown in Fig. 7. Even so, the
force experienced by the operator was not as accurate as when
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Fig. 8. Position tracking with no time delay for the six teleoperation architectures. PF shows significant oscillation during contact while PF, M, and MF have
relatively poor position tracking. Adding explicit local position feedback for the novice greatly improves the tracking accuracy and speed.
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Fig. 9. Position and force tracking (both normal to the virtual surface) in the presence of time delays with the MFP controller (mesh local model with local
position and force feedback). Time delay has little effect on the force tracking and only delays the position tracking.

the measured force was fed back directly, and is affected by
modeling errors in the surface shape and impedance. Again,
adding local position feedback (MP and MFP controllers)
greatly reduced the tracking lag.

B. Tracking Tests with Delay

The effect of communication delays on the force and
position tracking is shown in Figs. 9 and 10 for the PFPF and
MEFP controllers. Due to the delay, discussing RMS error is not
meaningful. However, several important results are apparent in
the plots. With the 3-channel architecture (PFPF), the character
of the response underwent two distinct phases. Initially, up to
between 250-500 ms delay, the response became increasingly
oscillatory as the wave reflections were exacerbated by the
larger delays. At 500 ms, however, the operator’s approach
changed and they started moving more slowly and carefully,

anticipating the unexpected application of force feedback. As a
result, the oscillations ceased. However, as the delay continued
increasing, the operator was deeper and deeper within the
surface before the novice’s force was applied, measured, and
fed back. This led to excessive offsets between the virtual
probe and the novice, making tracking impossible.

Conversely, with model-mediated MFP teleoperation, the
operator always received immediate haptic feedback with no
delay. Consequently, their motion was unaffected and the
novice was able to track without problems, simply delayed by
the given amount. Thus, while the delay made teleoperation
impractical with direct force feedback, it had little effect when
operating with a local model. Due to the local position and
force feedback on the novice side, the tracking was good for
both. This reflects Equation 33 with perfect modeling, but will
degrade with an imperfect local model.
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Fig. 10. Position and force tracking (both normal to the virtual surface) in the presence of time delays with the PFPF controller (position-force teleoperation
with local position and force feedback for the novice). With delays over approximately 500 ms, tracking becomes infeasible.

C. Environment Stiffness and Low-pass Filtering

Finally, the effect of environment stiffness on the teleoper-
ation performance was tested. At zero delay, the stiffness was
varied from 0.4 N/mm (the value used for all other tests) down
to 0.2 N/mm to simulate a very soft environment and up to 0.8
N/mm for a stiff environment. The damping was kept constant
and was not noticeable. These tests were performed with the
PFPF architecture since the stiffness has little effect on the
local mesh feedback as long as it is approximately equal for
the operator and novice.

It was already noted in previous tests that the direct force
feedback approaches had oscillatory behaviour in contact due
to the delay of the novice. Therefore, low-pass filtering of
the fed-back force was also tested, using a single-pole infinite
impulse response filter with a time constant of approximately
0.1 seconds. This injects damping into the system and is
expected to decrease the oscillation.

TABLE III
TELEOPERATION PERFORMANCE (RMS TRACKING ERROR IN MM) FOR
STIFF AND SOFT ENVIRONMENTS, WITH AND WITHOUT LOW-PASS
FILTERING (LP).

Stiffness (N/mm) 0.2 0.4 0.8
PFPF 648 | 6.18 | 7.53
PFPF + LP 5.04 | 478 | 6.31

The results of these tests are shown in Table III and Fig. 11.
The oscillatory behavior increases with stiffness, as expected,
but strongly decreases in the presence of low-pass filtering,
without greatly increasing the phase lag. This leads to better
RMS error, but more importantly substantially improved the
feel for the operator. The feedback was much more stable
and less disruptive than without the filtering. The lower en-
vironment stiffness slightly increased tracking error compared
to normal. This is because on the softer virtual surface, the
operator and novice could move more for small changes in
force, making it harder to maintain a precise position.

D. Robustness to Parameter Variation

Throughout this paper, we have made a number of simpli-
fying assumptions about the system. In particular, the novice
and operator models are taken to be constant. However, they
may be affected by external, time-varying influences such as
distractions or fatigue and, as described in Section II-D1, the
novice may have imperfect depth perception. Additionally, in
ultrasound exams, for example, the novice is often hesitant
or unable to apply large forces on a patient, so may fail to
follow a virtual tool placed too far within the patient. In this
case, f,, # —kex,, — bedy, as assumed in Fig. 3, so additional
dynamics are introduced. The linear time-invariant assumption
in the model is thus not always accurate, and there is both
parametric and dynamic uncertainty in the novice and operator
models. Thus, the mathematical modeling can be improved
through stochastic approaches as both users’ actions are not
deterministic and their imperfect sensory perception and motor
skills lead to random fluctuations in the motions. These
imperfections could be treated as disturbances in the existing
model in future work. However, as shown in Fig. 5 and the
related fit error, the models with constant parameters were able
to capture complex recorded motions for an extended period
of time without any drift due to parameters changing. Indeed,
with controller gains K,,, K.n, Ko, and K,, chosen to
give realistic performance at the parameter values identified
in Table I, the acceptable ranges of the model parameters are
shown in Table IV. To compute these values, the structured
singular value, u, of the closed-loop system was computed
in MATLAB using the robstab command and the state space
model in the Appendix, with uncertainty on different combina-
tions of parameters. On average, all parameters simultaneously
can vary up to approximately 37% without causing instability.
Thus, the LTI assumption gives a reasonable representation of
the system.

Additionally, though it is assumed that the novice can handle
intermittent environment contact implicitly without affecting
their tracking, switching contact affects the force fed back to
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Fig. 11. Position tracking at different environment stiffnesses with and without low-pass filtering, with the PFPF teleoperator. In contact (position close to 0
mm), the oscillations increase with stiffness but decrease with low-pass filtering.

TABLE IV
ACCEPTABLE PERCENT VARIATION OF PARAMETER VALUES FROM
NOMINAL TO MAINTAIN STABILITY FOR UNCERTAINTY ON ONLY THE
OPERATOR, ONLY THE NOVICE, ONLY THE ENVIRONMENT, OR ALL THREE.

Uncertainty on
Parameter | Operator | Novice | Environment All

ke 58% 33%
be 58% 33%
bn 41% 39%
mn 85% 0.4%
mo 92% 83%
bo 9.2% 8.3%
ka 18% 17%
ko1 100%+ 100%+
ko2 18% 17%

the operator and may thus destabilize the closed-loop system.
This is shown in Fig. 10, where the tracking is unstable at
250 ms delay during intermittent contact, leading to very
ineffective teleoperation. This shows that instability in human
teleoperation does not constitute a health or equipment hazard
but makes guidance impossible. However, at higher delays this
instability disappears due to an apparent change in strategy.
The instability is also eliminated when using model-mediated
teleoperation.

IV. DISCUSSION

This paper has introduced the concept of bilateral hu-
man teleoperation as a control problem analogous to robotic
bilateral teleoperation but with some unique characteristics.
The modeling and simulation of the system were described,
and various control architectures were explored in terms of
their implementation, theoretical transparency and stability,
simulation, and practical performance on a test system. The
results show that high performance, stable, transparent bilateral
human teleoperation is possible but that time delays pose a
challenge. With less than approximately 200 ms communica-
tion latency, a three channel teleoperation system performed
best. In this scheme, the novice’s set point velocity is a
function of the operator’s velocity and the novice’s position
and force tracking error, and the novice’s force is fed back
to the operator with significant low-pass filtering. With time
delays, however, direct feedback becomes impractical and al-
ternate approaches are required. One such approach of model-

mediated teleoperation, in which the operator interacts with a
local virtual model of the novice’s environment, had excellent
performance irrespective of time delay, though it is dependent
on an accurate model. Unlike a follower robot, the human
novice will always maintain stability. However, the novice’s
response is slower and less accurate than most robots’, with
stochastically varying performance based on focus and other
factors. Given that the human novice’s physical capabilities
can be matched quite well to those of the expert, whether this
limits achievable transparency remains the subject of future
research.

The paper represents an initial exploration of a novel topic
and as a result has some limitations. Firstly, the tests were
performed with relatively few subjects and in idealized condi-
tions. They will have to be augmented by practical tests with
numerous subjects. For example, to achieve the performance
of the ideal model-mediated teleoperation in this paper, future
work will have to capture an accurate geometric model of
the environment. This is feasible through RGB-D cameras,
LiDAR, time-of-flight (ToF) depth cameras, stereo reconstruc-
tion, or even monocular 3D reconstruction. Almost all robotic
or human teleoperation systems are equipped with at least one
of the aforementioned sensing modalities. For example, the
HoloLens 2 has stereo cameras and a ToF depth sensor, and
can easily be augmented with a higher-performance external
RGB-D camera. Therefore, the assumptions in this paper are
not inaccurate. However, very fine details such as the patient’s
ribs during an ultrasound procedure may have a substantial
effect on the measured force and will likely not be captured
well in the mesh.

Similarly, the controllers presented here use pose and force,
which have to be measured in real scenarios where the novice
is not moving a haptic device. For human teleoperation, the
force sensing must be low-profile and have sufficient load
capability [7], [6], while pose tracking presents another set
of challenges. Optical trackers are accurate but susceptible
to occlusion, while electromagnetic trackers are affected by
external disturbances. Extensive research has been performed
in this direction [5], but the solutions are imperfect and future
work will have to test practical bilateral teleoperation with all
of these challenges.

Other future work includes investigation of further control



IEEE Transactions on Robotics (T-RO) paper, presented at ICRA 2026, Vienna, Austria. Cite as T-RO paper.

architectures, for example predictive control using the mathe-
matical models to extrapolate trajectories, or robust control by
defining uncertainties on the parameters in the derived state
space model. This paper also did not consider architectures
with non-zero k,,, i.e. four-channel approaches where the
novice position is fed back to the operator. It has been
shown that using all four channels of velocity and force is
important for optimal transparency [19]. However, with the
novice’s unpredictable motions this may not be true for human
teleoperation. The hand-tuned controller parameters worked
for these controlled tests, but more advanced and potentially
adaptive methods to tune the controller parameters based on
individual novice dynamics and varying communication delays
should also be explored.

Traditional passivity-based methods such as wave vari-
ables [25] for achieving time delay-robust stability were not
used in this paper because they trade off performance to
maintain stability for the sake of safety. As instability in human
teleoperation degrades performance rather than safety, this
trade-off is not helpful. The time domain passivity approach
(TDPA) [33] is less conservative than wave variables and may
lead to better performance. Future work will use TDPA to
insert passivity observers and controllers in the most promising
teleoperation controllers determined in this paper.

Finally, orientation tracking was not explicitly evaluated in
this paper but can be taken to be analogous to position tracking
- i.e. consisting of similar lag and accuracy. This was the case
in previous tests of human teleoperation [3]. Moreover, in [3],
different rendering schemes were tested. These tests could be
extended to find the best rendering method for improved depth
perception. During the step-like motions in this paper, the
distribution of the novice position was approximately Gaussian
about the desired location. However, in the depth direction
from the novice’s point of view (approximately z in Fig. 8),
the position variance was significantly greater than in the other
directions, pointing to possible depth perception limitations.

In model-mediated teleoperation, the environment
impedance model affects the stability. We assumed in
the tests that the environment model is fixed and known,
with no delay, no error in the parameter estimation, and
F} = 0. Of course, in a real ultrasound exam, for example,
the patient breathes and moves, and the impedance varies
when examining different anatomies. When scanning the liver
and kidneys, the probe moves from ribs to soft tissue and
back. Practical impedance estimation schemes based on pose
and force measurement require several measurement samples
to converge to an estimate. Thus, the impedance model is
delayed, varying, and not perfectly accurate. However, as
shown in Equation 34, the novice in the model-mediated
teleoperation can converge to the correct normal force
and tangent position despite modeling errors by having
local force feedback as well as local position feedback in
directions orthogonal to the force. In this case only the
operator feels a slightly incorrect force that is only transient
while the impedance estimation converges. In practice, the
ultrasound probe is moved slowly and contact is maintained,
so the impedance is approximately constant. Thus, the test
results are relatively realistic and show the effectiveness of

model-mediated teleoperation in this system. Nonetheless,
future work should validate the presented results with the real
force sensing, pose tracking, environment reconstruction, and
impedance estimation.

V. CONCLUSION

This paper is a first exploration of bilateral human tele-
operation from a controls perspective. The results show that
three channel teleoperation is effective at small time delays
while model-based teleoperation with local force and pose
feedback achieves good performance even with large latency
and imperfect impedance estimation. It is found that instability
in human teleoperation manifests differently than in robotics
by substantially degrading system performance rather than
causing hazard or harm. This is important to keep in mind
when developing controllers. With the new system model,
simulation, and practical setup, future work can build off
the presented methods and tests to achieve high-performance,
transparent, stable human teleoperation despite time delays.
This will in turn enable effective remote guidance and exe-
cution of important tasks such as ultrasound exams with the
relatively simple, low-cost mixed reality human teleoperation
system.
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APPENDIX
In this section, we derive a state space model of the full
teleoperation system. This formulation is used in the paper to
assess stability and robustness.
From Section II-B, the novice is given by
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where k., b, are zero when not in contact with the envi-
ronment. For this to be LTI, we assume the environment is
unmoving and its impedance is constant. An advantage of this
model is that we do not have to consider switching contact,
which is handled implicitly by the novice.

The operator model is given by

MoTo + bodo = fh + fo (38)

The operator changes their applied force depending on the
haptic device force, to track a desired trajectory. In particular,
to choose a representative response, we can represent the sys-
tem in state space and use servo control with pole placement,
choosing

fo=—Kox,+ kq /(z;‘; —x,)dt (39)
where 2, = [1,, 4,] ", and z is the operator’s desired motion.
The state feedback gains are K, = [ko1 koz]. These can be
tuned to obtain a response that resembles the recorded operator
data. We ignore the operator’s desired velocity for simplicity
as it introduces a zero eigenvalue and the operator is primarily
interested in position. Setting =, = [(z} — z,)dt, we find the
following model
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where the gain on fj is denoted F,,.

We now combine this with Equation 9. Let z, =
ERE " be the state of the virtual tool. The state equations
of the operator, novice, and virtual tool are then

To =A,xo + Box: + EO(KnOCf:IIn — KOOCO:L‘())
= (A, — K,,Co)xo + E.K,.C sz, + B,z 41)
i’f = Afil,'n —|—Bf1.23,, —|—Bf2(KonCO:L'E — Kmexf)
42)

T, = KonCoxO - Knncfxn (43)

Where By and By, are the two columns of By. We now

define a combined state x = [.’L'g z

to state the system as one equation:

x,,] T. This allows us
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The dimensions of the matrices are A € R6%6, B € R6*1 and
C € R5%6, The A matrix can be used to determine stability.

This analysis has only considered the case of time delay
7 = 0. For non-zero delay, we must use Equation 11 instead
of 9. The system model with time delays is thus

o =A,xo + Bol‘z + E,e™ " fj
.’i:f = Afmn + Bflx,, + Bfgi‘l,
z, = KonCoe *"xo — K, ,Cpy,
Combining this with equations 11 and 12, and with a slight

abuse of notation to include time delays in the matrices, we
obtain
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This can also be written in the form
2
&(t) = Aox(t) + Y _ Anz(t —n7) + Baj(t)
n=1
I Ao 03><2 03><1
Ao = |03 Ay —Bp:K,,C; By
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Az = [02x3 022 0251 (46)
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According to Mori et al. and Cheres et al. [40], [41], the system
is asymptotically stable independent of time delays if

2
u(Ag) + D l4u]l2 <0

n=1

Where H*(A) = %)\max(AT_FA) and HA”Q =V /\maaf(ATA)’
where A\, 1S the maximum eigenvalue. This can be used to
test specific known gains and parameters, but is too conser-
vative for most applications as it guarantees stability for all
time delays. In human teleoperation, it is more important to
achieve transparency at reasonable delays since stability does
not pose a safety hazard.

(47)
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