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Impact-Resilient Orchestrated Robust Controller
for Heavy-Duty Hydraulic Manipulators

Mahdi Hejrati and Jouni Mattila

Abstract—Heavy-duty operations, typically performed
using heavy-duty hydraulic manipulators (HHMs), are sus-
ceptible to environmental contact due to tracking errors
or sudden environmental changes. Therefore, in addition
to precise control, it is essential for the manipulator to
maintain stability and reduce the risk of damage to both
itself and the environment during contact, without rely-
ing on contact-force sensors, which are typically imprac-
tical for these applications. This article proposes a novel
force-sensorless robust impact-resilient controller for a
generic 6-degree-of-freedom (DoF) HHM constituting from
anthropomorphic arm and spherical wrist mechanisms.
The scheme consists of a neuroadaptive subsystem-based
impedance controller, which is designed to ensure both
accurate tracking of position and orientation with stabiliza-
tion of HHMs upon contact, along with a novel generalized
momentum observer, which is for the first time introduced
in Plücker coordinate, to estimate the impact force. Finally,
by leveraging the concepts of virtual stability and virtual
power flow, the semiglobal uniformly ultimately bounded-
ness of the entire system is assured. Extensive experi-
ments and simulation comparisons conducted on a generic
6-DoF industrial HHM validate the method’s exceptional
performance in achieving subcentimeter accuracy for de-
sired trajectory tracking. Furthermore, the results demon-
strate that equipping the controller with impact-resiliency
features reduces the impact force from unintended con-
tacts by 80% .

Index Terms—Adaptive neural network, contact force es-
timation, hydraulic systems, impedance control.

I. INTRODUCTION

HYDRAULICALLY driven manipulators are extensively
used in industrial applications, such as off-road mobile

machines and heavy-duty operations, due to their distinct advan-
tages, including a favorable size-to-power ratio and the ability
to generate substantial output force or torque compared to their
electrical counterparts [1], [2], [3], [4]. However, despite these
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benefits, the design of a stable, high-precision controller for
hydraulic actuators is challenging due to the governing non-
linear fluid dynamics, various input constraints (e.g., backlash,
deadzone, and saturation), and the complexities of unmodeled
uncertainties and closed-chain mechanisms, particularly as the
number of degrees of freedom (DoF) increases [1], [5]. Thus,
building a high-performance controller with subcentimeter ac-
curacy is critically important for the autonomous operation of
heavy-duty hydraulic manipulators (HHMs).

Numerous studies have addressed the control challenges of
hydraulically actuated manipulators in free-motion tasks. Var-
ious approaches have been employed for joint motion con-
trol, including adaptive control [5], adaptive robust control [6],
neuroadaptive backstepping sliding mode control [7], model
predictive control [8], and intelligent control methods, such
as reinforcement learning [9] and radial basis function neural
networks [10]. Another widely used approach is virtual decom-
position control (VDC) [11] for the motion control of hydraulic
manipulators [12], [13]. The focus on free-motion control is due
to the prevalence of optimization-based, collision-free trajectory
generation in path planning for autonomous operations within
known or partially known environments [14], [15]. However, in
unstructured environments, collision avoidance is challenging
due to the lack of precise environmental knowledge. Even in
fully known environments, tracking errors in the system can lead
to unintended contact, which can cause irreparable damage to
both the robot and the environment, especially in heavy-duty
operation with huge interaction forces. Therefore, designing
impact-resilient controllers or developing collision-inclusive
motion planning to reduce the contact impact in contact-rich
operations is crucial and has garnered significant research at-
tention [16], [17]. This article aims to address these issues in
the context of HHMs by designing an impact-resilient control
scheme.

Despite the industrial significance of HHMs, limited studies
have focused on designing controllers for contact-rich manipu-
lation tasks. In [18], a hybrid force/motion controller was devel-
oped for a backhoe excavator using the sliding mode approach.
To address the contact problem during the shoveling phase of
hydraulic mining machines, Qin et al.[19] proposed an adaptive,
robust impedance controller. A VDC-based hybrid motion/force
controller was designed in [20] for a 2-DoF HHM. An adaptive
impedance controller for contact force tracking in hydraulic ex-
cavators was proposed in [21]. A stability-guaranteed impedance
controller was designed in [22] to ensure the performance of
the VDC scheme in the event of unexpected contacts. The
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benefits of a backdrivable servo valve for impedance control
were thoroughly analyzed and experimentally verified in [23].
The problem of contact with uncertain environments was ad-
dressed in [24] through the design of an adaptive impedance
controller. Although these studies have conducted experiments
to validate their results, they typically focused on manipu-
lators with fewer than 3 DoFs, simplifying the implementa-
tion. However, in real-world applications, enhancing the dex-
terity of manipulators often requires a higher number of DoFs,
which increases system complexity and complicates the imple-
mentation of the designed controllers. Thus, there is a criti-
cal need for a high-precision, impact-resilient controller that
can be feasibly implemented on high-DoF HHMs in indus-
trial applications. In this study, by extending our previous re-
search [25], which only considered free-motion tasks, a VDC-
based, impact-resilient controller is designed to address these
issues.

A key challenge in impact-resilient control design for HHMs
is measuring contact force. Placing 6-DoF force/torque sensors
on the end-effector of HHMs is not always feasible due to
factors, such as high costs, potential damage to the sensors
during operations, and the complexity of their retrofitting. One of
the well-known approaches for external force/torque estimation
is generalized momentum observer (GMO) [23], [26], which
requires a Lagrangian representation of system dynamics. As
the baseline controller in this study, the VDC scheme uses
Newton–Euler (NE) approach to represent the dynamics of the
system in Plücker coordinates. Therefore, direct integration of
GMO and VDC could result in computational inefficiencies
and complicate real-time implementation due to the necessity
of dual model representations. Given the exceptional perfor-
mance of the VDC in HHM applications [12], [13], [25] and
its widespread use in diverse fields [27], [28], [29], addressing
the aforementioned challenge becomes imperative. Existing so-
lutions, such as the gravity-compensation-based estimator [20],
circumvent some of these challenges by ignoring inertial and
centrifugal effects, which is effective at low speeds. In addition,
it requires Lagrangian-based gravity vector derivations, which is
incompatible with the VDC context. Recognizing the systematic
advantages of VDC in modeling, control, and stability analysis
for complex systems, this article proposes a novel GMO-based
force estimator introduced in Plücker coordinates to tackle the
issues described above.

Considering the aforementioned issues, the current work
designs a novel force-sensorless impact-resilient controller for
generic 6-DoF real-world HHM with anthropomorphic arm and
spherical wrist. The proposed high-level impact-resilient com-
mand is executed by joint-level, robust neuroadaptive controller,
designed in our previous work [25]. Moreover, new formulation
for GMO is introduced in the Plücker coordinate that refines the
GMO and VDC integration, making it suitable for real-world
implementation. Furthermore, the robustness and stability of the
system under designed controller are proved by means of virtual
stability and virtual power flow (VPF) concepts. Consequently,
the contributions of the current work can be expressed as follows.

1) A force-sensorless impact-resilient method is proposed
for full-pose control of a generic 6-DoF industrial HHM

Fig. 1. Interconnected rigid bodies with attached Plücker coordinates.

with an anthropomorphic arm and spherical wrist, demon-
strating the method’s general applicability.

2) For the first time, a GMO-based force estimator is devel-
oped in Plücker coordinates and embedded into VDC.

3) Extensive real-time experiments and simulation compar-
isons are conducted on full-scale 6-DoF industrial HHM
to show the performance and universality of the scheme.

The rest of this article is organized as follows. Section II
expresses the fundamental mathematics of 6-D vectors.
Section III describes the impact force estimation developed in
Plücker coordinate. In Section IV, the details of the proposed
impact-resilient controller and stability analysis are expressed.
The experimental results are provided in Section V. Section VI
presents additional performance evaluation. Finally, Section VII
concludes this article.

II. MATHEMATICAL FORMULATION AND FOUNDATIONS

A. Spatial Force and Velocity Vectors in Plücker
Coordinates

In contrast to Cartesian coordinates, Plücker coordinates are
represented with a 6-D Plücker basis, resulting in a compact
formulation of the system dynamics [30]. By employing the
Plücker coordinates, the angular/linear motion and force/torque
vectors can be represented in a single 6-D vector. In these
coordinates, M6 represents the spatial motion vector space,
and its dual space F6 represents the spatial force vector space.
Consequently, for any given frame {A} (see Fig. 1), the spatial
velocity vector AV ∈ M6 and spatial force vector AF ∈ F6 can
be expressed as follows [11]:

AV = [Av, Aω]T , AF = [Af, Am]T

with Av and Aω being two 3-D coordinate vectors as linear
and angular velocities, respectively, and Af and Am being
3-D coordinate vectors representing linear force and moment,
respectively, of frame {A}, all of which are first expressed in
inertial frame {I} and then transformed into frame {A} (see [11,
Sect. 2.5.1]). It is assumed that each joint only allows a single
degree of motion freedom, so that the spatial velocity vector can
be described as

AV = s q̇ + ĀV (1)
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with q̇ ∈ � being joint velocity, ĀV being spatial velocity of the
previous bodies expressed in frame {A}, and s = [sTt , s

T
r ]

T

being unit vector that determines the axis of the joint motion
(as depicted in Fig. 1), with st being the translation vector and
sr being the rotation vector. The transformation matrix that
transforms spatial force and velocity vectors between frames
{A} and {B} (which coincides with the center of mass of the
rigid body) is [11]

AUB =

[
ARB 03×3

(ArAB×)ARB
ARB

]
(2)

where ARB ∈ �3×3 is a rotation matrix between frame {A} and
{B}, and ArAB = [rx, ry, rz]

T denotes a vector from the origin
of frame {A} to the origin of frame {B}, expressed in {A} with
(×) operator defined in Appendix A. Consequently, the spatial
force and velocity vectors can be transformed between frames,
as [11]

BV = AUT
B

AV, AF =A UB
BF. (3)

B. Momentum

For the given rigid body configuration in Fig. 1 with at-
tached frames of {A} and {B} and given spatial velocity BV =
[Bv, Bω]T with inertial parameters m and IB as mass and
rotational inertia, respectively, the linear and angular momentum
can be defined as H = mBv and HB = IB

Bω, respectively.
As the spatial momentum vectors H̄B = [HT , HT

B ]
T are the

elements of F6, they have the same algebraic properties as other
spatial force vectors. Therefore, the spatial momentum vector
of frame {A} can be described as follows:

HA = AUB H̄B = (AUB MB
AUT

B )AV = MA
AV (4)

with MB = diag([m · I3, IB)], and MA can be derived by per-
forming matrix multiplication

MA =

[
mA I3 −mA (ArAB×)

mA (ArAB×) IA

]
(5)

with IA = ARB IB
ART

B −m(ArAB×)2. Equation (5) is the
general expression for spatial inertia matrix in Plücker
coordinates.

C. Rigid Body Dynamics

The dynamic equation of the rigid body in space, shown
in Fig. 1, which is based on unique inertial parameter vector
function φ(m, ArAB, IA) ∈ �10 expressed in frame {A}, can
be written as [31]

MA
d

dt
(AV) + CA(

Aω)AV +GA +ΔA = AF ∗ (6)

where MA ∈ �6×6 is the mass matrix, CA ∈ �6×6 is the cen-
trifugal and Coriolis matrix, GA ∈ �6 is the gravity vector,
ΔA ∈ F6 is uncertainty stemming from the rigid body model,
and AF ∗ ∈ F6 is the net spatial force vector applied to body.

Property 1: For a given rigid body dynamics (6), the follow-
ing property holds:

ȲAφA = MA
d

dt
(AV) + CA(

Aω)AV +GA

with ȲA(
AV̇ , AV) ∈ �6×10 being regression matrix and

φA(m, ArAB , IA) being unique inertial parameter vector [31].
In the VDC approach, the required velocity plays an important

role by encompassing the desired velocity along with one or
two error terms related to the position or force error in the
position or complaint control mode, respectively. Considering
joint space required velocity as q̇r, which will be defined based
on a given task, and computing the spatial velocities (AVr) of the
connected rigid bodies and exploiting Property 1, the required
net force/moment vector can be defined as [31]

AF ∗
r = YAφ̂A + AFc (7)

where AFc is the feedback control term andYAφ̂A is the feedfor-
ward term, where φ̂A is the estimation of φA and YA(

AV̇r,
AVr)

is in the sense of Property [1] by replacing spatial velocity with
required spatial velocities.

D. Radial Basis Functions Neural Networks

The approximation of the continues function ΔA in (6), noted
as Δ̂A, can be done by the use of linearly parameterized neural
networks and their universal approximation property

Δ̂A = AŴTΨ(χA) +
Aε (8)

with χA being the input vector, AŴ being the updated weights,
Ψ(χA) being the basis function in the form of Gaussian function,
and Aε being approximation error with Aε ≤ |Aε̂|, where Aε̂ is
an unknown, bound parameter. As it is shown in [25], by defining
the adaptation laws as

A ˙̂
W = Π

(
Ψ(χA) (

AVr − AV)T − τ0
AŴ

)
(9)

A ˙̂ε = π
(
(AVr − AV)− π0

Aε̂
)

(10)

with Π, π0, τ0, and π being positive constants, the semiglobal
uniformly ultimate boundedness (SGUUB) of the system can
be ensured under unknown model uncertainties.

E. Natural Adaptation Law (NAL)

For the given rigid body in space, shown in Fig. 1, with an
inertial frame {A}, there is a unique inertial parameters φA ∈
�10 that satisfy physical consistency conditions. As it is detailed
in [31] and [32], there is a one-to-one linear map f : �10 →
S(4), such that

f(φA) = LA =

[
0.5tr(IA).1− IA hA

hT
A mA

]

f−1(LA) = φA(mA, hA, tr(ΣA).1− ΣA)

where mA, hA, and IA are the mass, first mass moment, and
rotational inertia matrix, respectively. LA ∈ S(4) is a pseudoin-
ertia matrix with S(4) being the space of 4 × 4 real-symmetric
matrices and ΣA = 0.5tr(IA)− IA.

This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination. 



4 IEEE/ASME TRANSACTIONS ON MECHATRONICS

For a givenLA with its estimation L̂A, the Lyapunov function
can be defined in the form of Bregman divergence with the log-
det function as

DF (LA‖L̂A) = log
|L̂A|
|LA| + tr(L̂−1

A LA)− 4 (11)

with

ḊF (LA‖L̂A) = tr([L̂−1
A

˙̂LA L̂−1
A ] L̃A)

being the time-derivative of (11), where L̃A = L̂A − LA. Thus,
the NAL can be derived as

˙̂LA =
1
γ
L̂A

(
SA − γ0 L̂A

)
L̂A (12)

with γ > 0 being the adaptation gain for all the rigid bodies of
the system and γ0 > 0 being a small positive gain. In addition,
SA is a unique symmetric matrix defined in [33].

F. Virtual Stability

The VDC approach divides a complex system into subsystems
using virtual cutting points (VCPs), as illustrated in Fig. 2. A
VCP forms a virtual cutting surface [see Fig. 2(b)] where spatial
force vectors can be exerted from one part, which is interpreted as
a driving VCP, to another, which is interpreted as a driven VCP,
shown with green and red lines in Fig. 2(c), respectively. Once
the system is decomposed by placing VCPs, control actions
can be designed to meet subsystem-level objectives. Another
key concept in VDC is VPF, which characterizes dynamic
interactions among subsystems. Presented in Definition 1, the
VPF represents the power transmission between the decomposed
bodies, allowing to expand the virtual stability of subsystem
to the stability of overall systems. In the followings, important
definitions in the VDC context are provided.

Definition 1: With respect to frame {A}, the VPF is defined
as the inner product of the spatial velocity vector error and the
spatial force vector error [34], that is

pA = (AVr − AV)T (AFr − AF )

where AVr ∈ M6 and AFr ∈ F6 represent the required vectors
of AV ∈ M6 and AF ∈ F6, respectively.

Definition 2: A nonnegative accompanying function ν(t) ∈
� is a piecewise, differentiable function defined ∀ t ∈ �+ with
ν(0) < ∞ and ν̇(t) exists almost everywhere.

Lemma 1 (See [25]): Consider a complex robot that is
virtually decomposed into subsystems. Each subsystem is said
to be virtually semiglobally uniformly ultimately bounded with
its nonnegative accompanying function ν(t) and its affiliated
vector ν̇(t), if and only if

ν̇ ≤ −α1ν + α10 + pA − pC (13)

withα1 andα10 being positive constants and pA and pC denoting
the sum of VPFs in the sense of Definition 1 at frames {A}
(placed at driving VCPs) and {C} (placed at driven VCPs), as
shown in Fig. 2(c).

Theorem 1: Consider a complex robot [see Fig. 2(a)] that is
virtually decomposed into subsystems [see Fig. 2(c)]. If all the
decomposed subsystems are virtually semiglobally uniformly

Fig. 2. Scheme of 6-DoF HHM with VDC approach. (a) General config-
uration of HHM. (b) Decomposition of HHM into subsystems. (c) Scheme
of VDC with VCP concept.

ultimately bounded in the sense of Lemma 1, then the entire
system has SGUUB [11], [25].

III. IMPACT FORCE ESTIMATION

At the time of impact, the environment shows impedance
behavior, outputting force for the given input velocity. Such a
behavior can be modeled as

Mf Ẍef +Df Ẋef +Kf X̃ef = fe (14)

with Mf , Df , and Kf being inertia, damping, and stiffness
of environment, respectively, X̃ef , Ẋef , and Ẍef denoting the
deformation, velocity, and acceleration of the environment, re-
spectively. From (14), it can be concluded that by having the
position and parameters of the environment, the contact force
can be computed. However, in most of the real-world imple-
mentations, neither of the information is available, requiring
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direct force estimation. In this section, a novel GMO-based
force estimator is presented in Plücker coordinate to estimate the
impact force at the time of contact based on joint measurements
without requiring environmental information.

The current form of GMO for contact force estimation re-
quires the Lagrangian representation of the robot dynamics as

M ẍ+ C(x, ẋ) ẋ+G(x) = τ + JT fe (15)

withM , C, and G being mass, centrifugal, and gravity matrices,
respectively, τ is the input torque, fe being the contact force,
and J being the Jacobian matrix. Consequently, to design a
contact force observer for VDC approach, it is required to derive
two different dynamics model: the Lagrangian model (15) for
observer design with complexity order (CO) of O(n2), and
the NE model (6) for controller design with CO of O(2n). In
addition to the mathematical burden of deriving two dynamics,
the computational cost of such an approach might engender
problems in real-time implementation, especially for high-DoF
HHMs. In this article, for the first time, we developed GMO in
Plücker coordinate that matches the motion equations of VDC,
reducing the total CO to O(2n).

Consider a rigid body in space (see Fig. 1) represented in
Plücker coordinate with spatial velocity and force vectors be-
longing toM6 andF6, respectively. The momentum in the frame
{A} can be represented as (4) with time derivative

d

dt
HA =

d

dt
(MA)

AV + MA
d

dt
(AV). (16)

As the manipulator system is an interconnected multi rigid body,
the contact at the end-effector will impact all the rigid bodies of
the system. This impact can be detected by difference between
the control action and the exact model of that body. We denote
this impact as AFd

AFd=MA
d

dt
(AV)+ CA(

Aω)AV+GA+
AUTo

ToF− AFr

(17)
with ToF being the spatial force of successor body with respect
to frame {To} (see Fig. 1). In order to eliminate the need for
time derivative of spatial inertial matrix in (16), we have

d

dt
(MA) = −(AV×)T MA −MA

AV× (18)

where the proof is provided in Appendix A. By replacing (17)
and (18) in (16) with AV × AV = 0, one can obtain

d

dt
HA = − (AV×)T MA

AV + AFr +
AFd

− CA(
Aω)AV −GA − AUTo

ToF. (19)

The representation of momentum variation in each rigid body, as
shown in (19), allows us to detect the impact of contact at each
subsystem that matches the characteristics of the VDC context.
By defining

AF = AFr − (AV×)T MA
AV

− CA(
Aω)AV −GA − AUTo

ToF (20)

one can rewrite (19) as

AFd =
d

dt
HA − AF. (21)

Now, the spatial residual vector RA can be defined as

RA = K

{
HA(t)−HA(t0)−

∫ t

t0
(AF+RA)dt

}
(22)

where RA(t0) = 0 and K is diagonal positive definite matrix.
By taking the derivative of (22) and using (21), one can obtain

d

dt
RA = −KRA + K AFd. (23)

Finally, by taking the Laplace transform of (23), we have

ri(s) =
Kii

si +Kii
fi(s) (24)

with RA = [r1, . . ., r6]
T and AFd = [f1, . . ., f6]

T . Equation (24)
demonstrates that by setting a high gain to K, one can establish
ri 
 fi, indicating RA 
 AFd.

The spatial residual RA captures the projection of the impact
on a rigid body expressed in attached Plücker coordinate {A}.
Thus, the accumulation of the projections over all the rigid
bodies should be computed, from which the estimation of impact
force can be reconstructed. For this aim, the map from Plücker
coordinate to joint space, and from joint space to end-effector
(where impact occurs) is required. The former one can be
accomplished, after computing all spatial residuals for A ∈ G,
by use of unit screw vector s in (1) as

rA = sT RA (25)

where G includes n Plücker frames attached to n joint of
interconnected multibody system. Then, the latter one can be
established as

f̂e =
(
JT
)†
r (26)

with r = [r1, .., rn]
T computed through (25) for each ri, and (.)†

being the pseudoinverse (if nonsquare) of the Jacobian matrix
J ∈ �6×n. To avoid false alarm, the contact detection can be
done whenever ‖r‖ > r̄, which r̄ > 0 is the threshold.

Remark 1: Spatial residual (22) only requires spatial vec-
tors and matrices through (4) and (20) defined in the Plücker
coordinate.

Remark 2: The derivative of the spatial inertial matrix in (18)
is a general expression for any given frame {A}. This term will
vanish for local frames that are attached to the body and moves
with body motion.

IV. IMPACT RESILIENT CONTROL DESIGN AND

STABILITY ANALYSIS

In our latest work [25], we conducted a comprehensive
analysis of kinematics and dynamics for HHM represented in
Fig. 2, and designed a control action for free-motion tasks.
Building upon this foundation, our current work extends those
findings to develop an impact-resilient control scheme. Specif-
ically, we redefine the required velocity q̇r to meet free-motion
and contact-rich tasks objectives, following a similar approach
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Fig. 3. End-effector of HHM approaching an environment.

to [22]. The new required velocity definition will be integrated
into the existing neuroadaptive, orchestrated robust controller
from [25].

A. Impact Resilient Control

The pose and velocity of the end-effector can be written as a
function of joint angles q

X = N (q), Ẋ = J(q)q̇ (27)

where N (.) shows forward kinematics of the manipulator and
q̇ being joint velocity vector. In addition, the desired impedance
behavior can be rewritten as

Dd (Ẋd − Ẋ ) +Kd (Xd −X ) = −(fed − fe) (28)

where Dd and Kd being the desired damping and stiffness
matrices, respectively, Xd ∈ �6 and Ẋd ∈ �6 being the desire
pose and desired velocity of end-effector, respectively, and
fe ∈ �6 being the contact force (see Fig. 3). As it was mentioned,
required velocity plays an important role in VDC context, which
can be defined based on free-motion or in-contact tasks. In
this work, in order to achieve the desired impedance (28), the
required Cartesian space velocity is defined as

Ẋr = Ẋd + Γ (Xd −X ) + Σ (fed − f̂e) (29)

with fed being the desired contact force and f̂e being the esti-
mated contact force (26). In addition, Γ ∈ �6×6 and Σ ∈ �6×6

are positive-definite matrices. The task space tracking error
is e = Xd −X = [eTp , e

T
o ]

T , with ep ∈ �3 being the position
error, whereas eo ∈ �3 being the orientation error defined based
on quaternions as

eo = η(q)εd − ηdε(q)− S(εd)ε(q) (30)

where η(q) and ε(q) are the unit quaternions computed from the
rotation matrix, and ηd and εd are the desired unit quaternions.
As stated in [22], to establish the desired impedance by means
of (29), the following condition must be ensured:

Γ = Kd D
−1
d (31)

Σ = D−1
d . (32)

Now, by using the Jacobian matrix, the required joint velocity
can be achieved

q̇r = (J)† Ẋr. (33)

The required joint velocity in (33) conveys the desired
impedance to subsystem level, where the control law is designed
to establish it, as shown in Fig. 4.

Considering the concept of VPF in VDC, contact only affects
the stability of the tool object, which requires attention. Conse-
quently, in the following section, the control design and stability
of the tool body will be examined, while the control and stability
of the rest of the system is the same as [25] (Fig. 4 displays the
control scheme). This highlights the unique feature of the VDC
approach, wherein alterations in one subsystem do not affect the
stability of other subsystems.

B. Rigid Body Control Design

Considering Fig. 3, frame {T} represents contact point at
the end-effector, frame {E} represents the tip of end-effector,
and frame {E4} is the body frame of the tool. Then, the spatial
velocity vector of frame {T} can be written as

TV = Nc Ẋ (34)

withNc mapping the end-effector velocity to the spatial velocity
of the tool tip. Then, the spatial velocity of the tool can be derived
as

E4V = TUT
E4

TV. (35)

Accordingly, the spatial force vector of the tool can be written
as

TF = Nc fe. (36)

The net spatial force vector E4F ∗ of the tool can be written as

ME4

d

dt

(
E4V)+ CE4

(
E4ω

)
E4V +GE4 +

E4ΔR(t) =
E4F ∗.

(37)
In addition, the force resultant on the tool body can be written

E4F ∗ = E4F − E4UT
TF. (38)

By following the same procedure in (34)–(36) for required terms,
one can obtain:

TVr = NcẊr (39)

E4Vr = TUT
E4

TVr (40)

TFr = Nc fed (41)

with Ẋr defined in (29). Finally, the required net force vector
can be expressed in the sense of (7) as

E4F ∗
r = YE4 φ̂E4 +KE4 (

E4Vr − E4V) + Δ̂R (42)

with Δ̂R being the estimated model uncertainty, in the sense of
Section II-D. As a result, the required spatial force vector, which
acts as the control signal for rigid body, can be written as

E4Fr = E4F ∗
r + E4UT

TFr. (43)

The required spatial force vector in (43) represents the term
accounting for both free-motion and in-contact operations. This
force must be generated by the corresponding actuator subsys-
tem, as illustrated in Fig. 2(b) and detailed in [25].
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Fig. 4. Impact resilient control scheme. The impedance law Ẋr computed in (29), is transformed into joint space command q̇r , which is executed
by the control approach in [25]. The actuator-level control command, ufr being desired voltage, is designed to generated required piston force fpr ,
accomplishing control objectives. The command ufr controls the hydraulic valves. Please see [25] for detailed explanation.

C. System Stability

Due to environmental contact, the second term in (38) is
nonzero, differing from the free-motion condition in [25]. Con-
sequently, only the virtual stability of the tool needs to be ensured
under these contact conditions, while the stability of the rest of
the system is the same as in [25].

Theorem 2: Consider the tool body with governing dynamics
of (37), control action of (42) and (43), and adaptation law of (12)
(by replacing {A} with {E4}). By defining the accompanying
function in the sense of Lemma 1 as

ν1 =
1
2

(
E4Vr − E4V)T ME4

(
E4Vr − E4V)

+ γDF (LE4‖L̂E4) +
1
2
tr(E4W̃T E4Γ−1E4W̃ )

+
1

2 E4π
E4 ε̃T E4 ε̃ (44)

where (̃.) = (.)− (̂.), and its time derivative

ν̇1 ≤ −αν1 + α0 + pE4 − pT (45)

the virtual SGUUB of the tool body subsystem can be ensured.
Proof 1: Taking the time derivative of (44) and using (9),

(10), (12), (37), (42), (43), and following the same procedure in
[25, Appendix A], one can obtain (45).

As it can be seen from (45) and Fig. 2(c), the pE4 is the
VPF from the preceding subsystem and will be canceled out, as
shown in [25]. In contrast, pT is VPF resulting from end-effector
interaction with environment, which is critical and must be
addressed.

Lemma 2: Defining the impedance control command in the
sense of (29) with (31) and (32) results in

pT = 0.

Proof 2: See Appendix B.
Theorem 3: Consider the HHM in Fig. 2(a), which is decom-

posed into subsystem in Fig. 2(c). The entire system is SGUUB
under impedance control law (29) with all the adaptation laws.

Proof 3: See Appendix C.

Fig. 5. Experimental setup.

V. EXPERIMENTAL RESULTS

This section presents the results of real-time implementation
of the designed impact-resilient controller, with the detail of
control scheme represented in Fig. 4.

A. Experimental Setup

Fig. 5 demonstrates the setup for real-time implementation.
Druck PTX1400 and Unik 5000 pressure transmitters (range
25 MPa) and Sick afS60 (18-bit) absolute encoders are uti-
lized in the experiments. In addition, EP3174-0002 EtherCAT
module has been utilized to convert the analog pressure data
to digital data, which can be read by Beckhoff platform. The
Bosch Rexroth NG6 size servo solenoid valve with 12 l/min
for base actuator, 100 l/min for second and third actuators, and
40 l/min for the Eckart wrist, all at ΔP = 3.5 MPa per notch,
are utilized to control the flow. A couple of wooden pallets
are utilized to represent the unknown environment (see Fig. 5)
for in-contact experiments. The entire controller is designed
in the host PC with Intel Core i7-6700 CPU 3.40 GHz, and
uploaded to the Beckhoff platform with Intel Core i7 2610UE
1.5 GHz for real-time implementation with 1ms sample time.
Human–machine interface has been designed in TwinCAT 3.

B. Scenarios of Experiments

In order to vastly examine the outcomes of this article, two
sets of experiments are conducted: free-motion and in-contact
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Fig. 6. Path tracking with tf = 2.5s. (a) Desired pose tracking. (b)
RMS of orientation error. (c) RMS of position error. (d) Norm of end-
effector velocity.

experiments. In all the experiments, the manipulator starts from
the rest point and follows the desired trajectory. A smooth
fifth-order trajectory generator is utilized to produce a smooth
trajectory between the set points for a given execution time,
tf . The smaller the tf , the faster the trajectory. In all the experi-
ments, different trajectories with different speeds are designed to
better evaluate the performance and robustness of the controller.
In all the contact experiments, the manipulator makes a contact
in the y-direction with the wooden pullets (see Fig. 5) while
tracking the desired trajectory with wrist-down configuration.
This scenario reflects the pick and place task, which is a relevant
application in real-world cases.

C. Free-Motion Performance

The control gains have been selected as follows to get the
best tracking result:Kd = [1, 0.9, 0.7, 1.2, 1.2, 1.2] · 106,Dd =
[1, 1, 1, 1, 1, 1] · 105,KE4 = 50 · I , γ = 500,Π = 300,π = 10,
and low-level control gains as in [25]. Fig. 6(a) demonstrates the
path tracking performance with the desired values in Cartesian
space for tf = 2.5s. Fig. 6(b) shows the root mean square (rms)
of orientation error, Fig. 6(c) depicts the rms of position error,
and Fig. 6(d) displays the norm of end-effector velocity. As can
be seen, the total rms of less than a 0.5◦ for orientation and less
than 1 cm for position indicates that the subcentimeter tracking
accuracy has been preserved for position.

One of the well-known indexes to evaluate the performance
of the controller in free-motion tasks is ρ value [1]

ρ =
|e|max

|Ẋ |max
. (46)

The ρ value indicates the importance of low tracking error in
higher velocities, which is utilized to compare the result of this
study with previous studies. Fig. 7(a) illustrates the result of
fast trajectory tracking (tf = 1.5 s) of triangular path in the x–y
plane while orientation and the z-direction position are active and
in the set-point control mode. Fig. 7(b) depicts the rms error of

Fig. 7. Path tracking with tf = 1.5 s. (a) Desired pose tracking.
(b) RMS of orientation error. (c) Norm and rms of position error with blue
and red line, respectively. (d) Norm of end-effector velocity. (e) Norm of
voltage command.

TABLE I
PERFORMANCE INDEX EVALUATION OF CARTESIAN SPACE

orientation regulation (which is still less than a degree), Fig. 7(c)
shows the rms (red line) and norm (blue line) of the position error,
the norm of the end-effector velocity is exhibited in Fig. 7(d),
and the norm of the voltage commands to all the valves is
demonstrated in Fig. 7(e). The maximum norm of the position
error is 11.5 mm at the maximum velocity of the 0.93 m/s,
resulting in ρ = 0.0124 s. Note that the maximum value of rms
error is almost 5 mm, representing excellent performance of the
proposed method.

Table I provides the comparison of the results with previous
studies based on the number of active Cartesian space DoFs. As
can be seen, the achieved result of the present article outperforms
other approaches. Establishing such a result for a real-world
HHM (with weight of 650 kg at 4 m reach) demonstrates the
excellent performance of the proposed method and its univer-
sality and reliability in real-world applications. Such an excellent
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Fig. 8. Estimated impact force with various Σ. (a) Path tracking in y
direction with contact. (b) Estimated forces.

performance of the controller allows for fast detection of impact
force at the time of contact, enabling the controller to respond
quickly to mitigate potential damage to both the manipulator and
the environment. This rapid detection and response mechanism
contributes significantly to the system’s resilience, especially
during impact scenarios.

D. In-Contact Performance

In this section, the performance of the controller in
contact-rich operations is experimentally investigated. The
control gains are the same as previous section with
Kd = diag([1, 0.0075, 0.7, 1.2, 1.2, 1.2]) · 106. To evaluate the
impact-resiliency of the controller—defined as its ability to miti-
gate the adverse effects of unintended contact while maintaining
high pose-tracking accuracy—we conducted the experiment,
as illustrated in Fig. 8. In this experiment, the HHM follows
a desired trajectory and makes contact with an unknown en-
vironment. The case with Σ ≈ 0 represents the free-motion
controller, whereas other values of Σ equip the controller with
impact-resiliency. As depicted in Fig. 8(b), the impact-resilient
approach achieves a significant reduction in contact force by
80% (from 5 to 1 kN) without compromising position-tracking
accuracy, as shown in Fig. 8(a). This substantial reduction in
impact force, combined with subcentimeter position-tracking
precision, underscores the effectiveness of the proposed con-
troller in minimizing damage during contact events while main-
taining tracking performance. For the rest of the experiments,
we use Σ = [1, 60, 1, 1, 1, 1]T · 10−5 corresponding to Dd =
diag([1, 0.0167, 1, 1, 1, 1]) · 105.

Fig. 9(a) illustrates the pose tracking of the end-effector with
an unexpected contact with unknown environment. As can be
seen, the tracking error in Fig. 9(c) in noncontact directions (x
and z) are less than a centimeter for tf = 5 s and orientation error
in Fig. 9(d) is less than a 0.5◦ . Fig. 9(b) also shows the estimated
contact force in the contact direction (f̂cy). In order to display the
robustness and stability of the controller, the same experiment

Fig. 9. (a) Path tracking in Cartesian space with contact. (b) Impact
force. (c) Position error in noncontact directions,. (d) Orientation error.

Fig. 10. Position and orientation tracking during contact. (a) Position
and orientation errors for tf = 4 s. (b) Position and orientation errors for
tf = 3 s.

with tf = 4 s and tf = 3 s, which are faster trajectories, is per-
formed. As can be seen from Fig. 10, the orientation and position
error in noncontact directions are less than a 0.5◦ and 1 cm,
respectively, despite of following a fast trajectory in presence
of contact. All the results, demonstrates the impact-resiliency
of the system (robustness to the different contact speeds and
unknown environment) with high-performance tracking, thanks
to baseline neuroadaptive controller in [25].

In many industrial contact-rich scenarios, dexterous oper-
ations may be required while maintaining contact with the
environment. Successfully performing such tasks necessitates
establishing safe contact and achieving precise control accu-
racy. Figs. 11 and 12 examine the wrist maneuvering of the
HHM during contact. As before, the manipulator follows the
desired trajectory and makes a contact, after which the wrist
maneuvering starts. As shown, excellent orientation accuracy is
achieved across different maneuvering scenarios with no pulse
contact forces.
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Fig. 11. (a) Wrist maneuvering during the contact with tf = 4 s.
(b) Orientation error. (c) Contact force.

Fig. 12. (a) Wrist maneuvering during the contact with tf = 4 s,
(b) Orientation error. (c) Contact force.

Fig. 13. (a) Rendered stiffness in contact direction. (b) Time history of
φ̂E4 .

In addition, Fig. 13(a) presents the time history of the stiff-
ness rendered by the manipulator during contact at different
velocities. It can be observed that the manipulator’s behavior
during contact closely matches the desired stiffness (Ky

∼= Kdy)
with accuracies of 6%, 2%, and 2% for tf = 5, 4, and 3 s,
respectively. Moreover, the adaptation signals for the unknown
rigid body parameters are shown in Fig. 13(b), demonstrating
the boundedness of the estimated parameters.

VI. SIMULATION COMPARISON

For further performance evaluation, simulation results are
provided in this section. To evaluate the accuracy of the proposed
force estimator, the Simscape toolbox of SIMULINK along with
the manipulator’s 3-D model parameters is utilized to simulate
the system in the contact with an environment. The simulation
scenario was the same, as shown in Fig. 8. The achieved rms
of error between the estimated force from proposed algorithm
and the ground truth force from Simscape is 41.8 N with the

TABLE II
IMPACT-RESILIENCY COMPARISON OF DIFFERENT CONTROLLERS

steady-state error of 18 N, showing the acceptable accuracy of
the force estimator.

In addition, Table II depicts the comparison of the proposed
method with existing impedance controllers. The comparison
is conducted based on position tracking accuracy, peak pulse
force, and control effort. All simulations are conducted in
SIMULINK, incorporating 10% parameteric uncertainty and
compound input nonlinearities, with a sample time of 1 ms to
emulate the real-world condition. In the table,Eo,Epxz , andEpy

represent rms of orientation, position in noncontact direction,
and position in contact direction errors, respectively, where fep
and u represent peak pulse force at the time of contact and rms
of total control voltage, respectively. As can be seen from the
table, the proposed method established high-accuracy position
tracking while having a less peak force for given almost the same
voltage signal.

Finally, to demonstrate the reduced computational cost
achieved by the proposed method, we conducted simulations
on a personal laptop equipped with an Intel Core i7-13700H
CPU (2.4 GHz). The simulations were performed under the same
conditions, as shown in Fig. 9, but using two different observer
algorithms: the proposed observer in Plücker coordinates and
the commonly used GMO in the Lagrangian formulation. The
runtime-to-simulation ratio of the entire simulation, as reported
by the SIMULINK Solver Profiler, was 7.5 for our approach and
12.15 for the original approach. This result highlights a compu-
tational improvement of approximately 38%, demonstrating the
efficiency of the proposed method.

VII. CONCLUSION

In this work, an impact-resilient control method is proposed
to achieve high accuracy in path tracking during free motion
and to reduce damage from unexpected impacts for a generic
6-DoF HHM. In addition, a novel representation of the GMO is
introduced in Plücker coordinates for the first time, aligning with
the dynamics of the proposed scheme. The stability of the system
under the new control command is proved using the VPF and the
virtual stability concepts of VDC. Extensive experiments have
been conducted to evaluate the performance of the proposed
scheme. The results show that the designed impact-resilient
approach achieves subcentimeter tracking accuracy and reduces
the impact of contact by 80% .

For future work, we aim to address certain limitations of
this study and extend our approach toward a more general
control solution. Currently, the approach assumes contact occurs
only at the end-effector, and a first-order impedance model is
used. While these assumptions align well with many real-world
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applications, addressing them will be essential to create a more
versatile solution suitable for unstructured environments.

APPENDIX

A. Derivative of Inertia Matrix

Spatial inertia matrix in (5) is a symmetric dyadic tensor that
maps M6 to F6. Consequently, it can be expressed as the sum
of six symmetric dyads as [30]

MA =

6∑
i=1

mi mi• mi ∈ F6 (47)

with mi• = mT
i . It must be mention that MA is fixed to the body

and only varies with the body motion, allowing to represent it as a
sum of dyads in which each ofmi is all fixed to the corresponding
body. Consequently, we can define × operator for 6-D vectors
as ṁi =

AV ×∗ m with AV×∗ = −(AV×)T , and

AV× =

[
Aω × Av×

0 Aω×
]
, α× =

⎡
⎣ 0 −αz αy

αz 0 −αx

−αy αx 0

⎤
⎦ (48)

where α = [αx, αy, αz] ∈ R3 is any vector. Then, the derivative
of MA can be computed as follows:

d

dt
MA =

6∑
i=1

ṁi mi •+mi ṁi•

=
6∑

i=1

(AV ×∗ mi)mi•+
6∑

i=1

mi (
AV ×∗ mi)•

= AV ×∗
6∑

i=1

mi mi• −
(

6∑
i=1

mi mi•
)

AV×

= −(AV×)T MA −MA
AV × . (49)

B. Lemma 1

By recalling Definition (1), (28), (29), (34), (36), (39), (41),
and NT

c Nc = I6, one can obtain

pT = (TVr − TV )T (TFr − TF )

= ((Ẋd − Ẋ ) + Γ (Xd −X ) + Σ (fed − f̃e))
T (fed − fe)

= − (Ẋd − Ẋ )T (DdΣDd −Dd)(Ẋd − Ẋ )

+ (Xd −X )T (Kd ΣKd − ΓKd)(Xd −X )

+ (Xd −X )T (2DdΣKd − ΓDd −Kd)(Ẋr − Ẋ ).
(50)

It can be seen from (50) that selecting the Γ and Σ as is in (31)
and (32), respectively, yields in pT = 0.

C. Proof of Theorem 3

Consider the accompanying function for the system with tool
body excluded as νR with its time derivative as

ν̇R ≤ −ᾱ1νR + ᾱ0 − pE4 (51)

with pE4 being VPF at the driven cutting point [see Fig. 2(c)].
Let νT = ν1 + νR be the accompanying function of the entire
system. Then, using (45) and (51) along with Lemma 2 with
following the same procedure in [25], one can achieve:

ν̇T ≤ −μ νT + μ0 (52)

which ensures the SGUUB for entire system in the sense of
Theorem 1.

REFERENCES

[1] J. Mattila, J. Koivumäki, D. G. Caldwell, and C. Semini, “A survey on
control of hydraulic robotic manipulators with projection to future trends,”
IEEE/ASME Trans. Mechatron., vol. 22, no. 2, pp. 669–680, Apr. 2017.

[2] M. Cheng, L. Li, R. Ding, B. Xu, P. Jiang, and J. Mattila, “Prioritized mul-
titask flow optimization of redundant hydraulic manipulator,” IEEE/ASME
Trans. Mechatron., vol. 29, no. 1, pp. 487–498, Feb. 2024.

[3] J. Yao, Z. Jiao, D. Ma, and L. Yan, “High-accuracy tracking control
of hydraulic rotary actuators with modeling uncertainties,” IEEE/ASME
Trans. Mechatron., vol. 19, no. 2, pp. 633–641, Apr. 2014.

[4] D. Jud et al., “HEAP-the autonomous walking excavator,” Autom. Con-
struction, vol. 129, 2021, Art. no. 103783.

[5] Z. Xu, W. Deng, H. Shen, and J. Yao, “Extended-state-observer-based
adaptive prescribed performance control for hydraulic systems with
full-state constraints,” IEEE/ASME Trans. Mechatron., vol. 27, no. 6,
pp. 5615–5625, Dec. 2022.

[6] A. Mohanty and B. Yao, “Integrated direct/indirect adaptive robust con-
trol of hydraulic manipulators with valve deadband,” IEEE/ASME Trans.
Mechatron., vol. 16, no. 4, pp. 707–715, Aug. 2011.

[7] H. V. A. Truong, S. Nam, S. Kim, Y. Kim, and W. K. Chung,
“Backstepping-sliding-mode-based neural network control for electro-
hydraulic actuator subject to completely unknown system dynamics,”
IEEE Trans. Autom. Sci. Eng., vol. 21, no. 4, pp. 6202–6216, Oct. 2024.

[8] T. Mononen, M. M. Aref, and J. Mattila, “Nonlinear model predictive
control of a heavy-duty hydraulic bulldozer blade,” in Proc. IEEE Int.
Conf. Cybern. Intell. Syst. IEEE Conf. Robot. Automat. Mechatron., 2019,
pp. 565–570.

[9] Z. Yao, F. Xu, G.-P. Jiang, and J. Yao, “Data-driven control of hydraulic
manipulators by reinforcement learning,” IEEE/ASME Trans. Mechatron.,
vol. 29, no. 4, pp. 2673–2684, Aug. 2024.

[10] X. Liang, Z. Yao, W. Deng, and J. Yao, “Adaptive neural network finite-
time tracking control for uncertain hydraulic manipulators,” IEEE/ASME
Trans. Mechatron., vol. 30, no. 1, pp. 645–656, Feb. 2025.

[11] W.-H. Zhu, Virtual Decomposition Control: Toward Hyper Degrees of
Freedom Robots, vol. 60. Berlin, Germany: Springer, 2010.

[12] J. Koivumäki and J. Mattila, “High performance nonlinear motion/force
controller design for redundant hydraulic construction crane automation,”
Autom. Construction, vol. 51, pp. 59–77, 2015.

[13] J. Koivumäki, W.-H. Zhu, and J. Mattila, “Energy-efficient and high-
precision control of hydraulic robots,” Control Eng. Pract., vol. 85,
pp. 176–193, 2019.

[14] B. Zhou, F. Gao, J. Pan, and S. Shen, “Robust real-time UAV replanning
using guided gradient-based optimization and topological paths,” in Proc.
IEEE Int. Conf. Robot. Autom., 2020, pp. 1208–1214.

[15] J. A. Preiss, K. Hausman, G. S. Sukhatme, and S. Weiss, “Trajectory
optimization for self-calibration and navigation,” in Proc. Robot.: Sci.
Syst., vol. 13, 2017.

[16] Z. Lu, Z. Liu, M. Campbell, and K. Karydis, “Online search-based
collision-inclusive motion planning and control for impact-resilient mobile
robots,” IEEE Trans. Robot., vol. 39, no. 2, pp. 1029–1049, Apr. 2023.

[17] Z. Lu, Z. Liu, and K. Karydis, “Deformation recovery control and post-
impact trajectory replanning for collision-resilient mobile robots,” in Proc.
IEEE/RSJ Int. Conf. Intell. Robots Syst., 2021, pp. 2030–2037.

[18] Q. Ha, Q. Nguyen, D. Rye, and H. Durrant-Whyte, “Impedance control of
a hydraulically actuated robotic excavator,” Autom. Construction, vol. 9,
no. 5/6, pp. 421–435, 2000.

[19] T. Qin, Y. Li, L. Quan, and L. Yang, “An adaptive robust impedance
control considering energy-saving of hydraulic excavator boom and stick
systems,” IEEE/ASME Trans. Mechatron.., vol. 27, no. 4, pp. 1928–1936,
Aug. 2022.

[20] J. Koivumäki and J. Mattila, “Stability-guaranteed force-sensorless contact
force/motion control of heavy-duty hydraulic manipulators,” IEEE Trans.
Robot., vol. 31, no. 4, pp. 918–935, Aug. 2015.

This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination. 



12 IEEE/ASME TRANSACTIONS ON MECHATRONICS

[21] H. Feng, Q. Song, C. Yin, and D. Cao, “Adaptive impedance control
method for dynamic contact force tracking of robotic excavators,” J.
Construction Eng. Manage., vol. 148, no. 11, 2022, Art. no. 04022124.

[22] J. Koivumäki and J. Mattila, “Stability-guaranteed impedance control of
hydraulic robotic manipulators,” IEEE/ASME Trans. Mechatron., vol. 22,
no. 2, pp. 601–612, Apr. 2017.

[23] S. Yoo, W. Lee, and W. K. Chung, “Impedance control of hydraulic actu-
ation systems with inherent backdrivability,” IEEE/ASME Trans. Mecha-
tron., vol. 24, no. 5, pp. 1921–1930, Oct. 2019.

[24] R.-q. Ding, J.-h. Wang, M. Cheng, M.-k. Sun, B. Xu, and Z. Wang,
“Adaptive impedance control for the hydraulic manipulator under the
uncertain environment,” J. Braz. Soc. Mech. Sci. Eng., vol. 45, no. 8, 2023,
Art. no. 437.

[25] M. Hejrati and J. Mattila, “Orchestrated robust controller for precision
control of heavy-duty hydraulic,” IEEE Trans. Automat. Sci. Eng., early
access, Apr. 10, 2025, doi: 10.1109/TASE.2025.3559595.

[26] A. D. Luca, A. Albu-Schaffer, S. Haddadin, and G. Hirzinger, “Colli-
sion detection and safe reaction with the DLR-III lightweight manip-
ulator arm,” in Proc. IEEE/RSJ Int. Conf. Intell. Robots Syst., 2006,
pp. 1623–1630.

[27] S. Lampinen, J. Koivumäki, W.-H. Zhu, and J. Mattila, “Force-sensor-less
bilateral teleoperation control of dissimilar master–slave system with
arbitrary scaling,” IEEE Trans. Control Syst. Technol., vol. 30, no. 3,
pp. 1037–1051, May 2022.

[28] L. Ding, H. Xing, H. Gao, A. Torabi, W. Li, and M. Tavakoli, “VDC-based
admittance control of multi-DoF manipulators considering joint flexibility
via hierarchical control framework,” Control Eng. Pract., vol. 124, 2022,
Art. no. 105186.

[29] M. Hejrati and J. Mattila, “Nonlinear subsystem-based adaptive impedance
control of physical human-robot-environment interaction in contact-rich
tasks,” IEEE Trans. Robot. Autom., vol. 8, no. 10, pp. 6083–6090,
Oct. 2023.

[30] R. Featherstone, Rigid Body Dynamics Algorithms. Berlin, Germany:
Springer, 2014.

[31] M. Hejrati and J. Mattila, “Decentralized nonlinear control of redundant
upper limb exoskeleton with natural adaptation law,” in Proc. IEEE-RAS
21st Int. Conf. Humanoid Robots, 2022, pp. 269–276.

[32] T. Lee, J. Kwon, and F. C. Park, “A natural adaptive control law for robot
manipulators,” in Proc. IEEE/RSJ Int. Conf. Intell. Robots Syst., 2018,
pp. 1–9.

[33] M. Hejrati and J. Mattila, “Physical human–robot interaction control of
an upper limb exoskeleton with a decentralized neuroadaptive control
scheme,” IEEE Trans. Control Syst. Technol., vol. 32, no. 3, pp. 905–918,
May 2024.

[34] W.-H. Zhu, Y.-G. Xi, Z.-J. Zhang, Z. Bien, and J. D. Schutter, “Virtual
decomposition based control for generalized high dimensional robotic
systems with complicated structure,” IEEE Trans. Robot. Autom., vol. 13,
no. 3, pp. 411–436, Jun. 1997.

Mahdi Hejrati received the M.Sc. degree in me-
chanical engineering from the Sharif University
of Technology, Tehran, Iran, in 2021. He is cur-
rently working toward the Ph.D. degree in au-
tomation engineering with the unit of Automation
Technology and Mechanical Engineering, Tam-
pere University, Tampere, Finland.

His research interests include nonlinear
model-based control, physical human–robot in-
teraction, and human-inspired control.

Jouni Mattila received the M.Sc. (Eng.) degree
and the Dr. Tech. degree in automation engi-
neering from the Tampere University of Tech-
nology, Tampere, Finland, in 1995 and 2000,
respectively.

He is currently a Professor of machine au-
tomation with the unit of Automation Technol-
ogy and Mechanical Engineering, Tampere Uni-
versity, Tampere. His research interests include
machine automation, nonlinear model-based
control of robotic manipulators, and energy-

efficient control of heavy-duty mobile manipulators.

This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination. 

https://dx.doi.org/10.1109/TASE.2025.3559595


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


