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ABSTRACT: Accurate force regulation is essential in robotic contact tasks such as polishing, grinding, and assembly.
However, conventional impedance controllers often exhibit limited force-tracking accuracy, while adaptive methods
require high tuning effort and computational cost. To address these issues, this paper proposes a Constant Impedance
Force Controller (CIFC) based on a Force Reference Dependent Impedance (FRDI) model, which is developed and
validated through computer modeling and simulation. Robot environment interaction is computationally modeled as
a mass damper spring system, and a position-based impedance framework is employed to regulate force deviations. A
compensation signal derived from the FRDI stiffness and damping terms reduces tracking errors while preserving con-
stant impedance characteristics. Stability is proven using Lyapunov analysis. Numerical simulations and experimental
validation demonstrate that the proposed method achieves robust force tracking under multi-source uncertainties on
ramp, curved, and complex surfaces. The CIFC achieves an average force-tracking RMS error of 0.15 N in simulation,
compared with 0.11–0.19 N for the benchmark methods. Experimentally, RMS errors range from 0.24 to 0.52 N under
reference forces of 5–15 N on curved and complex surfaces, with maximum deviations of±0.35 and±0.50 N, respectively.
These results confirm the effectiveness of the proposed modeling and simulation framework, demonstrating improved
robustness and tracking consistency over conventional impedance control.

KEYWORDS: CIFC method; force tracking; force corrector; polishing process; complex surfaces

1 Introduction
Impedance control has become a foundational strategy in robotic interaction control since it was

introduced by Hogan in 1985 [1,2]. It enables the dynamic regulation of interactions between a robot and
its environment by modulating virtual parameters such as inertia, damping, and stiffness [3,4]. Unlike
traditional position or force control methods, impedance control inherently supports compliant interactions,
facilitating safe and adaptive physical contact in dynamic or uncertain environments [5].

In dynamic robotic environments, control complexity increases as systems must continuously adapt
to unpredictable conditions [6]. Although conventional single impedance controllers perform effectively in
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controlling force on surfaces with known characteristics [7,8], they face significant limitations when robots
interact with complex or irregular geometries [9]. These shortcomings are particularly critical in precision
contact tasks that demand adaptive and responsive physical interaction. To address these challenges, many
researchers have developed advanced control strategies to enhance force tracking performance.

Simple impedance control is an effective strategy for force tracking in known environments due to its
fixed stiffness, damping, and inertia parameters [6,10,11]. However, it often underperforms in uncertain or
dynamic environments, where its inability to adapt to varying contact conditions can lead to unstable inter-
actions, excessive contact forces, or poor tracking accuracy [12–14]. To address these limitations, enhanced
variable strategies such as adaptive impedance control [5,15,16], hybrid force impedance schemes [9,17],
neural network (NN)-based approaches [18,19], and learning-based techniques [20,21] have been developed.
These methods allow real-time adjustment of impedance parameters, significantly improving robustness and
adaptability in complex and unpredictable environments.

This paper develops a compensated impedance control framework for accurate contact force tracking,
where the impedance parameters (mr , br , and kr) remain fixed throughout the control process. In contrast
to existing control methods that mainly regulate interaction behavior through impedance parameters or
variable impedance adjustment, the proposed CIFC framework introduces a Force Reference Dependent
Impedance (FRDI) mechanism to enhance force regulation performance. The FRDI term is formulated
according to the desired interaction force and contact conditions, providing an additional compensation
channel to reduce force tracking errors during robot environment interaction. Different from traditional
feedforward compensation methods that mainly compensate unknown robot dynamics or trajectory-related
effects, the proposed mechanism directly addresses interaction force deviations based FRDI mechanism, while
using fixed impedance parameters. Therefore, CIFC improves force tracking accuracy and adaptability to
curved and complex surfaces without increasing controller complexity. With respect to previous works, the
key contributions of this paper are as follows:

1. A compensated impedance control framework is proposed for robotic contact tasks, where the
impedance parameters (mr , br and kr) remain fixed throughout the control process. Unlike methods
relying on online impedance parameter adjustment, the proposed approach improves position and force
tracking-based compensation concept.

2. The FRDI mechanism is introduced to enhance conventional impedance control. The proposed com-
pensation term is generated according to the desired interaction force and contact conditions, reducing
force tracking errors and improving adaptability during robot environment interaction.

3. The proposed force and position control framework is experimentally validated through polishing-like
contact tasks. The results demonstrate reliable contact force regulation and accurate motion tracking
on curved and complex surfaces, showing its potential for applications such as polishing, grinding, and
other contact-based manufacturing processes.

The structure of this paper is organized as follows: Section 3 introduces the dynamic modeling and
control framework. Section 4 presents the simulation results and comparative analysis. Section 5 describes
the experimental validation. Finally, concluding remarks are provided in Section 6.

2 Related Works
Significant research efforts have been devoted to enhancing force and position tracking by improving

classical impedance control through various advanced strategies.
Duan et al. [5] proposed an adaptive impedance control method that updates impedance parameters

online to improve force regulation under uncertain contact conditions. Jung et al. [8] developed an adaptive
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impedance framework for dynamic environments and demonstrated improved force tracking accuracy
compared with fixed parameter impedance control through both simulation and experimental validation.
Wang et al. [12] introduced a PD-enhanced adaptive impedance strategy for robotic grinding and polishing,
which reduced force tracking error, improved overall performance, and minimized overshoot.

Shahriari et al. [22] proposed a decentralized control strategy for multi-robot manipulation of large
objects, addressing limitations of conventional coupled impedance and hybrid force/position control
methods. Experimental results using a dual-arm system confirmed improved coordinated manipulation
performance.

For hybrid impedance control, Cao et al. [9] designed a hybrid PID-adaptive impedance controller that
reduces force overshoot and tracking error, with validation across free motion, impact, and sustained contact
conditions. Recently, Saat et al. [23] proposed a BELBIC-PID controller for flexible joint manipulators, inte-
grating brain emotional learning with PID control to improve trajectory tracking performance. The results
demonstrated enhanced tracking accuracy and robustness against disturbances compared with conventional
PID-based controllers. Furthermore, Nasir et al. [24] proposed a hybrid spiral bacterial foraging optimization
algorithm to tune a fuzzy logic controller for flexible manipulators. The results demonstrated improved
convergence speed, tracking accuracy, and hub-angle regulation compared with conventional optimization
approaches. Furthermore, Ghazali et al. [25] proposed a neuroendocrine-PID controller optimized using
an adaptive safe experimentation dynamics algorithm, achieving stable convergence and improved tracking
performance for nonlinear systems. Ajani and Assal [26] developed an autonomous robotic tooth brushing
system using hybrid impedance control combined with vision-based head pose estimation to adapt brushing
trajectories in real time. Jung and Lee [27] integrated hybrid force control with impedance reduction and
time-delay compensation, improving contact stability and force tracking in a multi-link robotic system.

In neural network-based impedance control, Li et al. [28] proposed a finite-time NN-based impedance
controller with barrier Lyapunov functions and disturbance observers to ensure fast convergence and
constraint satisfaction under uncertainties. Hasanzadeh et al. [29] developed a dual-loop NN-impedance
controller for rehabilitation robots, where a wavelet neural network generates motion trajectories and an
adaptive impedance layer ensures accurate force and position tracking. Peng et al. [19] introduced an adaptive
NN-based impedance control scheme for electrically driven robots with unmeasured states, where neural
observers estimate system variables to maintain stability under uncertainty.

Finally, in learning-based impedance control, Roveda et al. [30] proposed a real-time reinforcement
learning framework for impedance adaptation in human-robot interaction tasks, demonstrating improved
performance in experimental lifting operations. Sharifi et al. [21] developed a learning-based adaptive
impedance controller that adjusts robot behavior online without force sensing, with stability guaranteed via
Lyapunov analysis and validated through real-time experiments.

Despite significant improvements in adaptability achieved by advanced impedance control strategies,
including adaptive, hybrid, and learning-based approaches, these methods still introduce additional com-
plexity in practical robotic contact tasks. In particular, they often require online adjustment of impedance
parameters, prior training data, or increased computational resources, which may limit their real-time
applicability and ease of deployment in industrial environments. In contrast, this work aims to address these
limitations by maintaining constant impedance parameters while introducing an additional force reference-
dependent compensation mechanism to enhance force tracking performance. This formulation preserves
the simplicity of classical impedance control while improving its effectiveness in curved and complex surface
interaction tasks.
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3 Dynamic and Control System
This section covers both the dynamic impedance controller and the proposed CIFC method.
Firstly, the dynamic model of an n-DOF robotic manipulator in joint space can generally be formulated

as follows:

M(q)q̈ + C(q, q̇)q̇ +G(q) + σ f (q̇) = τd − τe (1)

where M(q) is the symmetric positive definite inertia matrix; q, q̇ and q̈ denote the joint position, velocity,
and acceleration vectors, respectively; C(q, q̇) represents the Coriolis and centrifugal torques; G(q) is the
gravity torque vector; σ f is the friction torque vector; τd is the motor control input torque; and τe is the
external disturbance torque. The transformation from joint coordinate to Cartesian coordinate is expressed
as:

ẋ = J(q)q̇ (2)

where J(q) is a Jacobian matrix and ẋ is Cartesian velocity; by taking the derivative of Eq. (2) we can get:

ẍ = J(q)q̈ + J̇(q)q̇ (3)

where ẍ is Cartesian acceleration; rewrite Eq. (3) as:

q̈ = (J(q))−1(ẍ − J̇(q)q̇) (4)

By substituting Eq. (4) in Eq. (1) yield:

M(q)(J(q))−1(ẍ − J̇(q)q̇) + C(q, q̇)q̇ +G(q)
+ σ f (q̇) = τd − τe (5)

The desired force torque interaction is formally expressed as, [τd = (J(q))T fd ] then, by multiplying
both sides of Eq. (5) by (J(q))−T yield:

(J(q))−T M(q)(J(q))−1 ẍ − (J(q))−T M(q)(J(q))−1 J̇(q)q̇
+ (J(q))−T C(q, q̇)q̇ + (J(q))−T G(q) + (J(q))−T σ f (q̇)
= (J(q))−T τd − (J(q))−T τe (6)

Remark 1: The transformation from joint space dynamics to Cartesian space dynamics assumes that the manip-
ulator Jacobian J(q) is full rank and invertible. This assumption is satisfied for the 6-DOF UR10 manipulator
used in this study because all contact trajectories (for polishing and similar) are planned within a workspace
that avoids singular configurations. Consequently, J−1 and J−T exist throughout the experiments. For redundant
manipulators or motions near singularities, pseudoinverse-based and singularity-robust formulations should be
adopted, which are outside the scope of the present work.

Eq. (6) can be rewritten as:

M̂ẍ + û + Ĝ + f f̂ = fd − fe (7)

where,

M̂ = M(q)
J(q)T J(q)

; û = C(q, q̇)q̇
(J(q))T −M(q) J̇(q)

(J(q))T J(q)
q̇; Ĝ = G(q)

(J(q))T ; f f̂ =
σ f (q̇)
(J(q))T ; fd =

τd

(J(q))T ; fe =
τe

(J(q))T
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in which, M̂ is the estimated inertia matrix in Cartesian space, û is estimated of coriolis and centrifugal
torques, Ĝ is an estimated gravity torque, f f̂ is an estimated Cartesian space friction force, fd is desired input
force, and fe is an external force.

To simplify the Cartesian space dynamics for low-speed robotic contact tasks, the following assumptions
are introduced:

Assumption 1: Bounded residual dynamics:
For low-speed contact tasks such as continuous contact operations (polishing, grinding, debburing, etc.),

the nonlinear dynamics (Coriolis, gravity, and friction) are assumed to be partially compensated by the inner
loop controller. The remaining effect is modeled as a bounded residual term:

û + Ĝ + f f̂ ≈ Δ, ∥Δ∥ ≤ ε (8)

Substituting into Eq. (7) gives:

M̂ẍ + Δ ≈ fd − fe (9)

During stable contact, the residual dynamics are much smaller than the interaction force variation:

∥Δ∥ ≪ ∥ fd − fe∥ (10)

Assumption 2: Quasi-static contact condition:
Under quasi-static conditions (ẍ ≈ 0) and effective compensation (Δ ≈ 0), Eq. (9) reduces to:

fd ≈ fe (11)

Force tracking error form became:

δ f = fe − fd ≈ 0 (12)

The above dynamic model employed in this work is the classical rigid body manipulator model widely
used in robot control literature. The formulation follows the standard Euler-Lagrange representation of
robotic dynamics and serves as the theoretical basis for the subsequent Cartesian space force control devel-
opment [10,11,31]. The proposed CIFC controller is experimentally validated on a UR10 robotic manipulator
to verify the effectiveness of the model-based control framework. Fig. 1 presents the UR10 manipulator and
the dynamic modeling procedure used in this work, where the conventional joint space robot dynamics are
transformed into a Cartesian space force control model through Jacobian based coordinate transformation
and subsequent simplification under contact task assumptions.

3.1 Proposed Constant Impedance Force Controller (CIFC)
Mechanical impedance defines the relationship between a velocity (input) and a resulting contact force

(output) at its interaction with the environment. Accordingly, in the Laplace transform framework, the
impedance z(s) is expressed as the ratio between a force deviation δ f (s) and the corresponding velocity
error ė(s):

δ f (s) = z(s)ė(s) (13)
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Figure 1: The UR10 manipulator model is transformed from joint space dynamics to a Cartesian space force control
formulation using Jacobian-based coordinate transformation and contact task assumptions.

Then rewrite Eq. (13) as:

δ f (s) = sz(s)e(s) (14)

Typically, in robotics, the impedance z(s) is represented as:

z(s) = mrs + br + kr/s (15)

where mr , br , and kr represent the robot’s mass, damper, and stiffness parameters, respectively. The position
error e(s) corresponds to the difference between the current position x(a) and the desired position x(d),
formulated as:

e(s) = xa(s) − xd(s) (16)

Replacing Eqs. (16) and (15) into Eq. (14) leads to:

δ f (s) = (mrs2 + brs + kr)⋅(xa(s) − xd(s)) (17)

For simplicity, a one-dimensional interaction force is considered in the subsequent analysis. After per-
forming the inverse Laplace transform and restructuring Eq. (17), the resulting time-domain representation
of the impedance is:

δ f = mr(ẍa − ẍd) + br(ẋa − ẋd) + kr(xa − xd) (18)
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The external force fe presents within δ f in Eq. (8) is typically modeled as a virtual spring characterized
by a constant stiffness ke . If the manipulator remains in contact with the environment, the corresponding
external force fe is given by:

fe = ke(xe − xa) (19)

where ke is environment stiffness, xe is an external position, and xa is an actual position.
Fig. 2 depicts the robot environment interaction, where the robot is modeled as an MDS system

characterized by parameters (mr , br , kr), and the environment is simplified as a single spring element. A
schematic overview of the proposed CIFC framework is presented in Fig. 3.

Figure 2: Robotic environment contact model in MDS system.

Figure 3: Schematic diagram of the CIFC controller based on a reference-dependent impedance model.

The Eqs. (18) and (19) describe a single impedance control scheme, meaning that no techniques are
employed to adjust the impedance parameters in order to achieve specific performance. While this control
strategy provides a basic framework for contact dynamics, a key limitation lies in its inability to maintain
accurate contact force, especially when interacting with complex or uncertain environments. This challenge
becomes more pronounced as the environment conditions vary or become nonlinear. To address this
issue, numerous researchers have focused on tuning the impedance parameters, particularly the damping
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coefficient br and environment stiffness ke . Various approaches have been proposed over the past two
decades, including adaptive control, neural networks, and learning techniques, to enhance force tracking
and system adaptability under variable contact conditions.

This paper presents a compensated impedance control strategy to improve contact force tracking while
maintaining constant impedance parameters. Based on the impedance relationship, the force tracking error
can be expressed as:

δ f = (mr ẍa + br ẋa + kr xa) − (mr ẍd + br ẋd + kr xd) (20)

where the second term represents the complete reference-dependent impedance response generated from
the desired trajectory. It describes the expected interaction behavior under the predefined impedance
parameters, including the inertial, damping, and stiffness effects.

Accordingly, the complete reference-dependent impedance force can be defined as:

F∗RDI = mr ẍd + br ẋd + kr xd (21)

For robotic contact tasks such as polishing and similar, the interaction process is generally performed
under low-speed and smooth motion conditions. In this case, the desired acceleration ẍd remains relatively
small compared with the velocity and position-dependent components. Moreover, the acceleration term is
mainly related to transient motion changes, while the desired velocity and position terms directly represent
the continuous contact behavior and the required interaction force.

Therefore, the compensation term used in this work is obtained by retaining the dominant damping
and stiffness components:

FRDI = br ẋd + kr xd (22)

The proposed FRDI term therefore represents a simplified reference-dependent compensation force
that captures the main desired contact behavior and provides an additional force regulation mechanism
within the impedance control framework. This formulation reduces force tracking errors while avoiding
unnecessary computational complexity associated with acceleration estimation.

By rearranging Eq. (20) and combining it with Eq. (22), we obtain:

Δ fCIFC = δ f + FRDI = mr (ẍa − ẍd) + br ẋa + kr xa (23)

Rearranging for ẍa :

mr (ẍa − ẍd) = Δ fCIFC − br ẋa − kr xa (24)

ẍa − ẍd =
1

mr
(Δ fCIFC − br ẋa − kr xa) (25)

ẍa = ẍd +
1

mr
(Δ fCIFC − br ẋa − kr xa) (26)

Therefore, Eq. (27) should be written as:

ẍa = ẍd +
1

mr
(Δ fCIFC − br ẋa − kr xa) (27)
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and

{ẋa (t) = ẋa (t − 1) + ẍa (t) ⋅ T
xa(t) = xa(t − 1) + ẋa (t) ⋅ T

(28)

where Δ fCIFC denotes the force error after applying the reconfigured compensation signal FRDI to the
controller model; and where T is the sample time between the controller and servo system.

3.2 Stability Analysis
The stability of the proposed CIFC controller is analyzed using Lyapunov theory. The derivation is

conducted based on a reduced-order second-order impedance dynamics model that captures the dominant
interaction behavior between the robot and the environment. From the CIFC interaction model in Eq. (23),
we have:

Δ fCIFC = δ f + FRDI (29)

where:

δ f = fe − fd (30)

and:

FRDI = mr(ẍa − ẍd) + br ẋa + kr xa (31)

Define the tracking error:

ex = xa − xd (32)
ėx = ẋa − ẋd (33)
ëx = ẍa − ẍd (34)

Substituting Eqs. (32)–(34) into Eq. (31) gives:

FRDI = mr ëx + br ėx + kr ex + br ẋd + kr xd (35)

Thus, the interaction dynamics become:

Δ fCIFC = mr ëx + br ėx + kr ex + d(t) (36)

where:

d(t) = ( fe − fd) + br ẋd + kr xd (37)

Rearranging Eq. (38) yields:

mr ëx + br ėx + kr ex = Δ fCIFC − d(t) (38)

Define the control input:

u(t) = Δ fCIFC (39)
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Then:

mr ëx + br ėx + kr ex = u(t) − d(t) (40)

3.2.1 State-Space Representation
Define the state variables:

x1 = ex , x2 = ėx (41)

Then:

ẋ1 = x2 (42)

ẋ2 = −
kr

mr
x1 −

br

mr
x2 +

1
mr

u(t) − 1
mr

d(t) (43)

This can be written as:

ẋ = Ax + Bu + Bw (44)

where:

w(t) = −d(t) (45)

3.2.2 Assumption (Physical Boundedness)
In practical robotic contact tasks, the following physical constraints hold:

∣xd ∣ ≤ Xmax, ∣ẋd ∣ ≤ Vmax, ∣ fe − fd ∣ ≤ Fmax (46)

Thus:

∣d(t)∣ ≤ dmax (47)

where:

dmax = Fmax + brVmax + kr Xmax (48)

3.2.3 Lyapunov Function
Consider the quadratic Lyapunov function:

V = 1
2

kr x2
1 +

1
2

mr x2
2 (49)

Since mr > 0 and kr > 0, V is positive definite and radially unbounded. The time derivative is:

V̇ = kr x1 ẋ1 +mr x2 ẋ2 (50)

Substituting system dynamics:

V̇ = kr x1x2 +mr x2 (−
kr

mr
x1 −

br

mr
x2 +

1
mr

u(t) − 1
mr

d(t)) (51)
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Simplifying:

V̇ = −br x2
2 + x2u(t) − x2d(t) (52)

3.2.4 Bounding the Input Terms
Applying Young’s inequality:

∣x2u(t)∣ ≤ br

4
x2

2 +
1

br
u(t)2 (53)

∣x2d(t)∣ ≤ br

4
x2

2 +
1

br
d(t)2 (54)

Thus:

V̇ ≤ −br

2
x2

2 +
1

br
(u(t)2 + d(t)2) (55)

3.2.5 Stability Result
Since both u(t) and d(t) are bounded in practical implementation, there exist constants umax and dmax

such that:

V̇ ≤ −br

2
x2

2 +
1

br
(u2

max + d2
max) (56)

This inequality implies that the closed-loop system is:

• Input-to-State Stable (ISS)
• Uniformly Ultimately Bounded (UUB)

Therefore, the tracking error satisfies:

lim sup
t→∞

∥ex(t)∥ ≤ ε (57)

where ε depends on umax, dmax, and controller parameters.
Since the force tracking error is given by fe − fd = mr ëx + br ėx + kr ex , and the closed-loop analysis

ensures that ex , ėx , and ëx are uniformly ultimately bounded, it follows that the force tracking error is also
uniformly ultimately bounded. Therefore, the proposed CIFC framework guarantees bounded force tracking
performance, where the steady state error depends on system parameters and disturbance magnitude.

It should be emphasized that the presented Lyapunov analysis is conducted on a reduced-order contact-
level model to capture the dominant force-motion interaction behavior. A complete nonlinear multi-DOF
stability proof, including full robot dynamics, coupling effects, and uncertainties, is beyond the scope
of this work and is typically treated separately in impedance-based contact control literature due to its
analytical complexity.

4 Simulation Studies
Numerical simulations were conducted in MATLAB/Simulink to assess the validity of the CIFC

approach in force/position tracking and robustness when applied to curved and complex surfaces. The
proposed CIFC controller operated at a sampling period of T = 2 ms, corresponding to a control frequency
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of 1 kHz. Using an adaptive time-stepping method and the ODE45 solver, the simulations achieved
high accuracy and stability. The simulation block diagram is presented in Fig. 4, and the key impedance
parameters used in the model are listed in Table 1.

Figure 4: CIFC simulation block diagram.

Table 1: CIFC parameters used for simulation studies.

Case fd (N) kr (N/m) br (N⋅s/m) mr (kg) ke (N/m)
(1) 20 1 20 1 5000
(2) 20 5 30 1 5000
(3) 20 10 40 1 5000

4.1 Simulation Results and Discussion
The results demonstrate that the CIFC framework achieves accurate position and contact force tracking

on both curved and complex surfaces.
For the conventional single impedance control strategy, Fig. 5a,b presents the position and force

responses on a curved surface, respectively. The CIFC-based position and force tracking results are given
in Fig. 5c,d. To improve tracking performance, the proposed CIFC method introduces dynamic impedance
reference adjustment through the FRDI compensation signal. For the curved surface case, the force tracking
error single impedance, CIFC-based force tracking error, and FRDI-compensated force response are presented
in Fig. 6a,c, respectively. A similar evaluation for the complex surface is provided in Fig. 7a,b, while the
CIFC-based tracking results are presented in Fig. 7c,d. Furthermore, the evaluation for the complex surface
is provided in Fig. 8a–c, confirming consistent performance improvement using the proposed compensation
strategy. The FRDI signals in both cases are used to compensate the force errors generated by the single
impedance controller and drive them toward zero.
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Figure 5: Tracking performance of single impedance control and FRDI compensation on a curved surface: (a) position
tracking of single impedance control under three stiffness damping combinations; (b) force tracking of single impedance
control under the same parameter settings; (c) position tracking using CIFC impedance control; and (d) force tracking
using CIFC impedance control.

Figure 6: (Continued)
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Figure 6: Performance evaluation of the CIFC controller with FRDI on a curved surface: (a) single impedance force
tracking under three different combinations of robot stiffness and damping parameters; (b) force tracking errors based
on CIFC methods; and (c) FRDI-compensated force of the proposed method.

Figure 7: Single impedance and CIFC-based control performance with FRDI compensation on a complex surface.
(a) Position behavior under three stiffness damping combinations using single impedance control; (b) corresponding
force response; (c) CIFC position tracking results; and (d) CIFC force tracking results.
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Figure 8: Performance evaluation of the CIFC controller with FRDI on a complex surface: (a) single impedance force
tracking under three different combinations of robot stiffness and damping parameters; (b) force tracking errors using
the CIFC method; and (c) FRDI-compensated force of the proposed method.

Finally, Fig. 9a,b presents the RMS force tracking errors for the curved and complex surfaces,
respectively. The results indicate that the average force error remains approximately 0.15 N in both cases,
demonstrating the high tracking accuracy and robustness of the proposed controller.

Figure 9: RMS force tracking errors for the CIFC–impedance controller across (a) curved surface profile, (b) complex
surface, demonstrating enhanced force tracking accuracy and regulation.
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These findings emphasize the crucial role of the CIFC control method in achieving effective position
and force tracking. By dynamically adjusting the interaction force through FRDI compensation signal, the
proposed method significantly improves tracking accuracy and minimizes force deviations. The CIFC
strategy ensures stable and precise contact interactions, making it particularly suitable for applications
requiring accurate contact force control. In contrast to traditional single control techniques, which often
struggle to adapt to complex or curved surface geometries, the CIFC method offers a more reliable solution.

In summary, the simulation results highlight the promising capability of the CIFC algorithm, integrated
with the FRDI compensation signal, to improve efficiency in contact-based robotic tasks. These positive out-
comes establish a strong foundation for experimental validation and real-time implementation, underscoring
the approach’s potential for advanced force control in robotic systems.

4.2 Simulation Robustness Testing under Multi-Factor Uncertain Conditions
To address the limitation of simplified simulation scenarios, an extended robustness validation was

conducted under more realistic and uncertain operating conditions. In addition to the nominal under-
damped reference motion, several uncertainty factors were introduced, including measurement noise, sensor
disturbances, friction, and variations in drift effects, as summarized in Table 2.

Table 2: Key parameters used in CIFC robustness simulation.

Category Parameter Value/Description

Simulation Setup
Sampling time dt 0.01 s
Simulation time T 30 s

Random seed 10

Reference Model

Position type Underdamped sinusoidal
Amplitude A 0.5 m

Damping ratio ζ 0.15
Natural frequency ωn 1.8 rad/s

Force Reference Desired force Fd −5 N

Disturbance Model

Type Underdamped sinusoidal disturbance
Amplitude 0.6
Frequency 0.6 rad/s

Damping ratio 0.25

Noise and Uncertainty

Measurement noise (Single) 0.03 (std)
Measurement noise (CIFC) 0.015 (std)

Drift effect First order random walk
Friction effect Low frequency perturbation

Sensor disturbance Additive Gaussian noise

These conditions collectively represent typical challenges in robotic contact tasks with time-varying
and uncertain environments. Under these scenarios, the single impedance controller exhibits degraded
tracking performance due to limited disturbance rejection capability and parameter sensitivity. In contrast,
the proposed CIFC method maintains stable position and force tracking by effectively suppressing external
disturbances and modeling uncertainties.
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The adaptive compensation mechanism further enhances robustness by mitigating disturbance effects
in real time, while the CIFC structure improves tracking accuracy through dynamic error correction and
improved force-position coupling control.

Fig. 10a presents the position tracking performance under the proposed CIFC controller and the
conventional single impedance controller in the presence of underdamped reference motion and multi-
source uncertainties. It can be observed that the proposed method closely follows the desired trajectory
with minimal oscillations and faster convergence, while the single impedance controller exhibits noticeable
tracking deviations and residual oscillations due to its limited disturbance rejection capability.

Figure 10: (a) Position tracking performance and (b) force tracking performance comparison between the conventional
single impedance controller and the proposed CIFC method under underdamped reference motion and multi-source
uncertainties.

Fig. 10b illustrates the corresponding force tracking performance under the same conditions. The
CIFC controller maintains stable force regulation around the reference value with significantly reduced
fluctuations. In contrast, the conventional method shows larger tracking errors and slower recovery from
disturbances. These results clearly demonstrate the superior robustness and accuracy of the proposed
approach in both position and force control tasks under uncertain and dynamic environments.

4.3 Comparison Study
Over the years, numerous research efforts have introduced strategies aimed at maintaining accurate

contact force control in simulation environments. In this section, the performance of two representative
methods [5,32] is compared with the CIFC controller. This study evaluates an adaptive variable impedance
controller [5] and the Wavelet Neural Network (WNN)-based impedance control algorithm [32] in a ramp
surface case in position and force regulation, comparing their performance with the proposed CIFC method.

To ensure consistency across evaluations, all three control strategies were simulated under identical
conditions, including a uniform stiffness setting of 5000 N/m and a desired contact force of 50 N. However,
each method utilized distinct impedance parameters tailored to its specific control approach. For the CIFC,
the impedance parameters applied to the ramp surface were: kr = 1 N/m, br = 40 N⋅s/m, mr = 1 kg. For the
adaptive variable impedance model, kr = 0, mr = 1 kg, where br was adjusted online. For the WNN method,
k1 = 0.1 N/m, k2 = 25 N/m, while the remaining parameters were computed using a WNN controller.
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For the adaptive impedance controller [5], the parameters were tuned using a standard trial-and-
error procedure. The inertia term was selected based on approximate robot dynamics, while the damping
coefficient was gradually increased from conservative values until stable force tracking without oscillation
was achieved. The stiffness term was fixed or reduced depending on the adaptation strategy, and the
adaptation gain was empirically adjusted to balance response speed and stability. This method requires
careful manual tuning of multiple coupled parameters, and its performance is sensitive to these selections. In
addition, the computational complexity and implementation requirements are relatively higher due to online
parameter adaptation.

For the WNN-based impedance controller reported in [32], a two-layer structure combining impedance
control with a Wavelet Neural Network was implemented. The network configuration (number of hidden
nodes and wavelet basis functions) and learning rates were selected empirically. The learning process requires
sequential tuning, starting from a stabilized impedance controller and gradually activating adaptation.
Performance is influenced by learning rate selection and may degrade if tuning is not carefully balanced
between convergence speed and stability. Moreover, the computational complexity and implementation
requirements are increased due to real-time neural network training and weight updating.

In contrast, the proposed CIFC method uses a fixed parameter structure based on FRDI formulation,
requiring only a small number of physically interpretable gains. The damping term plays the dominant role in
ensuring stability and is tuned in a straightforward manner, while inertia and stiffness are selected based on
nominal system behavior. Unlike adaptive and learning-based approaches, CIFC does not require iterative
learning, weight tuning, or parameter scheduling, which significantly improves reproducibility and reduces
implementation complexity. Importantly, the same parameter set is consistently used across all simulation
scenarios without retuning, demonstrating the robustness and effectiveness of the proposed controller. The
experimental validation is conducted using the controller parameters from Case (3) with kr = 10 and br = 30.
Furthermore, the computational complexity and implementation requirements are relatively low due to the
absence of online adaptation or learning mechanisms.

The comparison illustrated in Figs. 11 and 12 indicate that, while WNN-based and adaptive impedance
control strategies outperform traditional single impedance techniques, they still exhibit notable limitations
in terms of force tracking accuracy and transient response. Although the WNN-enhanced controller attains
satisfactory results, this occurs only after a period of network adaptation; in contrast, the adaptive impedance
strategy improves gradually through continuous tuning of parameters. Finally, Fig. 13a,b illustrates the RMS
force errors generated by the proposed method for the two surfaces, respectively. In addition the results
indicate that the proposed CIFC controller achieves RMS force errors of approximately 1.9 N during the
transient period (0–1 s) and 0.15 N during the steady state period (1–3 s) as summarized in Table 3. Which
demonstrating its high force tracking accuracy and effective disturbance rejection capability.

By contrast, the proposed CIFC scheme consistently delivers superior force tracking, achieving minimal
position error with rapid response times. This enhanced performance is attributed to its real-time compensa-
tion of the force reference-dependent impedance parameter. These results confirm that the proposed system
is highly suitable for applications involving accurate force tracking.
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Figure 11: Position tracking using the proposed constant impedance controller compared to WNN-impedance and
adaptive impedance controllers.

Figure 12: Force tracking using the proposed constant impedance controller compared to WNN-impedance and
adaptive impedance controllers.

Figure 13: RMS force tracking errors for the impedance-CIFC controller across the RAMP surface (a) case1 (t = 0–1) s;
(b) case2 (t = 1–3) s, demonstrating enhanced force-tracking accuracy.
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Table 3: Comparison of RMS force tracking error, peak force, settling time, and overall performance for adaptive
impedance, WNN-based impedance, and CIFC–Impedance controllers.

Controller Peak Error (N) RMS (N) at (0–1) s RMS (N) at (1–3) s Performance
WNN Impedance

Controller 130 20.1 0.64 Large overshoot
and oscillation

Adaptive
Impedance
Controller

80 3.2 0.32 Moderate tracking
accuracy

CIFC impedance
controller 60 1.9 0.15 Best tracking

performance

5 Experimental Studies
This section presents experimental validation on curves and complex surfaces, closely aligned with

simulation studies to ensure strong validation.

5.1 Experimental Setup
The experimental setup is shown in Figs. 14 and 15. A UR10 robotic manipulator is equipped with a six-

axis force/torque sensor (ATI Gamma) mounted between the robot flange and a pneumatic polishing tool of
approximately 1.0 kg mass. The force/torque sensor is calibrated using a manufacturer-provided zero-offset
procedure before each trial.

Figure 14: Experimental setup.
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Figure 15: Robotic contact process setup on (a) curved and (b) complex surfaces.

The workpiece is an aluminum specimen of a curved surface (D = 100 mm, circumference = 314 mm)
and a complex ramp with an irregular shape. The real-time control system operates at 500 Hz (2 ms sampling
period), with synchronized acquisition of force and position signals.

Communication between the industrial PC and the robot controller is implemented via TCP/IP, with a
3–5 ms delay compensated using buffering. Safety is ensured using the built-in joint limits of the UR10 and
an emergency stop condition triggered when the contact force exceeds 30 N.

5.2 Implementation Details
The proposed CIFC controller was implemented in C++ on an industrial PC and integrated with a

UR10 robotic manipulator through a TCP/IP communication interface. The control architecture consists
of an outer CIFC force-position controller and the manufacturer’s built-in inner joint position controller.
Force and position measurements were acquired in real time and synchronized with the control loop,
ensuring full-time alignment with the controller execution cycle. The sampling time of the control system
was fixed at 2 ms (500 Hz), and both force and position feedback signals were updated at the same frequency
using synchronized data acquisition. These synchronized measurements were used to generate corrective
control commands for the contact task. The controller gains and implementation parameters were selected
experimentally to ensure stable force tracking and smooth motion during polishing operations.

The key implementation and controller parameters used in the experiments are summarized in Table 4.
Consistent with our simulation studies, the polishing-like task was performed on curved and complex
surfaces that closely resemble those analyzed in the simulated environment. These surface geometries are
shown in Fig. 15.

5.3 Experimental Results and Analysis
The proposed CIFC method demonstrated superior performance in both position and force tracking

on curved and complex surfaces.
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Table 4: Real-time implementation parameters of the CIFC controller.

Parameter Value/Description
Robot platform UR10 manipulator

Control software C++
Communication TCP/IP

Outer-loop controller Proposed CIFC controller
Inner-loop controller UR10 built-in joint position controller

Sampling time 2 ms
Control frequency 500 Hz
Force feedback rate 500 Hz

Position feedback rate 500 Hz
Force sensor ATI Gamma 6-axis Force/Torque sensor

Signal filtering First-order low-pass filter (20 Hz cutoff frequency)
mr 1 kg
br 40 N⋅s/m
kr 10 N/m
ke 5000 N/m

Tool speed 3000–4000 rpm
Contact force 10 N

Pneumatic pressure 0–10 bar
Abrasive grit size P600

The experimental results for curved and complex surface finishing are presented in Figs. 16–19 to
evaluate the performance of the proposed CIFC control method. For the curved surface case, the position
tracking comparison between the traditional impedance controller and the proposed CIFC controller is
shown in Fig. 16. The robot successfully follows the desired curved trajectory, while the proposed controller
provides smoother motion with reduced tracking deviation. The corresponding force tracking performance
under different desired contact forces (5, 10, and 15 N) is illustrated in Fig. 17. The proposed CIFC controller
achieves stable contact force regulation with smaller fluctuations, demonstrating improved adaptability to
different force levels compared with the traditional impedance controller.

For the complex surface experiment, the position tracking results are shown in Fig. 18. Compared with
the curved surface case, the increased geometric variation introduces more challenging motion require-
ments. The proposed CIFC method maintains accurate trajectory tracking and provides better compensation
against surface disturbances. Furthermore, the force tracking results for different reference forces (5, 10, and
15 N) are presented in Fig. 19. The proposed controller maintains consistent force tracking performance over
the tested force range, while the conventional impedance controller exhibits larger tracking errors and force
oscillations. These results verify that the proposed CIFC strategy improves both trajectory following and
contact force regulation during robotic finishing processes on complex surfaces.

Overall, the developed CIFC strategy with the effect of FRDI compensation signal demonstrated accurate
position tracking and consistent force regulation across both simulated and experimental polishing scenar-
ios. It significantly improves the robot’s capability to control motion and force while adapting to dynamic,
curved, and complex surfaces. By ensuring stable force application and precise position tracking, this
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approach enables reliable execution of complex tasks, making it particularly well suited for high-precision
applications requiring sustained physical contact.

Figure 16: Position tracking on a curved surface as a comparison between the traditional impedance controller and
the proposed CIFC control method.

Figure 17: Comparative real-time force tracking performance on a curved surface under varying reference forces
between the conventional single impedance control and the proposed CIFC-based control strategy: (a) 5 N reference
force, (b) 10 N reference force, and (c) 15 N reference force.
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Figure 18: Position tracking of a complex surface as a comparison between traditional single impedance controller and
proposed CIFC control method.

Figure 19: Comparative real-time force tracking performance on a complex surface under varying reference forces
between the conventional single impedance control and the proposed CIFC- based control strategy: (a) 5 N reference
force, (b) 10 N reference force, and (c) 15 N reference force.
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The RMS, MAE, and standard deviation (STD) of the force tracking errors for both the traditional
single impedance controller and the proposed CIFC method under different reference forces are summarized
in Table 5. The results indicate that the proposed CIFC approach consistently achieves lower RMS, MAE,
and STD values across all tested force levels (5, 10, and 15 N) compared with the conventional impedance
controller. This demonstrates that the proposed method not only improves overall tracking accuracy but
also enhances consistency and stability in force regulation. In addition, the improvement percentage clearly
highlights the superiority of the CIFC strategy, particularly at higher reference forces, where more significant
reductions in tracking errors are observed. These results confirm the strong robustness and scalability of the
proposed controller for robotic surface interaction tasks.

Table 5: Statistical performance comparison between single impedance control and CIFC controller under different
reference forces.

Force (N) Method RMS (N) MAE (N) Std (N) Improvement (%)
5 Single Impedance 1.78 1.42 0.65 86.5
5 CIFC controller 0.24 0.18 0.08 —
10 Single Impedance 2.12 1.70 0.78 82.6
10 CIFC controller 0.37 0.29 0.12 —
15 Single Impedance 3.88 3.10 1.25 86.6
15 CIFC controller 0.52 0.41 0.16 —

6 Conclusions
This paper presents a Constant Impedance Force Control (CIFC) framework for robotic contact-based

tasks. The proposed approach integrates a Force Reference Dependent Impedance (FRDI) compensation
mechanism within the classical impedance control framework while maintaining fixed impedance param-
eters. The proposed method enhances contact force regulation by compensating force deviations according
to the desired interaction force and contact conditions.

Comprehensive validation through simulation, comparative analysis, and real-time experiments
demonstrates that the proposed CIFC framework achieves accurate force tracking and stable position
regulation under different surface conditions. The results show that the proposed compensation mechanism
improves adaptability during interaction with curved and complex geometries, providing an effective and
computationally efficient solution for contact-based manufacturing applications such as polishing.

Although the proposed CIFC framework demonstrates promising performance, some limitations
remain. The stability analysis is based on a reduced-order contact model, and the experimental validation is
conducted on representative surface interaction tasks such as polishing processes. Further studies consider-
ing full robot dynamics and broader contact scenarios such as grinding, deburring, and similar operations
are required to further evaluate and enhance its generality and robustness.

Future work will focus on extending the CIFC framework toward variable force control strategies and
conducting more comprehensive experimental investigations under diverse industrial contact scenarios,
including varying material properties, external disturbances, and a wider force range, to further enhance
robustness and practical applicability. In addition, the proposed method will be extended to more complex
operations such as grinding, deburring, cutting, and similar manufacturing tasks, alongside the exploration
of AI-based approaches to improve adaptability and performance in highly uncertain environments.
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