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Abstract

Robotic operations such as opening doors in complex environments pose chal-
lenges due to unmodeled constraints and unknown interactions. This paper
proposes a variable admittance control approach with both positional and ori-
entational compliance for a wheeled mobile manipulator (WMM) to perform
door-opening tasks while avoiding ground obstacles. The controller adaptively
adjusts its parameters based on real-time motion states and estimated inter-
action forces and torques. Redundancy in the system enables simultaneous
dual-trajectory tracking for the mobile base and the end-effector. A Lyapunov-
based stability analysis guarantees system stability, and dedicated force/torque
estimation experiments validate the interaction measurements. The method
is implemented on an omnidirectional WMM performing a door-opening task
with an obstacle in the base’s path. Experimental results demonstrate safe
and compliant interaction, accurate trajectory tracking, and successful obstacle
avoidance.
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1 Introduction

Robotic applications in complex environments, including mobile manipulation, require
significantly higher performance than simple or repetitive tasks. Wheeled mobile
manipulators (WMMs) integrate the high mobility of a mobile base (MB) with the
dexterity of a manipulator, enabling human-like operations such as opening doors in
obstacle-rich environments [1, 2]. Unlike humans, who naturally adjust their applied
forces while coordinating body movements to avoid obstacles, WMMs lack innate
perception and adaptive force control, making door-opening a challenging task. Sophis-
ticated motion planning and compliance control strategies are essential to achieve
human-like interaction.

Door-opening is a crucial capability for mobile manipulators deployed in real-world
applications, including search-and-rescue missions, hazardous site exploration, and
assistive robotics in healthcare environments [3–5]. In disaster response, robots must
navigate closed or obstructed doors to access affected areas, while assistive robots in
hospitals and elderly care facilities must reliably open doors despite environmental
uncertainties. However, traditional fixed-compliance controllers struggle with variable
resistance and unexpected disturbances, necessitating adaptive compliance control
methods.

The primary challenge in door-opening tasks lies in the kinematic constraints
imposed on the WMM while gripping and manipulating the door [6]. Given the
rigidity of the WMM’s hardware, even slight motion deviations can induce excessive
interaction forces, risking failure in both manipulation and locomotion. To address
this, researchers have explored various door parameter estimation methods, such as
geometric parameter estimation through coordinate transformation [7], constraint esti-
mation via force/torque measurements [8], and vision- and LiDAR-based parameter
identification [9, 10]. However, none of these methods guarantee precise parameter esti-
mation, making compliance control a critical factor in ensuring successful door-opening
execution.

The compliance control approach is instrumental in enabling robots and their envi-
ronments to interact in a compliant manner. Two fundamental methods in this domain
are hybrid position/force control [11] and impedance control [12, 13]. Impedance
and admittance control represent two ways of implementing impedance control, dif-
ferentiated by the causality of the controller [14]. Compared to impedance control,
admittance control offers the advantage of compatibility with modern industrial sys-
tems, specifically position-control and velocity-control systems [15, 16]. Xing et al.[17]
introduced an admittance control method for WMMs to facilitate human-robot inter-
action, though it used fixed parameters. Tu et al.[18] proposed a variable admittance
control approach to enhance compliance in human-exoskeleton interactions, where
parameters adjust based on deviations between actual and standard interaction forces.
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Ding et al.[19] presented a variable admittance control method for WMMs to detect
users’ walking intentions for mobility assistance. Additionally, several tank-based
approaches have been proposed for admittance controllers to ensure compliance control
system stability [20–22].

Achieving compliant contact between the WMM’s end-effector (EE) and the door
alone is insufficient for door-opening operations in environments with obstacles; obsta-
cle avoidance for the MB must also be addressed. This challenge can be managed by
leveraging the redundancy characteristics of the WMM. However, solving the inverse
kinematics for redundant manipulators is challenging due to the presence of more
unknowns than equations. Currently, two main methods address this problem: the null-
space-based approach [1, 23] and the quadratic programming approach [24, 25]. Wang
et al. [26] proposed an online obstacle avoidance strategy based on quadratic program-
ming for a nonholonomic WMM, including dual-trajectory generation for the MB and
EE. Xing et al. [27] designed a task-priority-based dual-user teleoperation framework
for a WMM to perform tasks in constrained environments, enabling simultaneous
manipulation of the MB and the EE. Mashali et al. [28] presented a task-priority-based
dual-trajectory control for redundant WMMs, though it did not consider orientation
control.

Existing research on door-opening tasks with WMMs has primarily focused on
identifying the kinematic constraints of the target door [7] or achieving position com-
pliance between the EE and the door [29]. However, relatively little attention has
been given to orientation compliance during the door-opening process or to potential
motion interference from ground obstacles. Although some dual-trajectory tracking
approaches have been proposed for redundant WMMs [26, 27], these lack considera-
tion for compliant interaction requirements during motion. A practical door-opening
framework that accounts for ground obstacles remains an open area of research.

This study proposes a unified control framework for compliant manipulation in con-
strained environments, which couples variable admittance control with task-priority-
based redundancy resolution. After obtaining the target door’s motion parameters and
the positions of ground obstacles, the proposed method employs a dual-level admit-
tance control to achieve full-pose compliance of the EE while dynamically adjusting
the compliance parameters according to real-time motion states and interaction forces.
Simultaneously, a null-space-based dual-trajectory tracking scheme coordinates the
redundant motion of the MB and EE to avoid ground obstacles without disturbing
the primary manipulation task.

This research seeks to address three key questions: (a) How can variable admittance
control enable compliant interaction under unpredictable resistance? (b) How can
task-priority-based dual-trajectory tracking improve coordination between the EE and
MB to handle conflicting motion objectives? (c) Can integrating variable admittance
control with redundancy-based dual-trajectory tracking effectively reduce interaction
forces compared to fixed admittance methods?

The main contributions of this work are as follows: (1) A unified control framework
is established that seamlessly couples variable admittance control with both posi-
tional and orientational compliance and task-priority-based redundancy resolution,
enabling simultaneous compliant interaction and obstacle-avoidance behavior; (2) A
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variable admittance controller with real-time adaptive stiffness and damping adjust-
ment is developed to regulate EE position and orientation, while a task-priority-based
dual-trajectory tracking scheme allows the redundant WMM to coordinate MB and
EE motions through null-space projection without mutual interference; (3) Lyapunov-
based stability analysis is provided to rigorously guarantee the stability of the proposed
variable admittance control system under time-varying parameters. Although vali-
dated on a door-opening task, the proposed framework is general and can be extended
to other contact-rich manipulation scenarios such as valve turning, drawer opening,
and human–robot co-manipulation.

The rest of this paper is structured as follows. Section 2 introduces the kinemat-
ics of WMMs and the proposed dual-trajectory tracking method. Section 3 presents a
variable admittance controller that accounts for both position and orientation compli-
ance. Experimental validations and performance evaluations of the proposed method
are provided in Section 4. Finally, Section 5 concludes the paper.

2 Kinematics and Dual-trajectory Tracking of
WMMs

This section presents the forward kinematics at the velocity level for WMMs and intro-
duces a task-priority-based dual-trajectory tracking approach, enabling simultaneous
planning and tracking of trajectories for the manipulator’s EE and the MB.

2.1 Kinematics of WMMs

The kinematic model of a MB, assuming no slippage or skidding, is expressed as
q̇b = G(qb)vb, where q̇b ∈ Rnb denotes the generalized coordinate vector of the MB,
and vb ∈ Rb is the input velocity vector of the wheels [30]. The matrix G(qb) ∈ Rnb×b

represents the MB’s constraint matrix, which may be holonomic or nonholonomic. The
generalized velocity vector of the manipulator, q̇m ∈ Rm, can be freely assigned based
on the manipulator’s configuration. Specifically, q̇m = vm, where vm ∈ Rm represents
the joint velocity input vector for the manipulator.

The generalized coordinate vector and velocity input vector for the WMM are
defined as q = [qT

b , q
T
m]T ∈ Rnb+m and v = [vT

b ,v
T
m]T ∈ Rn, respectively, where

n = b + m. The forward kinematics of a WMM at the velocity level can then be
computed as:

ẋe = Jq(q)q̇ = [Jb(q),Jm(q)]

[
q̇b

q̇m

]
= [Jb(q)G(qb),Jm(q)]

[
vb

vm

]
= J(q)v,

(1)

where ẋe ∈ Rn1 denotes the task-space velocity vector of the EE in the world
frame {Σw}, with n1 representing its dimension. The matrices Jb(q) ∈ Rn1×nb and
Jm(q) ∈ Rn1×m are the Jacobians of the MB and the manipulator, respectively.
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Jq(q) ∈ Rn1×n represents the Jacobian of the generalized WMM (i.e., without con-
sidering the constraints of the MB), while J(q) ∈ Rn1×n denotes the Jacobian of the
constrained WMM.

Then, with the WMM velocity vector defined as v, the redundancy resolution for
the WMM expressed in (1) can be derived as:

v = J†ẋe +Nµ, (2)

where J† denotes the pseudoinverse of Jacobian J , N = I −J†J denotes the orthog-
onal projection operator into N (J), and µ represents the user-defined joint velocity
vector for any secondary task.

2.2 Dual-trajectory Tracking Controller

To achieve dual-trajectory tracking of the manipulator’s EE and the MB while min-
imizing the impact of base motion on the EE, we introduce a redundancy resolution
method incorporating task prioritization. Combining (1), the forward kinematics
mapping of the MB can be computed as:

ẋb = Gb(qb)vb = Jb(qb)v, (3)

where ẋb ∈ Rn2 denotes the MB’s velocity vector with n2 being its Cartesian-space
dimension, Gb ∈ Rn2×b represents the Jacobian of the MB related to its velocity
vector, and Jb = [Gb, 0n2×m] ∈ Rn2×n is the extended Jacobian of the MP for the
following controller design.

Combining (2) and (3), we can derive:

v = J†ẋe +Nµ, (4a)

ẋb = Jbv = JbJ
†ẋe + JbNµ. (4b)

According to (4b), the auxiliary variable µ is defined as:

µ = (JbN )T
[
(JbN )(JbN )T + λ2I

]−1
(
ẋb − JbJ

†ẋe

)
, (5)

where λ is an adaptively activated damping factor used in the damped least-squares
(DLS) pseudoinverse to handle algorithmic singularities [27]. Specifically, λ is set to
a small positive value only when JbN approaches rank deficiency (i.e., its smallest
singular value falls below a predefined threshold); otherwise, λ is set to zero, and
(5) reduces exactly to the standard pseudoinverse. This conditional damping strat-
egy ensures numerical stability near algorithmic singularities while maintaining full
accuracy under normal operating conditions.

Substituting (5) into (4a), the inverse kinematics model of the WMM considering
task priority can be expressed as:

v = J†ẋe + (JbN )†
(
ẋb − JbJ

†ẋe

)
. (6)
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Note that N (JbN )† = (JbN )†, and therefore the redundant null-space projector
is omitted for conciseness. When the reference trajectories of both the EE and the MB
are specified, the dual-trajectory motion of the WMM can be achieved through (6).

3 Variable Admittance Control of WMMs

In this section, the proposed variable admittance controller considering both posi-
tion and orientation compliance will be presented. Section 3.1 introduces the full
pose compliance control scheme for a WMM system. Section 3.2 illustrates how to
adjust the corresponding admittance parameters according to the detected interaction
forces/torques.

3.1 Full Pose Compliance Rendered by an Admittance-based
Control Scheme

To prevent damage to both the robot and the door during the door-opening pro-
cess, the EE must achieve compliant contact with the door. Given the complexity of
the actual environment, the design of the compliance control should simultaneously
consider both positional compliance and orientational compliance at the EE. The kine-
matic model of the WMM, as expressed in (2) and (6), indicates that the design of the
task-space velocity vector of the EE, denoted as ẋe, is crucial for achieving EE-door
compliance. The translational velocity of the EE can be obtained by solving the time
derivative of its position, while the rotational angular velocity will be derived using a
quaternion-based orientation planning method [31].

A standard quaternion can be defined as Q = {η, ϵ} ∈ R4, where η represents
the scalar part of the quaternion, and ϵ = [ϵx, ϵy, ϵz]

T ∈ R3 denotes its vector part,
indicating the direction of rotation. These four components satisfy the constraint
η2+ϵ2x+ϵ2y+ϵ2z = 1. Given the property of the rotation matrix R−1 = RT, the expres-

sion for the inverse quaternion Q−1 is Q−1 = {η,−ϵ}. Therefore, if there exist two
quaternions Q1 = {η1, ϵ1} and Q2 = {η2, ϵ2}, whose corresponding rotation matri-
ces are R1 and R2, respectively, the quaternion corresponding to the matrix product
R1R2 can be calculated as:

Q1 ⊗Q2 =
{
η1η2 − ϵT1 ϵ2, η1ϵ2 + η2ϵ1 + ϵ1 × ϵ2

}
, (7)

where ⊗ denotes the quaternion multiplication operator, and × denotes the cross
product. This operation ensures the correct composition of rotations in quaternion
form.

To achieve quaternion-based orientation planning, it is first necessary to define an
appropriate orientation error expression. If the rotation matricesRd andR correspond
to the quaternions Qd = {ηd, ϵd} and Q = {η, ϵ}, respectively, then according to
(7), the orientation error defined by RdR

T can be expressed in terms of quaternions
as ∆Q = {∆η,∆ϵ}, where ∆Q = Qd ⊗ Q−1. Based on this, the orientation error
expression is defined as:

eO = ∆ϵ = ηϵd − ηdϵ− S(ϵd)ϵ, (8)
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where S(·) represents the skew-symmetric operator.
Combining with (1), it can be concluded that the WMM kinematic controller

incorporating quaternion-based orientation planning is given by:

v = J†
[
ṗd +KPeP
ωd +KOeO

]
, (9)

where ṗd ∈ R3 denotes the desired velocity vector, while KP ∈ R3×3 represents
a diagonal positive definite matrix corresponding to the position control gain. The
position error vector, denoted as eP ∈ R3, is defined as eP = pd−p, where p represents
the actual EE position. Similarly, ωd ∈ R3 denotes the desired angular velocity vector,
and KO ∈ R3×3 is a diagonal positive definite matrix representing the orientation
control gain. The orientation error vector eO ∈ R3 is defined in (8). It should be
noted that (9) mainly illustrates how to simultaneously control the EE’s position and
orientation. The last term on the right-hand side is essentially equivalent to ẋe in (6).

The actual EE velocity vector in (1) is given by ẋe =
[
ṗT,ωT

]T
. If the precise

parameters in the door-opening process are known, the desired trajectory of the EE
can be directly planned, in which case (9) can serve as the EE’s motion controller.
However, to mitigate excessive contact forces caused by parameter identification errors,
this study incorporates admittance control in the EE’s trajectory planning.

The admittance control model for translational motion is relatively simple and can
be expressed as:

f = MP (p̈d − p̈) +BP (ṗd − ṗ) +KP (pd − p), (10)

where MP ∈ R3×3 represents the desired inertia of the translational admittance
model, BP ∈ R3×3 denotes the desired damping, and KP ∈ R3×3 corresponds to the
desired stiffness. Additionally, f ∈ R3 represents the interaction force vector.

The essence of admittance control for rotational motion is to describe the compli-
ance relationship between the EE torque τ ∈ R3 and the EE angular velocity ω ∈ R3.
The primary challenge lies in the fact that the time integral of angular velocity,

∫
ωdt,

lacks physical significance and is unsuitable for representing rotational displacement
and directional stiffness. Based on (8), the admittance model for rotational motion
can be defined as [32]:

τ = MO(ω̇d − ω̇) +BO(ωd − ω) +K ′
O∆ϵ

K ′
O = 2ET(∆η,∆ϵ)KO

E = ∆ηI − S(∆ϵ)
, (11)

where MO ∈ R3×3 represents the desired inertia of the rotational admittance model,
BO ∈ R3×3 denotes the desired damping, and KO ∈ R3×3 corresponds to the desired
stiffness. Additionally, τ ∈ R3 represents the EE’s torque vector.
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The time derivative of the quaternion representing the orientation can be trans-
formed into the EE’s angular velocity through:

η̇ = −1

2
ϵTω

ϵ̇ =
1

2
(ηI − S(ϵ))ω

. (12)

Equations (10) and (11) convert the interaction forces/torques between the EE
and the door into the corresponding desired displacement/rotation. By substituting
this information into (9), the joint velocities that ensure the desired compliance at the
EE can be obtained.

3.2 Design of Variable Admittance Parameters

To improve the generality of the WMM in door-opening tasks and enable smoother
rotation of doors with varying resistance torques, this study introduces variable admit-
tance control by allowing the fixed admittance in (10) and (11) to be continuously
adjusted based on the interaction forces and torques. Notably, the position and ori-
entation admittance are designed in a decoupled manner, enabling their independent
application in compliance control. The following discussion focuses on the design of
position admittance parameters as an example to illustrate the variable admittance
control process, while the design of orientation admittance parameters follows a similar
approach.

First, a regulating function α is introduced, which is expressed as:

α =
fTf

ξ + |fTf |
(13)

with f being a (3 × 1) interaction force vector, as expressed in (10) and ξ being a
positive constant. The function α smoothly determines whether the EE has contacted
the door handle. Its values are restricted to the interval [0, 1), approaching zero when
no forces are detected and asymptotically approaching one as forces appear. This
regulating function enables rapid and continuous adaptation of the restoring force
magnitude. Redefining the desired stiffness in (10) as an adaptive gain:

KP (α) = (1− α)KP0 (14)

with KP0 ∈ R3×3 being a fixed stiffness matrix to follow the reference position. The
key advantage of this approach is that it seamlessly integrates predefined door-opening
motions with externally guided trajectories without requiring any modifications to the
control scheme or matrix values.

To further enhance the robot’s adaptability in different interaction scenarios, we
employ a variable damping strategy that depends on both motion and contact condi-
tions. Inspired by [33], which suggests decreasing damping for large/fast movements
and increasing it for small/precise actions, we first compute a candidate damping
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matrix as:

B̄P (α,f , ṗ) = BP0 − diag{αβ1|ṗ|+ β2|f |}, (15)

where α is defined in (13), and β1, β2 are positive weighting coefficients. Note that the
subtraction in (15) implements the intended reduction of damping during fast motions
and the increase of effective compliance under larger contact forces.

To guarantee physically meaningful damping and avoid negative diagonal entries,
the candidate matrix B̄P is element-wise saturated from below. A straightforward and
implementation-friendly form is given by:

BP (α,f , ṗ) = diag{max(bmin, b̄1), max(bmin, b̄2), max(bmin, b̄3)}, (16)

where b̄i denotes the i-th diagonal element of B̄P in (15) and bmin > 0 is a small design
constant that sets the minimum allowable damping for each axis. This saturation
prevents negative or excessively small damping values while preserving the adaptive
trend indicated by (15). This formulation ensures positive damping in all conditions
while maintaining smooth adaptive behavior across different interaction phases.

Meanwhile, to maintain the stability of the compliance control system, this study
keeps the ratio between inertia and damping constant, which is expressed as:

MP =
MP0BP

BP0
, (17)

where MP0 denotes a fixed inertia matrix, which maintains a specific ratio with the
fixed BP0 to ensure both system stability and compliant door-opening performance.

To provide formal guarantees of the proposed variable admittance control scheme,
a Lyapunov-based stability analysis is presented. For clarity, the derivation below con-
siders the translational admittance dynamics; the orientation case follows an analogous
process using quaternion errors ∆ϵ.

Assumption 1: The interaction force f(t) is bounded with ∥f(t)∥ ⩽ Fmax.
Assumption 2: The variables BP (t) and KP (t) are symmetric and uniformly

positive semi-definite, satisfying BP (t) ⪰ bminI3 and KP (t) ⪰ 0.
Assumption 3: The parameter derivatives are bounded: ∥ṀP (t)∥ ⩽ mM ,

∥ḂP (t)∥ ⩽ mB , and ∥K̇P (t)∥ ⩽ mK , with mM ,mB ,mK > 0.
Assumption 4: Parameter variations are sufficiently slow so that the induced energy

change is dominated by the intrinsic dissipation of BP , i.e.,

1
2
˙̃p
T
ṀP

˙̃p+ 1
2 p̃

TK̇P p̃ ⩽ γ ˙̃p
T
BP

˙̃p+ C, (18)

where 0 ⩽ γ < 1 and C ⩾ 0 is a known bound.
According to the translational admittance model in (10), we define p̃ = pd−p and

˙̃p = ṗd − ṗ denote the tracking errors.
Define the candidate Lyapunov function as:

V (t) = 1
2
˙̃p
T
MP (t) ˙̃p+ 1

2 p̃
TKP (t)p̃, (19)
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then, differentiating V (t) and substituting the closed-loop admittance dynamics (10)
yields:

V̇ = − ˙̃p
T
BP

˙̃p+ 1
2
˙̃p
T
ṀP

˙̃p+ 1
2 p̃

TK̇P p̃+Φ(t), (20)

where Φ(t) collects bounded modeling terms.
Using Assumption 4, we obtain

V̇ ⩽ −(1− γ) ˙̃p
T
BP

˙̃p+ (C +Φ(t)) . (21)

Because BP ⪰ bminI and Φ(t) is bounded, V (t) is non-increasing except
for a bounded residual. Therefore, p̃ and ˙̃p remain bounded, and with vanishing
disturbances ˙̃p→0 as t→∞, ensuring closed-loop stability.

It is worth mentioning that Assumption 4 can be practically verified by limiting
the adaptation rate of α(t) so that

∥ṀP ∥ ⩽ 2γ bmin, ∥K̇P ∥ ⩽ 2γ λmin(KP ). (22)

This can be achieved by clamping BP ,KP within predefined ranges and filtering
α(t) to ensure smooth parameter evolution.

4 Experimental Setup and Results

To verify the efficiency of the proposed approach, several experiments have been con-
ducted. The experimental setup is introduced in Section 4.1. Section 4.2 presents the
preliminary results of the task-priority-based redundancy resolution approach of a
redundant WMM. Section 4.3 verifies the proposed variable admittance controller’s
performance by achieving a door-opening task in a constrained environment with an
obstacle on the ground.

4.1 Experimental Setup

In this study, an omnidirectional WMM with a holonomic constraint on the base is uti-
lized, as depicted in Fig. 1, where {Σw} represents the world frame, {Σb} denotes the
frame of the MB, and {Σe} corresponds to the frame of the EE. The system comprises
a custom-built four-wheel MB and a 7-DOF ultra-lightweight robotic manipulator,
Kinova Gen3 (Kinova Robotics, Canada). The MB is equipped with two pairs of
Mecanum wheels, enabling omnidirectional motion. This configuration enhances oper-
ational efficiency by reducing overall execution time and minimizing idle periods when
adjusting the robot’s pose for a given task [34]. The interaction forces and torques
between the EE and the door are estimated based on feedback from the manipulator’s
joint torque sensors, as detailed in our previous work [17]. The motion planning and
control code was developed in C++, adopting the Eigen library for algebraic com-
putations. The experiments were performed in the ROS environment on a Intel(R)
Xeon(R) CPU X5550 @ 2.67 GHz, with 16 GB of RAM.
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In subsequent experiments, the Cartesian space dimensions for the EE and
MB are defined as 6 and 3, respectively, accounting for both position and
orientation. Consequently, the dimensions of xe and xb in (6) are 6 and 2,
respectively. The initial generalized coordinate vector of the WMM is given by
q0 = [0, 0, 0, 0, 0, 0, 53π/180, 0, 37π/180, 0]T rad, where the first three param-
eters correspond to the MB. The initial poses of the EE and MB in the
world frame are obtained using the WMM forward kinematics, yielding xe0 =
[0.538m,−0.0246m, 0.895m,−π/2 rad, π/2 rad,−π/2 rad]T and xb0 = [0, 0, 0]T,
respectively. It should be noted that the orientation of the EE is presented based on
XYZ Euler angles [35] and then converted into a quaternion, facilitating a clearer
representation of the desired EE orientation.

Σw

Σe

Σb

q1

q2

q3

q4

q5

q6

q7

x
y
z

Fig. 1: Experimental setup.

4.2 Experiments for Task-priority-based Redundancy
Resolution of WMM

In this experiment, the desired trajectory vectors of the EE and MB are defined
as xd

e(t) = xe0 + [Re sin(π/10t),−Re/2 sin(π/5t), 0, 0, 0, 0]
T and xd

b(t) = xb0 +
[Rb cos(π/10t) − Rb, Rb sin(π/10t), 0]

T, respectively. Since the WMM in this study
employs a velocity-level planning and control approach, a PD control method simi-
lar to that in (9) is used to ensure accurate dual trajectory tracking of the EE and
MB poses. The control gains are set to Ke = 40I6×6 and Kb = 20I3×3, respectively.
Here, two scenarios with different trajectories for the EE and MB are considered. In
the first scenario, both trajectories can be successfully tracked. In the second sce-
nario, simultaneous tracking of both trajectories is not feasible. Given the higher task
priority of the EE over the MB, tracking of the EE trajectory is prioritized. The tra-
jectory parameters for the two scenarios are as follows. Scenario 1: Re = 0.05m,
Rb = 0.05m; Scenario 2: Re = 0.1m, Rb = 0.1m. It is important to note that the
experimental data were collected over two cycles to ensure a reliable assessment of
tracking performance and consistency.
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Table 1: Maximum and RMS values of trajectory tracking errors in the two scenarios.

xe(x)/10
−3m xe(y)/10

−3m xb(x)/10
−3m xb(y)/10

−3m
Max. RMS Max. RMS Max. RMS Max. RMS

Scenario 1 0.283 0.0828 0.416 0.176 0.624 0.323 0.643 0.305
Scenario 2 0.676 0.0891 0.464 0.177 83.17 39.43 14.66 5.65

Snapshots of the WMM in Scenario 1 are shown in Fig. 2, clearly illustrating its
poses at different time instances under this condition. To avoid redundancy, experimen-
tal snapshots for Scenario 2 are not displayed, as its results exhibit similar patterns
to those in Scenario 1. The experimental results for the two scenarios are shown in
Figs. 3-5. Notably, since the desired position trajectory of the EE is defined in the
x−y plane, the tracking results for the z-direction and all orientation components are
omitted.

(a) 0 s (d) 20 s(b) 5 s (c) 15 s

Fig. 2: Sequence diagram of the WMM in Scenario 1.
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(b) Trajectory of MB

Fig. 3: Trajectory tracking of EE and MB in Scenario 1.
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Fig. 4: Trajectory tracking of EE and MB in Scenario 2.
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Fig. 5: Trajectory tracking errors in the two scenarios.

Figs. 3 and 5b, along with Table 1, demonstrate that when the WMM had sufficient
redundancy to simultaneously execute the control required for both the EE and MB,
their respective trajectories were successfully tracked. The maximum tracking errors
for the EE and MB were 0.416× 10−3 m and 0.643× 10−3 m, corresponding to 0.83%
and 0.64% of their motion ranges, respectively. Additionally, the tracking errors in
each direction were recorded, and their RMS values were computed to provide a more
comprehensive evaluation of tracking performance. These results further validate the
effectiveness of the proposed method in tracking dual trajectories.

In Scenario 2, as the desired trajectories of the EE and MB increased, the WMM
lacked sufficient redundancy to track both simultaneously. Given the higher tracking
priority of the EE trajectory, the MB was unable to follow its desired path (as shown in
Fig. 4). According to Fig. 5, the MB was forced to deviate by approximately 8× 10−2

m in the x-direction, while the maximum tracking error of the EE remained within
7 × 10−3 m. These results demonstrate that the proposed dual-trajectory tracking
method remains effective even when simultaneous tracking of both trajectories is not
feasible.
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4.3 Experiments for Compliant Door-opening Task

Compliance control is a key aspect of the door-opening task, effectively preventing
excessive contact forces. Section 4.2 demonstrated the feasibility of the proposed dual-
trajectory tracking method, where the MB trajectory helps avoid ground obstacles,
while the EE trajectory enables the rotation of the door handle. This section focuses on
implementing compliant handle rotation using the variable admittance control method
introduced in Section 3.

To achieve smooth and compliant rotation of the door handle, the variable admit-
tance parameters were determined through repeated trials and are listed in Table 2.
For variable stiffness and damping, the weights were set as ξ = 80, β1 = 100, β2 = 50
and bmin = 100 for position; and ξ = 1, β1 = 50, β2 = 30 and bmin = 1 for orientation.

Table 2: Admittance parameters in
the experiment.

Parameter Value
KP0 diag(1600, 1600, 1200)N/m
BP0 diag(800, 800, 600)Ns/m
MP0 diag(400, 400, 300)Ns2/m
KO0 diag(10, 10, 10)Nm/rad
BO0 diag(5, 5, 5)Nms/rad
MO0 diag(3, 3, 3)Nms2/rad

To validate the effectiveness of the proposed EE force/torque estimation method,
experiments were conducted using a wrist-mounted F/T sensor (Axia80-ZC22, ATI
Industrial Automation, Apex, NC, USA) as the ground truth reference. The experi-
mental setup is shown in Fig. 6. During the experiment, the operator applied external
forces and torques to the EE while the admittance controller was activated with the
parameters listed in Table 2. Both the desired force/torque and desired trajectory
were set to zero, allowing the EE to remain compliant and freely follow the operator’s
motion.

Representative results are shown in Figs. 7 and 8, while the quantitative estimation
errors are summarized in Table 3. The maximum absolute force estimation errors in the
x-, y-, and z-directions were 5.33 N, 5.16 N, and 2.41 N, respectively, corresponding to
RMS errors of 4.78%, 6.77%, and 6.28% of the maximum measured force magnitudes.
For torques, the maximum estimation error occurred in the z-axis (0.11 Nm), and the
maximum RMS error appeared in the y-axis (0.029 Nm). These results quantitatively
demonstrate that the proposed estimation approach can accurately capture the contact
interaction with limited bias and noise across all directions.

The experimental results indicate that the proposed joint-torque-based force esti-
mation introduces only minor bias and moderate noise, primarily arising from model
uncertainties and sensor quantization. These estimation errors and the small communi-
cation delay observed in the loop have a negligible effect on system performance. Owing
to the variable admittance design, the controller preserves passivity and stability in
the presence of such imperfections. The damping component effectively attenuates
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Fig. 6: Experimental setup for interaction force estimation.
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Fig. 7: Comparison of estimated force and measured force.

Table 3: Maximum and RMS errors of
force/torque estimation.

Component Maximum error RMS error
Translational x 5.33 N 1.57 N
Translational y 5.16 N 1.79 N
Translational z 2.41 N 0.92 N
Rotational x 0.088 Nm 0.025 Nm
Rotational y 0.089 Nm 0.029 Nm
Rotational z 0.11 Nm 0.028 Nm

high-frequency noise, while the adaptive stiffness adjustment prevents excessive reac-
tion forces caused by transient estimation bias. No instability was observed during the
experiments, confirming that the proposed control framework remains robust against
moderate estimation errors and latency.

To validate the effectiveness and advantages of the proposed variable admittance
control method, the first step is to demonstrate its capability in interaction opera-
tions, even when the robot follows a predefined task (e.g., hand-guiding). To analyze
the results, simple unidirectional experiments were conducted. Figs. 9 and 10 depict a
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Fig. 8: Comparison of estimated torque and measured torque.

scenario in which an operator moves the EE approximately 0.02 m in the x-direction,
while the robot maintains its predefined task of preserving the initial pose. The admit-
tance parameters for this experiment are set according to the x-direction values in
Table 2.
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Fig. 9: Force and position in the one-dimensional operator movement.

From Figs. 9 and 10, it can be observed that once a contact force was detected,
the parameter α gradually increased. This adjustment reduced the predefined stiffness
and damping, preventing the robot from interfering with the operator’s movement.
Conversely, when no contact force was present, such as during the intervals 0-1.95 s
and 5.42-10 s, α gradually returned to zero. This restoration ensured high stiffness in
the robot, allowing it to accurately track the desired EE trajectory.

To further analyze the interaction and demonstrate the effectiveness of incorporat-
ing the parameter α within the variable admittance scheme, comparative experiments
were conducted using both a fixed admittance parameter setting and an energy tank-
based variable admittance control scheme. The fixed parameters were kept identical
to those in the variable admittance case when no contact force was present, ensuring
the validity of the comparison. The energy tank-based variable admittance scheme
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was implemented following the passivity modulation principle described in [36, 37].
The base admittance parameters were kept identical to those in the fixed-admittance
case, while parameter adaptation was governed by the stored tank energy to ensure
passive and stable interaction. The detailed control design and stability analysis can
be found in the cited references. The experimental results are shown in Fig. 11.
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Fig. 11: Comparison of fixed, variable, and energy tank-based admittance control in
one-dimensional motion.

Fig. 11b presents the displacement in the x-direction for all three experiments,
showing that the EE exhibited nearly identical displacements of approximately 2×10−2

m across the three cases. Moreover, in each scenario, the system responded to the
reference position with the characteristics of a second-order system.

Fig. 11a illustrates the interaction forces required to achieve the EE motion
depicted in Fig. 11b. Under the fixed admittance condition, the maximum interaction
force occurred at approximately 5.39 s, reaching 37.14 N. Under the energy tank–based
variable admittance condition, the peak force appeared at around 4.83 s with a mag-
nitude of 16.37 N. In contrast, under the proposed variable admittance condition, the
peak interaction force was further reduced to 12.63 N at approximately 4.39 s—only
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34% of that in the fixed admittance case and 77% of that in the energy tank–based
case. This demonstrates that the proposed controller more effectively regulates contact
dynamics and achieves smoother, more compliant interaction.

Additionally, the work exerted by the operator along the x-axis was computed as
the integral of the applied power,

∫ t

0
px dτ , yielding 0.94 J for the fixed-admittance

condition, 0.43 J for the energy tank–based condition, and 0.36 J for the proposed
variable-admittance condition. This progressive reduction further confirms the supe-
rior efficiency of the proposed control method in minimizing operator effort and energy
consumption during human–robot interaction.

To further validate the consistency and reliability of the results, ten repeated trials
were conducted for each control strategy under identical experimental conditions. The
quantitative metrics considered include the peak interaction force, RMS interaction
force, and the EE compliance response (i.e., the displacement induced by external
forces), as well as the estimated energy consumption. The mean values and standard
deviations across trials are summarized in Table 4.

Table 4: Quantitative comparison of admittance control methods over 10
trials.

Metric Fixed admittance Energy tank–based Proposed variable
Peak force/N 35.34± 4.82 15.36± 2.41 11.87± 1.81
RMS force/N 14.82± 2.21 6.75± 0.89 5.43± 0.52

EE compliance/mm 20.43± 3.21 21.24± 2.77 21.70± 2.48
Energy consumption/J 0.92± 0.11 0.44± 0.07 0.36± 0.05

The results indicate that the proposed variable admittance control achieves the low-
est mean peak and RMS interaction forces, while producing a compliant EE response
similar to or slightly larger than the energy tank-based method, reflecting the sys-
tem’s smooth adaptation to operator input. These results confirm the robustness and
statistical significance of the observed improvement in interaction performance.

Then, the proposed method was applied to a door-opening experiment, with experi-
mental parameters set as described in this section. In this experiment, we assumed that
the basic environmental information, including obstacles, had already been acquired,
and an initial Cartesian space trajectory had been planned. For details on the gener-
ation of the robot’s door-opening trajectory, refer to our previous work [7]. A video
demonstrating the experiment is attached to the manuscript for better visualization
of the proposed method in action.

In MB control, its orientation was always maintained constant. Initially, the MB’s
position in the y-direction was adjusted to avoid obstacles. Subsequently, its position
was planned to follow the EE’s motion. Snapshots of the door-opening experiment are
shown in Fig. 12, where (a) shows the initial pose of the WMM, (b) depicts the WMM
avoiding obstacles and approaching the door handle, (c) illustrates the EE pressing
the door handle, (d) presents the WMM pushing the door open, and (e) displays the
final pose of the WMM.

The experimental results for both MB and EE are presented in Figs. 13 and 14.
As shown in Fig. 13a, the entire door-opening process can be divided into five main
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Σw

Fig. 12: Pictures of door-opening task based on dual trajectory tracking.

phases: (A) MB moves laterally to avoid obstacles, (B) WMM advances toward the
door handle, (C) the gripper closes to grasp the handle, (D) EE presses the handle,
and (E) the door is pushed open.

From Fig. 13, the maximum displacement of MB was approximately 1.15 m along
the x-axis and 0.28 m along the y-axis. Additionally, as illustrated in Fig. 13b, the
trajectory of MB effectively circumvented obstacles, demonstrating the feasibility of
the proposed obstacle avoidance strategy.

0 9 18 27 36 45 54
0

0.3

0.6

0.9

1.2

t (s)

P
o
si

ti
o
n

 (
m

)

x
y
x
y

A B C D E

(a) Trajectory curve

-0.2 0.3 0.8 1.3
0

0.1

0.2

0.3

x (m)

y 
(m

)

G
ro

u
n

d

O
b

st
ac

le

(b) Obstacle avoidance path

Fig. 13: Motion of MB during door-opening process.

As shown in Fig. 14a, while following the predefined EE trajectory, the EE could
adjust its pose in real-time based on the applied force to mitigate additional interaction
forces caused by trajectory deviations. This compliance, achieved through the pro-
posed variable admittance control strategy, ensured that the maximum contact force
between the EE and the door did not exceed 30 N. Furthermore, Fig. 14b indicates
that the interaction torque between the EE and the door remained low throughout
the experiment, staying below 0.6 Nm, while the EE’s orientation closely matched its
planned trajectory.

While the proposed variable admittance control framework supports both posi-
tional and orientational compliance (as introduced in Section 3), the door-opening task
primarily relies on translational motion to rotate the handle. As shown in Fig. 14b,
the EE’s orientation closely follows the planned trajectory, and the interaction torques
remain below 0.6 Nm throughout the task. This suggests that positional variable
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Fig. 14: Motion of EE during door-opening process.

admittance plays a dominant role in achieving compliant and safe door opening,
whereas orientational compliance has a relatively minor effect in this scenario. Nev-
ertheless, orientational admittance was implemented and tested, confirming that the
EE orientation can be effectively regulated when needed.

It is worth noting that slight oscillations can be observed in the interaction force
and torque profiles during Phases D–E in Fig. 14. These oscillations primarily arise
from small delays and quantization noise in the joint-torque-based force estimation, as
well as from abrupt variations in the admittance parameters when the contact condi-
tion changes. Additionally, the door–handle friction and structural stiffness introduce
nonlinearities that amplify high-frequency responses within the admittance loop. Nev-
ertheless, the amplitudes of these oscillations remain limited (below 5 N and 0.2 Nm),
and the overall system remains stable without divergence.

To further mitigate this behavior, future work will focus on introducing a low-pass
filter for the estimated forces and employing a smoother adaptation law for the variable
stiffness and damping parameters to avoid abrupt parameter transitions. Increasing the
controller update rate and incorporating model-based friction compensation will also
be considered to suppress these residual oscillations and enhance control smoothness.

Overall, these results confirm the stable and compliant performance of the proposed
control framework in the door-opening task. To further demonstrate the generality
and robustness of the approach, we extended the experiments to three representative
scenarios with different obstacle arrangements. For each scenario, four repeated trials
were conducted under identical conditions to evaluate the repeatability and reliability
of the results.

The experimental results are shown in Fig. 15, where only one representative trial is
displayed for each scenario. As illustrated in Fig. 15b, Scenarios 1–3 were configured by
shifting the obstacle along the y-axis by 0.4 m in the positive direction. Consequently,
the MB trajectory was adjusted accordingly, as shown in Fig. 15a. It is noteworthy
that in all scenarios, the manipulator successfully completed the door-opening task.

A statistical summary of all 12 trials (three scenarios × four repetitions) is pre-
sented in Table 5. The recorded quantitative metrics include the peak and RMS
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tracking errors of the MB, as well as the peak EE forces and torques. These results
validate the effectiveness of the proposed dual-trajectory tracking approach with inte-
grated variable admittance control and further confirm its consistency and robustness
under varying environmental configurations.
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Fig. 15: Motion of MB during door-opening process for three scenarios.

Table 5: Quantitative results over three scenarios (four
trials per scenario).

Metric Scenario 1 Scenario 2 Scenario 3
Peak MB error/mm 0.62± 0.11 0.64± 0.12 0.62± 0.15
RMS MB error/mm 0.37± 0.07 0.35± 0.08 0.41± 0.06
Peak EE force/N 25.2± 3.4 23.5± 4.7 24.5± 3.9

Peak EE torque/Nm 0.56± 0.03 0.55± 0.03 0.55± 0.04

5 Conclusions

This paper presented a variable admittance control strategy integrated with dual-
trajectory tracking, enabling a wheeled mobile manipulator (WMM) to perform
compliant door-opening tasks in constrained environments. The proposed approach
allowed the WMM to simultaneously track both the mobile base (MB) and end-effector
(EE) trajectories while prioritizing high-level tasks through a task-priority framework.
By adapting admittance parameters in real-time based on motion state and con-
tact forces, the method effectively mitigated excessive interaction forces, enhancing
compliance and robustness.

Experimental validation demonstrated the effectiveness of the proposed framework.
In dual-trajectory tracking, the WMM maintained maximum errors below 0.7 mm
for the EE and below 0.64 mm for the MB when redundancy allowed simultaneous
execution. Unidirectional tests showed that the proposed variable admittance method
reduced peak contact force to 12.63 N, compared to 37.14 N in the fixed-admittance
case and 16.37 N for the energy tank–based method, with operator work decreasing
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from 0.94 J to 0.36 J. In door-opening tasks, the EE interacted with forces below 30 N
and torques under 0.6 Nm, successfully rotating the handle while the MB avoided
obstacles. These results confirm that the framework enables compliant EE–MB coor-
dination, mitigates excessive interaction forces, and ensures robust operation under
varying conditions.

Future work will explore integrating bilateral teleoperation to leverage human
decision-making for enhanced trajectory planning and adaptive interaction control.
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