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Dynamic Mobile Manipulation via Whole-Body
Bilateral Teleoperation of a Wheeled Humanoid

Amartya Purushottam1, Christopher Xu1, Yeongtae Jung2, and Joao Ramos1,3

Abstract—Humanoid robots have the potential to help human
workers by realizing physically demanding manipulation tasks
such as moving large boxes within warehouses. We define such
tasks as Dynamic Mobile Manipulation (DMM). This paper
presents a framework for DMM via whole-body teleoperation,
built upon three key contributions: Firstly, a teleoperation
framework employing a Human Machine Interface (HMI) and a
bi-wheeled humanoid, SATYRR, is proposed. Secondly, the study
introduces a dynamic locomotion mapping, utilizing human-robot
reduced order models, and a kinematic retargeting strategy for
manipulation tasks. Additionally, the paper discusses the role
of whole-body haptic feedback for wheeled humanoid control.
Finally, the system’s effectiveness and mappings for DMM are
validated through locomanipulation experiments and heavy box
pushing tasks. Here we show two forms of DMM: grasping a
target moving at an average speed of 0.4 m/s, and pushing boxes
weighing up to 105% of the robot’s weight. By simultaneously
adjusting their pitch and using their arms, the pilot adjusts the
robot pose to apply larger contact forces and move a heavy box
at a constant velocity of 0.2 m/s.

Index Terms—Humanoid whole-body control, telerobotics and
teleoperation, human and humanoid motion analysis and synthe-
sis, human-in-the-loop, motion retargeting

I. INTRODUCTION

CARGO, freight, and heavy-lift accidents are common
occurrences in the maritime, transportation, and ware-

housing industries. While manually slotting cargo containers
on ships, workers are at risk of injuring their backs and being
hurt by loose cargo that may be set in motion due to the
rocking of the boat. With growing safety and labor concerns,
humanoid robots are a potential solution that demands explo-
ration. To be effective tools, they must be capable of Dynamic
Mobile Manipulation (DMM): simultaneous coordination of
locomotion and manipulation to accomplish a forceful physical
task that cannot be realized semi-statically. For instance, the
robot cannot move a large box without intentionally falling
towards it. Humans exhibit DMM when they use their upper
and lower body to regulate contact forces and accelerations of
a box that would otherwise be too heavy to push with their
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Fig. 1. Dynamic Mobile Manipulation: The pilot in the HMI (left) teleoperates
SATYRR (right) to push a heavy box of unknown mass. Linear actuators de-
liver haptic feedback to human torso informing them of the robot-environment
interaction forces. Supplementary video: https://youtu.be/QqcJsSH0YjY

arms alone. Such online planning of whole-body capabilities
have yet to be seen on robotic platforms even after decades of
incredible progress in perception, planning, and control within
the robotics community. Teleoperation presents a promising
opportunity for bridging this gap between human sensorimotor
skills and autonomous control by integrating human planning
into robot control loops. By leveraging human whole-body
planning and intuition of force interactions with the environ-
ment, robots may become more capable at DMM tasks.

One approach to transporting complex human whole-body
control and force regulation to humanoids is to create an
immersive experience where the robot behaves as an extension
of the human via motion similarity and retargeting strategies
[1], [2]. This way we can utilize the operator’s body motion—
captured in real-time—to generate poses and trajectories that
the robot can follow. More specifically, to enable hands-free
teleoperated [3] DMM, we envision that the robot arms will
track the motion of the operator’s arms for manipulation while
locomotion of the robot’s base will be controlled by the
operator’s body lean. To provide the pilot information about
the robot’s surroundings and further the immersive experience,
we deliver haptic feedback to the human to allow them to feel
similar forces to those experienced by the robot. This bilateral
teleoperation framework - where the pilot sends commands
and receives sensory feedback from the robot - has been
shown to be effective in transferring human motion control
for humanoid telelocomotion [4].

In this work, we capture the human arm motion through an
upper body exoskeleton frame, as well as the human center of
mass (CoM), center of pressure (CoP), and head orientation



2

through the Human Machine Interface (HMI) [5]. Feedback
forces up to 155N along the sagittal plane are delivered
through the HMI’s two linear actuators to the pilot’s vest.
The HMI communication with the robot controllers runs at
500 Hz. As such, we do not explicitly study time delays in
this work but refer readers to [6], [7] for studying instability
due to delays and slow updates rates.

The primary contributions of this study are:
• Development of a model-based dynamic locomotion map-

ping using human-robot Reduced Order Models (RoM)
and a kinematic manipulation retargeting strategy

• Formulation of a haptic feedback law that gives the pilot
increased pitching range of motion and enables them
to feel robot external forces during manipulation for an
improved immersive experience

• Experimental validation of our whole-body teleoperation
framework for DMM in the context of heavy (105% robot
weight and unknown to pilot) box pushing.

II. RELATED WORK

Researchers have addressed the locomotion and manip-
ulation of humanoids by developing controllers using full-
body dynamics [8], [9], or reduced-order models such as
the Wheeled Inverted Pendulum (WIP) [3], [10], and Linear
Inverted Pendulum (LIP) [5], [11]. However, these works
did not demonstrate upper and lower body coordination to
manipulate the robot’s surroundings - a prerequisite of DMM.
Minniti et al. in [12] showcased impressive dexterity and
interaction in performing mobile manipulation tasks with
their balbot manipulator, using model predictive control and
an adaptive parameter estimator to open doors and lift ob-
jects. Stillman et al. presented the Golem Krang [13], a bi-
wheeled manipulator capable of balancing while performing
heavy lifting. Other related works [14] have integrated vision
pipelines to facilitate mobility and manipulation. While these
studies show promising preliminary forms of DMM, they do
do not leverage human adaptability, and are constrained in
their capacity to modify the robot’s posture to synergistically
combine the robot’s body and arms for force amplification.
Recently, researchers proposed a framework that generates
poses offline for heavy box pushing experiments, utilizing
the robot’s inertia and arm manipulation for DMM [15]. The
authors here rely on significant assumptions about knowledge
of the environment (object mass, inertia, global pose, etc.) and
require offline pose optimization prior to execution.

Teleoperated systems offer a solution to the aforementioned
challenge of offline trajectory and pose generation by utilizing
human intuition and planning. Previous works have demon-
strated mobile manipulation through whole-body teleopera-
tion [16], [17]. These systems, however, are constrained by
predefined switching modes for locomotion and manipulation
or limited control over individual sections of the robot. Such
motion retargeting strategies restrict the dynamic capabilities
of these platforms. Although real-time whole-body motion
retargeting strategies from humans to humanoids have been
proposed [1], [18], they have only been explored in simulation
or for statically stable robots.

Moreover, physical differences between humans and robots,
such as size and mass, make it challenging to create direct,
one-to-one mappings between human and robot movements.
Researchers have explored the use of whole-body haptic
feedback [4], [11], [19] to bridge this gap between human and
robot dynamics. These studies and our previous work [3], [5]
did not explicitly convey the robot’s environment interaction
forces back to the pilot, and have yet to show its effect on the
human’s feedback force.

III. BACKGROUND

Retargeting of individual limbs and whole-body movements
is challenging due to human-robot kinematic differences [18],
and the increased computational cost associated with control-
ling larger nonlinear models. Therefore, we use RoM that
reduce modeling complexity while still capturing the key
unstable dynamics of the robot and human. The human’s arms
and body motion are used to generate retargeted trajectories,
eliminating the need for a joystick in this hands-free teleoper-
ation framework [3]. Using body pitch, as shown in Fig. 2, the
pilot can directly control interaction forces between the robot
and its environment.

Here, we briefly revisit the robot cart-pole RoM used for
mappings, and the human Divergent Component of Motion
(DCM) that captures their dynamic balancing strategy.

A. Cart-Pole Model

The dynamics of the cart-pole system, linearized around the
upright zero position (sin(θR) ≈ θR; cos(θR) ≈ 1), with small
pendulum velocities (θ̇2R ≈ 0) can be written in state-space
form [20]:

ẋw

ẍw

θ̇R
θ̈R

=

0 1 0 0
0 0 −m

M g 0
0 0 0 1
0 0 mg

MhR
0



xw

ẋw

θR
θ̇R

+


0
1
M
0
−1

MhR

u+


0
0
0
1

mhR

Fext (1)

where xw represents the horizontal position of the cart, θR the
angle between the cart and CoM, hR the pendulum height, g
the gravity constant, u the force applied to the cart, and Fext

a disturbance force applied at the CoM as seen in Fig. 2. The
mass of the cart base, M , for humanoid robots can assumed
to significantly smaller than the the mass of the body, m. In
other words, m≫M .

Here, it can be seen that controlling desired base accel-
eration is proportional to controlling the robot’s lean angle:
ẍdes
w ∝ θdesR . In other words, the pilot can control transla-

tional forces exerted on the environment by the robot through
regulation of the robot’s pitch.

B. Divergent Component of Motion (DCM)

Human motion for balancing and locomotion can be cap-
tured by pendular systems such as the LIP. The pendular DCM
is the unstable component of the dynamics that we assume
also captures the human’s balancing strategy [21]. Specifically,
human motion can be stabilized as long as the LIP DCM
remains within the human support polygon: pmin

x ≤ xo+
ẋo

ωo
≤

pmax
x . Here, xo is the CoM horizontal position, ωo =

√
g/h
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the human pendulum’s natural frequency at height h under
a gravity field g, and pmin

x , pmax
x are the CoP minimum-

maximum given by the human foot length. Under a change of
state, θo = xo/h (valid around the linearized zero position),
this condition can be rewritten:

pmin
x

h
≤ θo +

θ̇o
ωo
≤ pmax

x

h
(2)

We refer to the dimensionless pendular DCM as ξ = θo+
θ̇o
ωo

.
For brevity, ξ will simply be referred to as the DCM.

IV. KINODYNAMIC WHOLE-BODY MOTION RETARGETING

Here, we introduce the whole-body bilateral teleoperation
mappings for DMM. The lower body telelocomotion mapping
models the human and robot as pendulum systems along the
sagittal plane. Section IV-A motivates the human fixed-base
actuated inverted pendulum (AIP) model. Section IV-B defines
a condition for stabilizing the robot cart-pole given by its
dimensionless DCM. We use the human’s dynamic balancing
strategy given by their DCM and CoP to generate tracking
references and haptic feedback as shown in Sections IV-C
and IV-D. The upper body telemanipulation mapping outlined
in section IV-E uses similarity in human-robot arm joint
topology to enable intuitive kinematic arm control. The focus
lies on performing DMM through the proposed mappings
and feedback, and does not necessarily claim exclusivity. The
pilot’s adaptability to different mappings and feedback present
a challenge in establishing necessity within this context.

A. Human Motion Model

Use of human pitch for hands-free teleoperation and control
of wheeled humanoids has shown viability [3]. Attempting to
capture the pitch angle from classically used human locomo-
tion models, such as the LIP, presents a problem however.
This angle - defined between the human CoP and CoM
- converges to zero in steady state as the CoP tracks the
CoM (pH → xH ). This results in stop-and-go motions and
unintuitive pitch control on wheeled robots. For example, the
human may lean at a constant angle, but the desired reference
is zero causing the robot be upright.

Thus, we propose applying a transformation to model the
human as a fixed-base AIP as shown in Fig. 2. This allows
us to define the pitch angle between the fixed human ankle
and their CoM. This measurement remains constant in steady
state and does not change as a function of the CoP. Instead,
the CoP is used to define the ankle torque needed to stabilize
the human inverted pendulum.

The dynamics for the AIP are given by:

θ̈H =
g sin(θH)

h̃H

+
1

mH h̃2
H

τH +
cos(θH)

mH h̃H

FHMI (3)

where mH is the human’s mass, and h̃H = hH − haH is
the difference in the CoM height, hH , and ankle height, haH .
The human pitch angle, θH , and human ankle torque, τH ,
are defined in the clockwise direction. The external feedback
force, FHMI , is applied to the human torso near their CoM.
Human motion is measured and force feedback is applied in
real time through this HMI [3], [5].

𝑭𝒉,𝒈 = 𝒎𝑯𝒈

𝜽𝑯

𝒑𝑯𝒙𝟎

𝝉𝑯

𝑭𝑯𝑴𝑰

𝒉𝑯

𝒉𝒂𝑯

𝒉𝑹

𝜽𝑹

𝑭𝒆𝒙𝒕

𝑭𝑹

𝒙𝑾

(B) Robot Cart-Pole(A) Human Fixed-Base Act. Inv. Pend.

Fig. 2. (A) The human is modeled as an actuated pendulum where the ankle
as treated as an actuator to control lean. (B) The robot is modeled as a cart-
pole for generating desired references.

Linearizing around the θH = 0 upright position, and
assuming hH ≫ haH allows us to write in state-space form:[

θ̇H
θ̈H

]
=

[
0 1
ω2
H 0

][
θH
θ̇H

]
+

[
0
1

mHh2
H

]
τH+

[
0
1

mHhH

]
FHMI (4)

The state transition matrix has eigenvalues ±ωH . Diagonaliz-
ing as shown in [22] and substituting human actuation as a
function of their CoP (τH = −pHmHg) we find the unitless
divergent component of motions and its time derivative:

ξH = θH + 1
ωH

θ̇H (5)

ξ̇H = ωHξH − ωH

hH
pH (6)

B. Robot Cart-Pole DCM

To track the human pendular DCM we isolate the lin-
earized cart-pole DCM here. The eigenvalues of Eq. 1 are:
(λxw

, λẋw
, λθR , λθ̇R

) = (0, 0,
√
g/hR,−

√
g/hR). The states

corresponding to eigenvalues equal to 0 indicate marginally
stable behavior in these modes. In other words, these states
neither grow nor decay when perturbed. To design control
references that can stabilize the unstable dynamics we focus
on isolating the non-zero eigenvalue variables θR, and θ̇R:[

θ̇R
θ̈R

]
=

[
0 1

α2ω2
R 0

] [
θR
θ̇R

]
+

[
0
−1

MhR

]
FR +

[
0
1

mhR

]
Fext (7)

where ωR =
√
g/hR is the robot linear natural frequency and

α =
√
m/M is a unitless quantity from Eq. (1).

Performing the same diagonalization and decomposition as
in the previous section, letting ω◦

R = αωR (since α is unitless),
we find the cart-pole DCM and its dynamics:

ξR = θR + 1
ω◦

R
θ̇R (8)

ξ̇R = ω◦
RξR − 1

ω◦
RMhR

FR + 1
ω◦

RmhR
Fext (9)

C. Dynamic Locomotion Retargeting

The proposed tele-locomotion mapping accounts for the
different sizes of the robot and human by normalizing along
their natural frequency, masses, and heights [4]. The tracking
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Head Camera Tracking

𝐹𝑒𝑥𝑡

𝐹𝐻𝑀𝐼

Human
Robot

𝑙𝑞
𝐻 , 𝑟𝑞

𝐻

𝜃𝐻 , ሶ𝜃𝐻
𝑝𝐻

Dynamic Locomotion Retargeting

Human AIP Robot CaPo.
ሶ𝜉𝐻

𝜔𝐻
≈

ሶ𝜉𝑅
𝜔𝑅
′ 𝐹𝑅

𝜉𝑅
𝑑𝑒𝑠

𝑙𝑞
𝑅, 𝑟𝑞

𝑅

𝜃𝑅, ሶ𝜃𝑅, ෠𝐹𝑒𝑥𝑡

𝛾𝐻 , 𝜙𝐻 𝛾𝑅, 𝜙𝑅

WIP Tracking 

LQR

Yaw Controller

Height Controller

𝜏𝑊

𝜏𝐻𝑖𝑝
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Fig. 3. Full system layout and bilateral teleoperation control framework. The real-time first-person view camera feedback is shown as CFPV . The prescripts
l, r represent the left and right hands. γH and ϕH represent the human head pitch and yaw.

of the DCM is a design choice in this framework motivated
by its ability to capture the dynamic balancing requirement of
the human pendulum model. By enforcing the robot to follow
the human’s DCM and its time derivative we can:

• Stabilize and dynamically control the robot using the AIP
DCM as a tracking reference

• Capture the non-minimum phase behavior of the human
CoP as a feedforward for increased responsiveness

• Explicitly model and map virtual and external forces
acting on the human and robot

We choose the DCM as our retargeted state and aim to achieve:

ξR = ξH (10)

To minimize the DCM error, |ξR − ξH |, while accounting for
the different human-robot sizes, we try to keep the normalized
time derivative [4] of the DCMs identical:

ξ̇R
ω◦
R

=
ξ̇H
ωH

(11)

where ξ̇R = θ̇R+ θ̈R/ω
◦
R and ξ̇H = θ̇H + θ̈H/ωH are the time

derivatives of the DCM in Eq. (6) and Eq. (8). This constraint
Eq. 11 couples the angular dynamics of the human and robot
as seen by expanding and substituting in Eq. (4) and Eq. (7):

θR+
θ̇R
ω◦
R

−FR

γR
+

Fext

α2γR
= θH+

θ̇H
ωH
− pH
hH

+
FHMI

γH
(12)

where γj = mjω
2
jhj with j = {H,R} has units Newtons and

can be viewed as a nondimensionalizing scaling for human-
robot forces. Although there are many choices of FHMI and
FR that satisfy Eq. (12), we propose a specific formulation
where the human’s applied effort, captured by their CoP, is
analogous to the force or effort applied on the robot cart-pole:

FR =
γR
hH

pH (13)

The robot force, FR, captures the non-minimum phase be-
havior of the CoP and is particularly valuable for bi-wheeled
humanoids as their base must also initially move in the
opposite direction compared to the desired reference.

The remaining terms in Eq. (12) are fed back to the human
to provide information about the robots states and interaction
forces for an improved immersive experience:

FHMI =γH

(
(θR−θH)+

(
θ̇R
ω◦
R

− θ̇H
ωH

))
+

γH
α2γR

Fext (14)

More specifically, the feedback force tries to minimize the dif-
ference in the human-robot angular motions and also conveys
the robot’s external forces scaled by human-robot parameters.

A WIP Linear Quadratic Regulator (LQR), with controller
states [xW , ẋW , ξR]

T , is used to track the human DCM as
shown in Fig. 3. To transfer the human’s intended motion,
improve responsitivity, and satisfy Eq. (12) (under perfect
tracking), FR is treated as a feedforward force. The resulting
wheel control effort is given by:

τW = −KLQR(ξH − ξR) + FR (15)

Tracking of wheel position and velocity is intentionally dis-
abled here as it can result in accumulation of error and wheel
slip when interacting with unknown objects and forces e.g.
pushing heavy boxes of unknown mass. Moreover, solely
regulating the DCM allows the pilot to control interaction
forces with the environment.

D. Virtual Spring Force
To allow the pilot to dynamically lean further without falling

over, a safety force was incorporated as a virtual spring, Fs =
−KsxH , where xH is the human CoM displacement from
their upright position. This is modeled by adding Fs/γH to
both sides of Eq. (12). Here, Ks = 400 N/m is tuned by pilot
preference. The resulting net feedforward and feedback terms
are:

FR ← FR −
γR
γH

Fs (16a)

FHMI ← FHMI + Fs (16b)

The resulting haptic force, FHMI , includes a virtual spring.
Consequently, when the human leans forward, Fs < 0, the
robot feedforward, FR is also larger. This term encapsulates
how much effort the human exerts to resist the spring. For
box pushing, after the robot’s lean and contact locations are
chosen by the pilot, this augmented feedforward allows the
robot to apply more effort via its wheels.
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Fig. 4. Human arm motion is captured by an exosuit. A design choice was
made to align the human-robot upper arm and elbow rotation axis in the
shoulder spherical wrist mapping.

E. Kinematic Manipulation Retargeting

We leverage similarity in joint structure of the human and
robot arms to create an intuitive kinematic mapping. Unlike
the robot, the exosuit’s shoulder axes do not intersect and are
not spherical joints. Our approach aims to align the robot and
human exosuit axes through inverse kinematics (IK).

We define the human exosuit and robot arm generalized
coordinates: q(·) ∈ R4 where the superscript H , R denote
human exosuit and robot, whose coordinates q0 to q3 are joint
angles as shown in Fig. 4. The vector from human shoulder
to elbow, Rz

H ∈ R3, in Fig. 4 (A) can be found using the
exosuit’s forward kinematics.

We align the vector from the robot’s shoulder to its elbow
with the direction of the human’s elbow (Rz

R = Rz
H ) as seen

in Fig. 4 (B). To find the remaining axis we define the plane,
S, perpendicular to Rz

H :

S = {Ru |R⊤
uR

z
H = 0} (17)

The second axis of rotation can be subsequently set:

Ry
R = projS(R

y
H) (18)

The aim of this projection is to find the vector closest to that of
the human elbow rotation axis Ry

H that is also perpendicular
to the given Rz

H as shown in Fig. 4 (B). The final axis is given
by their cross product: Rx

R = Ry
R ×Rz

R. With all 3 axes of
the robot shoulder defined, we solve the inverse kinematics of
the spherical wrist as given in [23]:

qR
[0:2] = IK(Rx

R,R
y
R,R

z
R) (19)

Similarity in human-robot joint structure leads to direct use of
human elbow angle as reference for the robot: qR3 = qH3 .

The desired joint positions are sent to the motors, where an
onboard tracking PD controller operates at 40 kHz:

τcom = Kp(q − qdes) +Kd(q̇ − q̇des) + τff

where τff = 0 and desired joint velocity are set to zero,
q̇des = 0. By using proximal actuation design principles [24],
lightweight limbs, and torque dense actuators with low-gear
ratio transmissions as recommended in [25], we assume we
can achieve agile end effector tracking at human reaction
speeds without explicitly considering the arm’s dynamics.

V. EXPERIMENTAL SETUP

We conducted two experiments to showcase efficacy of the
proposed mappings in whole-body teleoperation and DMM.
The first set of experiments evaluate tele-locomanipulation
tasks including standing in place, accurately tracking arm
movements, and grabbing a moving object where the pilot
simultaneously controls the robot’s body and arms. Yaw con-
trol can be used in conjunction as done in [3] to enable 2D
cartesian movement of the robot. Task 2 demonstrates a form
of DMM where the pilot was required to push boxes between
4-13 kg at a constant velocity while keeping a bottle balanced
on top of the box, as seen in Fig. 8. In this scenario, moving at
a constant speed requires the pilot to regulate applied forces,
while the bottle enforces bounds for the robot’s acceleration.
The pilot was unaware of the box’s mass during these tests.
In summary, success is determined not only by magnitude of
force applied but also robot stability and a smooth motion
profile. To highlight the effectiveness of the haptic feedback,
FHMI , this experiment is constrained to the sagittal plane
using railings on the ground to prevent rotation of the box.

TABLE I
HUMAN-ROBOT MODEL PARAMETERS

Parameter Symbol Human SATYRR Units Ratio

CoM Masses m 52.0 12.6 kg 4.13
CoM Height h 1.10 0.37 m 2.97

Natural Frequency ω 2.99 5.15 s−1 0.58
Upper Arm Length lA 0.31 0.18 m 1.72

Forearm Length lF 0.30 0.20 m 1.50
Base Masses M — 1.61 kg —

Due to the arm’s design philosophy, as discussed in section
IV-E, the torques generated by contact greatly exceed the
inertial torques. Therefore, we estimate the external force
acting on the robot cart-pole by summing the contact forces
at each hand:

F̂ext = ΛJ†
c,r(Gτm,r) +ΛJ†

c,l(−Gτm,l) (20)

where r and l subscripts denote the right and left arm measured
motor torque τm,(·) ∈ R4, and Moore-Penrose inverse of
the contact Jacobian, Jc,(·). The motor-space to joint-space
mapping matrix is given by G = blkdiag(−1, 1, 1,−2). The
selection matrix, Λ, isolates the x component of the contact
force for the planar models considered in this work and we
approximate the contact point height as the robot cart-pole
height. Moreover, the contact at the end-effector implicitly
captures friction forces, reaction forces from the railings, and
other disturbance forces that affect the box.

From previous experiments, we found that scaling of the
external force helped the pilot better perceive interaction
forces and was their preferred choice. Under perfect tracking,
Eq. (14) and Eq. (16b) show that feedback to the human is
dominated by the spring and external force. In this situation,
to enable an immersive experience the haptic feedback should
ideally convey the interaction force between the robot and the
environment. Since the human is unable to perceive smaller
changes in forces applied to their body, a scaled value of the
estimated external force was used:
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(A) (B)

(D)(C)

Fig. 5. Whole-body tele-locomanipulation results. (A) highlights the non-
minimum phase behavior of the CoP. (B) shows the robot and human DCM
tracking. (C) shows the the dynamic hand off experiment where the robot
starts at -0.75 m, and the box starts at -0.5 m. At t = 11 s, the robot catches
up to the desired box position while traveling near the box’s velocity. (D)
shows the dynamic feedback and net haptic feedback as the pilot leans.

F̂ext ← KfbF̂ext (21)
The pilot’s desire for perceiving a scaled interaction force
preceded their desire for generating a dynamically consistent
reference for the robot. While Kfb is intended to be constant,
certain tasks may necessitate its modification that requires
analysis beyond the scope of this study. Pilot tuning set
Kfb = 2.5 for all experiments.

VI. RESULTS & DISCUSSION

Section VI-A discusses the first set of experiments that show
whole-body teleoperation. Section VI-B shows the human-
robot box pushing as a form of DMM. The experiments are
conducted in compliance with the requirements from the UIUC
Internal Review Board (IRB). Validation is shown on video1.

A. Whole-body Tele-locomanipulation Evaluation

While standing in place or moving, locomotion control
benefits from using the human CoP as a feedforward as derived
in subsection IV-C. At t = 115 s in Fig. 5 (A), we see how the
CoP precedes human pitch movement and captures the non-
minimum phase dynamics of human leaning when humans
push off their heels to change pitch. This motion is a suitable
feed-forward for the non-minimum phase robot, indicated by
the initial τff = −0.4 Nm.

The DCM tracking of the human-robot can be seen in Fig.
5 (B). As the robot controller tracks the human reference, ξH ,
the robot overshoots and briefly leads the human between time
t = 120− 122 s. We attribute this observed tracking behavior
to three factors: indirect control of the robot’s position through
pitch, deviations from the idealized human model, and inherent
dynamics differences due to the robot’s smaller size. As seen
in Fig. 5 (D), the pilot is momentarily pushed forward at

1https://youtu.be/QqcJsSH0YjY

Fig. 6. Arm end effector mappings and tracking: The pilot moves their arm
in a circular motion in front of their body. IK tracking was preferred.

Fig. 7. The pilot tried different poses during box pushing experiments and
adapted their strategy to move boxes weighing 8-13kg (63.5-105% of mR).
In poses (A)-(B) the pilot was unable to push the box, but (C) was successful.

t = 122 s with a force of 50 N informing them of the
robot’s overshoot. While this feedback did not notably aid in
stabilization, it did provide the pilot with situational awareness
and an enhanced immersive experience by indicating the
direction of disturbance forces acting on the robot’s body.
The pilot also tested two forms of arm mappings, where they
preferred the IK mapping. As seen in Fig. 6 the IK mapping
resulted in more accurate tracking of the human hand. The
slight topological differences between the human arm, the
exosuit that captured the humans motion, and the robot’s arm
were the driving factors in this choice. Moreover, the robot’s
proficient tracking of the IK mapping reference strengthens our
approach of not explicitly modeling the robot arm dynamics
when design principles from [25] are applied. Ultimately, this
kinematic mapping proved to be intuitive for the pilot and
enabled hands-free tele-manipulation.

Next, whole-body tele-locomanipulation was tested by re-
quiring the robot to grab a moving package weighing 1.25 kg
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T = 0 sec T = 3 sec T = 9.5 sec T = 15 sec T = 20 sec T = 23.5 sec T = 24 sec

(A) (B) (C) (D) (E)

ሷ𝒙𝑹 ≈ 𝟎

Fig. 8. Heavy box pushing experiment: A 8.5kg (67.5 % of mR) box with a balanced bottle is pushed at constant velocity. (A) shows in purple start and
end of task. In (B) the pilot initially increases their lean without using their arms. At (C) the robot’s hands make contact with the box and begins pushing
with the arms resulting in a sharp change in external contact force. The pilot continues moving their arms up until (D), where the robot breaks stiction and
the box begins moving, accompanied by a change in external force. (E) shows the box moving at a constant velocity. At the end, the pilot breaks contact by
lowering their hands. The right axis show the zoomed in feedforward force and human pitch in their respective graphs.

(10% of mR). Completion of this task can be difficult as it
requires estimation of object velocity. The the pilot was able
to modulate the velocity to catch up to the moving package at
t = 11 s, as shown in the grey region in Fig. 5 (C). Without
switching between locomotion and manipulation modes [17],
the pilot was simultaneously able to command a desired arm
motion for the robot to grab the object, pull it closer to its body
to mitigate the moment created around its wheel, and complete
the mobile hand-off. Visual feedback enabled the pilot to make
grip adjustments, as shown in the supplementary task video.

B. Pushing heavy boxes: A form of whole-body DMM

The experiments here require use of whole-body coordina-
tion to regulate and apply large forces on the environment.
An initial adjustment of the robot pose was required to
push heavier boxes. Finding an optimal pose for whole-body
interaction and box pushing is a non-trivial task, requiring
offline optimization [15]. By tracking the human DCM and
arm movement, the robot’s stance can be adjusted on the fly
as seen in Fig. 7. The final chosen pose shown in Fig. 7 (C)
maximized the achievable lean of the robot while keeping its
hands closer to the bottom of the box—much like a human
might. Without this modification, the robot was unable to
push boxes greater than 8 kg. This adaptation highlights the
effectiveness of leveraging human planning for DMM.

Fig. 8 shows the pilots whole-body strategy for pushing
the 8.5 kg box at a constant velocity. After starting the trial
run indicated by the grey line in Fig. 8, the pilot increases
their lean on the box between t = 1 s and t = 4 s. At t =
4.5 s, the box has not moved and the pilot telemanipulates the
robot hands to begin pushing on the box. This initially results

in a sharp change in contact forces as seen in Fig. 8 (C).
Force estimation using joint torques is particularly susceptible
to noise when the contact point velocity is nonzero. Between
t = 5 s and t = 13 s, the pilot maintains their lean and slowly
moves their arms to increase the applied force as seen by the
increase in |F̂ext|. This upward arm motion also momentarily
lifts the front of the box. We believe this helped in breaking
static friction forces between the box and ground to start the
box’s movement as shown in green in Fig. 8 (D) . As the robot-
box move at a constant velocity (ẋR ≈ 0.2 m/s) as highlighted
in the blue section of the figure, the feedback forces are nearly
constant — FHMI ≈ −80N . Upon crossing the finish line,
the pilot stops by putting their hands down.

Haptic forces played a pivotal role in completing the box
pushing task, encompassing three components: dynamic feed-
back, external force feedback, and spring force. The dynamic
feedback provided information to the pilot regarding the
balance of the robot, as well as the direction of disturbances
on the robot’s body. The external force feedback informs
the pilot of the end effector contact force, which captures
unmodeled forces on the box. This gives the pilot opportunities
to adjust their locomotion strategy in response to variations in
box weight, friction conditions, and railing contact. The pilot
found the spring feedback force most useful, as it allowed for
comfortable extended leaning due to its predictable response.

Without haptic feedback, i.e. FHMI = 0 and Fs = 0, the
pilot was unable to push the box. We believe this is because
the pilot could not lean as far and there was less feedforward,
as described in Eq. (16a), to help break stiction. Based on
empirical observations, applying enough force to break stiction
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was the bottleneck in getting the box to move. Under the
same bilateral teleoperation framework, various other feedback
laws can be implemented based on Eq. (12), offering different
haptic experiences and responses from the pilot.

C. Limitations

Generating position-velocity trajectories without box weight
or friction knowledge is challenging. Prior work [3] resulted in
accumulated error and wheel slip when dealing with external
forces (xdes

w =
∫∫

gθH(t)dt). Thus, we did not track position
but had the pilot control acceleration by modulating the robot’s
pitch, making it challenging to maintain a stationary position.

Through extensive testing, our pilot could interpret the force
feedback but faced challenges in discerning finer details, likely
due to limited feedback resolution at the human CoM. This
presents a potential obstacle for future whole-body bilateral
teleoperation, as the dynamic feedback signal at the CoM is
not easily utilized for precise regulation. Providing feedback to
the user’s hand could address this problem as the hand has high
force-sensing resolution. Moreover, to generalize how humans
perceive the feedback forces and use it to inform their decision
making in the context of DMM whole body teleoperation, a
larger pilot study is needed. Overall, our experiments showed
that humans excel as motion planners.

VII. CONCLUSION

In this paper, we presented a framework to perform DMM
via whole-body bilateral teleoperation. The locomotion map-
ping models external forces on the robot and utilizes the
human’s balancing strategy captured by their AIP DCM to
generate tracking references. An IK arm mapping enables
the pilot to manipulate simultaneously. Finally, through box
pushing experiments, we show how the pilot-robot can regulate
applied forces on the environment using their body and arms.
Human force feedback facilitates dynamic leaning motions and
perception of interaction forces between the environment and
robot. In future work, we aim to integrate advanced grippers
and force sensors to demonstrate pulling and lifting behaviors.
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