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Abstract: Aiming at the force-tracking error phenomenon of impedance control in an unknown
surface environment, an adaptive variable-damping impedance control algorithm is proposed, and
the stability and convergence of the algorithm are deduced. An adaptive-law selection rule is
proposed to aim at the phenomenon that the adaptive parameters are too large to cause the system
oscillation and overshoot and too small to cause the adaptive line variation in the curved surface
environment. Finally, experiments conclude that the impedance control based on the adaptive
variable-damping algorithm has a better force-tracking effect than the ordinary impedance control in
the curved surface environment where the contact surface between the end-effector of the manipulator
and the atmosphere is unknown.

Keywords: adaptive variable damping; compliant force control; impedance control
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1. Introduction

With the increasing demand for manipulators in practical applications, achieving a
noncontact control of manipulators, such as in painting and welding, has become possible
through path planning and trajectory control, enabling position tracking in free space [1,2].
However, executing complex tasks that involve interactions with complex external environ-
ments, such as surface polishing, burr removal, and grinding, requires the manipulator’s
end-effector to not only precisely follow a target trajectory but also deliver specified opera-
tional forces to the external environment upon reaching the designated task position. This
necessitates accurate force tracking, which is crucial for successfully completing interactive
operations [3–5]. However, the contact positions on the surfaces of these work objects
are often unknown. Employing methods like a complete contact position measurement,
trajectory planning, or surface teaching for surface force control in the manipulator often
involves extensive computations and repetitive work, lacking universality when surface
objects are replaced [6–8]. Additionally, traditional impedance control methods applied
to surface environments often exhibit an increasing force tracking error with increasing
surface curvature, making it challenging to achieve the desired force tracking and posing a
risk of damaging the workpieces. To address these issues, the development of an adaptive
force control algorithm for manipulators capable of adapting to surface environments is
necessary [9].

Currently, manipulator force control technology mainly consists of three mainstream
methods: passive compliance control, force/position hybrid control, and impedance con-
trol [10,11]. These methods have been widely studied and applied in the field. However,
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the adaptability of passive compliance control is limited when environmental parameters
dynamically change, and it is primarily suitable for specific scenarios [12–14]. Therefore,
researchers have developed a two-dimensional, iterative-learning, robust, asynchronous-
switching predictive control method to enhance the system’s disturbance rejection capabil-
ity and robustness through iterative learning [15]. The variable rigid–flexible center (VRCC)
method, although flexible and adaptable to environmental changes, has limitations due to
its large size and weight. The force/position hybrid control method relies on accurate envi-
ronmental modeling and performs poorly in unknown environments. On the other hand,
impedance control demonstrates robustness against environmental uncertainties [7,16–18].
However, the force-tracking performance of impedance control inevitably decreases when
environmental parameters change dynamically.

In practical industrial settings, designing dynamic output feedback controllers based
directly on the system’s output information has significant advantages [19], given the
unpredictability of the system’s state. To address these issues, we propose an adaptive
variable-damping impedance control methodology. Our method adapts the damping
variable to achieve precise force tracking in unknown contact environments with vary-
ing geometric and dynamic parameters. The stability and convergence of the proposed
methodology have been verified. In comparison to existing impedance algorithms [20–23],
the adaptive algorithm we propose dynamically adjusts the impedance parameters based
on a real-time perception of the environment and external force feedback. This reduces
the impact of external disturbances and uncertainties on the robot system, improving its
robustness and stability.

Furthermore, experimental validation demonstrates that the impedance control based
on the adaptive variable-damping algorithm achieves more accurate force tracking control
and path following when dealing with unknown curved contact surfaces, surpassing con-
ventional impedance control methods [24,25]. By adjusting the impedance parameters, the
manipulator’s end-effector can avoid collisions and minimize the potential risk of damage.

This paper is organized as follows: Section 2 presents some preliminary knowledge of
impedance control. In Section 3, we propose the adaptive variable-damping impedance
control algorithm and provide its stability analysis. Section 4 presents experimental results
to demonstrate the effectiveness of the proposed method. Finally, Section 5 concludes
the paper.

2. Preliminaries
2.1. Impedance Control

The impedance control algorithm establishes the impedance relationship between
force, position, and velocity. The second-order model of the mass–spring–damper system
can clearly describe the dynamic relationship between the manipulator and the contact
environment, as shown in Figure 1.

This dynamic model can be written as the second-order differential form

M(Ẍ − Ẍd) + B(Ẋ − Ẋd) + K(X − Xd) = F − Fd (1)

where M, B, K represent the target inertia matrix, target damping matrix, and target stiffness
matrix of the impedance model, respectively, and all of them are diagonal semidefinite
matrices; X, Ẋ, and Ẍ are the actual position, velocity, and acceleration of the manipulator;
Xd, Ẋd, and Ẍd are the desired position, velocity, and acceleration of the manipulator,
respectively. F and Fd are the actual and desired force, respectively.
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Figure 1. Impedance model of the mechanical arm.

2.2. Impedance Control Model Analysis

The model of impedance control includes three parameters: inertia, damping, and
stiffness. The three parameters have different effects on the dynamic performance of
impedance control. The following explores the influence of impedance control parameters.

The general form of damping and natural frequency of the impedance control model is

G(s) =
1
m

s2 + 2ξωns + ω2
n

(2)

in which m is the target inertia coefficient of the impedance model, b is the target damping
coefficient, k is the target stiffness coefficient, ξ = b

2
√

km
is the damping ratio of the model,

and ωn =
√

k
m is the natural frequency of the model.

It can be seen from Equation (2) that the damping ratio of the impedance model
is proportional to the damping coefficient b of the impedance model and is inversely
proportional to the inertia coefficient m of the impedance model and the stiffness coefficient
k of the impedance model. Therefore, to stabilize the system, b should be taken as large, m
and k as small, and the large damping ratio should be maintained. The natural frequency
of the impedance model is proportional to k and inversely proportional to m. When the
damping ratio is fixed, the larger the natural frequency is, the better the rapidity of the
second-order system is. Therefore, the impedance model’s target inertia coefficient m
should be smaller. It is the opposite for the target stiffness coefficient k.

In traditional impedance control, the above impedance control parameters are fixed,
but the set parameters cannot be adjusted in real time to adapt to the unknown environment,
so the impedance parameters must be variable. Therefore, there should be an algorithm
to adaptively adjust the impedance parameters according to environmental changes to
improve the algorithm.

3. Research on Impedance Control Based on Adaptive Variable Damping Algorithm

The relationship between the impedance control model of the manipulator and the
contact environment can be written as [9]:

më + bė + ke = f − fd (3)

f = ke(x − xe) (4)

in which e = x − sd is the derivation between the actual position and the desired position
of the interactive manipulator.

When the robot arm is in contact with the environment, the environment contact
position is equal to the expected position Xe = Xd at the end of the robot manipulator. In
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the direction of force, the stiffness matrix k = 0 is substituted into Equation (3), and the
following results are obtained:

më + bė + kee = − fd (5)

When the expected force fd is constant, (5) is asymptotically stable, so a good response
can be obtained by dynamically adjusting the appropriate impedance parameters m and b.

When the contact surface of the manipulator’s end is curved, the contact position
xe between the manipulator and the environment is unknown, ∆xe = x̃e − xe, so only the
estimated environmental part can be obtained. Then, we define:{

ẽ = e + Axe
∆xe = x̃e − xe

(6)

where x̃e is the estimated value of the environment, ẽ is the corresponding position error
after increasing the estimated value.

Substituting (6) into (5), we obtain:

ẽ f = f − fd = m ¨̃e + b ˙̃e = m(ë + ∆ẍe) + b(ė + ∆ẋe) (7)

In the above equation, in the scenario of surface constant force tracking, f , ¨̃e, and ¨̃e are
time-varying. Then, the force tracking error ẽ f exists and changes with time. It is necessary
to introduce adaptive impedance parameters to offset the force error generated during the
working process [26].

From the influence of the impedance parameters of the upper section on the impedance
control, it can be found that if the inertia coefficient m is changed, it is easy to cause the
oscillation of the impedance control system. Therefore, to ensure the stability of the system,
the damping coefficient b is adjusted adaptively, and the compensation amount Ω(t)
is introduced: 

Ω(t) =
b

˙̃e(t) + ε
ρ(t)

ρ(t) = ρ(t − λ) + σ
f (t − λ)− fd(t − λ)

b

(8)

where ε is a sufficiently small positive actual number to prevent the denominator from being
0, λ is the sampling time of the control system, and σ is the corresponding adaptive law.

Equation (7) is changed into:

ẽ f = më + b
(

˙̃e + Ω
)
= m ¨̃e + b ˙̃e + bΩ (9)

The Laplace transform of Equation (9) can obtain the displacement of the end of the
manipulator along the average direction of the plane, that is, the z-axis displacement of
the manipulator:

∆z =
ẽ f + bΩ
ms2 + bs

(10)

Based on the force tracking error and the adaptive law, the adaptive variable-damping
impedance control can maintain a constant desired force. The control block diagram of the
adaptive variable-damping impedance control is shown in Figure 2.
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Figure 2. Control algorithm of the impedance control.

3.1. Stability Analysis

By substituting Equation (6) into Equation (9), we obtain:

f − fd = m(ë + ∆ẍe) + b(ė + ∆ẋe) + bρ(t − λ) + σ f (t − λ)− σ fd(t − λ) (11)

Substituting Equation (4) into (11), we have

ke( f − fd) = mke∆ẍe + bke∆ẋe + m f̈ + b ḟ + bkeρ(t − λ) + σke[ f (t − λ)− fd(t − λ)] (12)

Let f̃ = ke∆xe; then, transform (12) into:

m ¨̃f + b ˙̃f = m f̈ + b ḟ + bkeρ(t − λ) + σke[ f (t − λ)− fd(t − λ)] + ke( f − fd) (13)

Subtracting both sides of (13) by m f̈d + b ḟd,

mr̈ + bṙ = mc̈ + bċ + bkeρ(t − λ) + σkec(t − λ) + kec (14)

In the equation, we have r = f̃ − fd and c = f − fd.
For the adaptive law of n cycles, we have:

bρ(t − λ) = bρ(t − (n − 1)λ) + σc(t − (n − 2)λ) + ... + σc(t − 2λ) (15)

The initial value of the adaptive law is set to 0, ρ(t − (n − 1)λ) = 0, and (14) is
substituted into (15):

mr̈ + bṙ = mċ + bċ + kec + σke

(
c(t − (n − 1)λ) + . . . + c(t − λ)

)
(16)

The Laplace transform can be written on the pair in (16) as:

c(s)
r(s)

=
ms2 + bs

ms2 + bs + ke + σke(e−(n−1)λs + . . . + e−λs)
(17)

The characteristic equation of the system in (17) is:

ms2 + bs + ke + σke
(
e−(n−1)λs + . . . + e−λs) = 0 (18)

When the system period n is large enough and the sampling time λ is small enough,
we obtain:

λms3 + λbs2 + keλ(1 − σ)s + σke = 0 (19)
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According to the Routh criterion, in order to ensure the stability of the system, the
adaptive law σ should satisfy:

0 < σ <
λb

λb + m
(20)

The steady-state errors of the system are:

ess = lim
t→∞

e(t) = lim
s→0

sE(s) = lim
s→0

s
(

c(s)− r(s)
)

= lim
s→0

s

[
ms2 + bs

ms2 + bs + ke + σke(e−(n+1)λs+...+e−λs
)

r(s)− r(s)

] (21)

When the system step signal is r(s) = 1
s , (21) becomes:

ess = lim
s→0

s
(

c(s)− r(s)
)
= −1 (22)

Then, we have:
lim
s→0

sc(s) = 0, lim
t→∞

c(t) = 0 (23)

It can be seen from (23) that when t → ∞, lims→0sc(s) = 0, limt→∞ c(t) = 0, f → fd,
the contact force between the end of the manipulator and the environment converges to the
expected point. At the same time, it can also be proved that when the slope signal and the
sinusoidal signal are input, the output is also convergent [27].

3.2. Performance Analysis and Adaptive Law Selection

In general, the position control accuracy of the industrial manipulator is very high. It
can be considered that the position command of the industrial manipulator is equal to the
actual position of the manipulator, that is θr = θ. Then, Figure 2 is transformed into the
form of a transfer function, as shown in Figure 3.

Expand bΩ in Equation (9) and let c(t) = f (t)− fd(t); then, we have:

ẽ f = m ¨̃e(t) + b ˙̃e(t) + σ
(
c(t − nλ) + . . . + c(t − λ)

)
(24)

Assuming that n is large enough and the sampling time λ is small enough, the forward
channel transfer function of the controller can be obtained:

G(s) =
ẽ(s)
c(s)

=
1 + σ 1−λs

λs
ms2 + bs

(25)

+

-
impedance 

controller:G(s)

E(s)
position 

controller:1

Force sensor 

feedback:Ke

H(s)

C(s)

R(s) F

θr θ

Figure 3. Block diagram of the transfer function for impedance control.

The error transfer function in Figure 3 is as follows:

ϕ(s) =
E(s)
R(s)

=
1

1 + G(s)H(s)
=

mλs3 + bλs2

mλs3 + bλs2 + (1 − σ)keλs + keσ
(26)

Different signals are input to the impedance control system and the adaptive variable-
damping impedance control system to observe the steady-state deviation.
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Inputting the signal r(s) = 1
s into the above system, the steady-state deviation of

impedance control is as follows:

ess = lim
s→0

sϕ(s)R(s) = lim
s→0

sϕ(s)(
1
s
) = lim

s→0
s

1
1 + 1

ms2+bs ke

1
s
= 0 (27)

The steady-state deviation of the adaptive variable-damping impedance control is
as follows:

ess = lim
s→0

sϕ(s)R(s) = lim
s→0

sϕ(s)(
1
s
) = lim

s→0
s

1

1 + 1+σ 1−λs
λs

ms2+bs ke

1
s
= 0 (28)

Equations (27) and (28) show that when the step signal is input, the steady-state error
of the impedance control system and the adaptive variable-damping impedance control
system is 0.

The above system input signal is r(t) = sin ωt. Considering the first three terms of the
Taylor expansion expression, the dynamic force error of impedance control is calculated by
the long division method as follows:

ess(t) = ϕ(0)r(t) + ϕ̇(0)ṙ(t) +
(

1
2!

)
ϕ̈(0)r̈(t) + . . . = ω

b
ke

cosω t − ω2 mk − b2

2k2
e

sin ω t + . . . (29)

The dynamic force error of the adaptive variable-damping impedance control is
as follows:

ess(t) = ϕ(0)r(t) + ϕ̇(0)ṙ(t) +
(

1
2!

)
ϕ̈(0)r̈(t) + . . . = 0 − ω2 bλ

ksσ
sin ω t + . . . (30)

According to (29) and (30), when a sinusoidal signal is input when the environmental
stiffness ke is constant, the sinusoidal signal frequency ω and the impedance control
parameters m, b, and k of the ordinary impedance control are stable, and the steady-state
deviation changes with the sinusoidal signal period. The variable-damping adaptive
impedance control can increase the denominator term in Equation (30) by increasing
the adaptive law σ to reduce the steady-state deviation and achieve the effect of surface
adaptive force tracking.

Referring to the work in [11], the transient response of the adaptive variable damping
is analyzed. Now, n is no longer infinite, so the transfer function needs to be rewritten.
Dividing the two sides of (8) by the sampling time λ, ρ(0) = 0 in the initial state, and the
sampling time λ is small enough; then, approximately, c(t − λ) = c(t), and (8) becomes:

ρ(t) = −σ

b
c(t) (31)

By substituting (31) into (10), we have:

ẽ f = m ¨̃e + b ˙̃e − σc(t) (32)

The transient transfer function of the adaptive variable-damping controller is obtained
by the Laplace transform of (32):

G(s) =
ẽ(s)
c(s)

=
1 + σ

ms2 + bs
(33)

The oscillation damping coefficient of the controller is

ξ =
b

2
√

m(1 + σ)ke
(34)
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It can be seen from (34) that as the adaptive law σ increases, the damping coefficient
of the system decreases, the system is prone to oscillation, and the end of the manipulator
will have a significant force overshoot at the moment of contact with the environment.

It is necessary to dynamically adjust the adaptive law according to the force error and
the force error law. It is hoped that when the manipulator is in contact with the environment,
the adaptive law σ will be reduced to avoid any oscillation and large force overshoot. When
the system is stable, the adaptive law σ is increased to make the impedance control have
good tracking performance. The adaptive law σ can be determined according to the
following formula:

σ =
1

α|e f |+ β|ė f |+ U
(35)

in which e f = f − fd is the error of the force, ė f = ( f − fd)/λ is the relative accuracy of the
force control, and U is the value that stabilizes the system.

According to (19), the value of U can be calculated by

U =
λb + m

λb
(36)

Therefore, as shown in Figure 3, the adaptive law σ enables the dynamic adjustment
of the damping parameter ξ based on the real-time measurement of the force error. This
allows for the real-time adjustment of the transfer function G(s) in impedance control.
When the desired force fd is constant, the adaptive law compares the difference between
the actual feedback force and the desired target force based on the real-time force error e
and its derivative ė. It compensates and adjusts the damping parameter b, resulting in the
position compensation ∆X of the robotic arm. This compensation is then applied to the
actual feedback force at the end of the robotic arm, which approximates the desired target
force. The stability and convergence of the adaptive law have been proven in this section.

4. Experiment Validation

The experiment selected an acrylic glass curved surface as the working surface. After
enabling the robot arm, a fixed desired force was given, and the robot arm reached a stable
state under the force outer-loop feedback in the Cartesian space’s Z direction. The robot
arm was then moved at a constant speed of 1 mm/s along the X direction of the Cartesian
space. During the movement, the curvature of the surface continuously changed. However,
in traditional impedance control, fixed and unchanged impedance control parameters
cannot be adjusted in real time to adapt to the unknown environment. Based on the transfer
function of the impedance control shown in Figure 3, the adaptive law obtained using
Equation (36) in the impedance controller was used. By comparing the dynamical feedback
force output in real time from the position controller with the desired target force, the
damping parameter was adaptively adjusted to obtain new force-tracking results. This was
performed to verify the force-tracking effect of the robot arm on the curved surface when
using the impedance control algorithm based on adaptive variable damping. In addition, a
force-tracking experiment using conventional impedance control was also conducted to
compare and verify the control effectiveness of the two algorithms.

4.1. Construction of the Experiment Platform

The hardware environment of the platform was mainly composed of the following
four components: host computer, force acquisition system, SD7-700 manipulator system,
and motion control system.

The upper computer of the experiment equipped with Windows 10 and the system
memory was 64 GB. The force acquisition system adopted the KWR75 series strain six-axis
force sensor developed by Kunwei. The manipulator’s joint sensors and force sensor values
communicated with the host computer through the EtherCAT bus communication protocol
and carried out real-time control through Simulink Real-Time. The expected position signal
transmitted by the host computer to the lower computer and the sensor signal transmitted
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by the lower computer to the host computer were used as the input and output of the
control system. The motion controller adopted was KAGO-6301.

The experiment used the Simulink Real-Time module for real-time control. It was
mainly needed to complete the path planning of the manipulator, inverse kinematics
solution, data communication, and so on. The upper computer transmitted the position
input instruction to the lower computer through the Ethercat PDO Transmit module of
Simulink Real-Time through the Ethercat bus. At the same time, the sensors of each axis of
the manipulator transmitted the sensor value to the host computer in real time through the
Ethercat PDO Receive module to realize the effect of PID feedback control.

4.2. Experiment Design

As shown in Figure 4, the working surface of the manipulator was an acrylic glass
surface, which was cushioned by a foam plate to avoid damage to the manipulator and the
acrylic surface. After several debugging rounds, the impedance control parameters were
selected: m = 1, b = 200, and k = 0.

Figure 4. Mechanical-arm surface force-tracking experiment.

Applying the ordinary impedance control to the curved surface force-tracking experi-
ment proceeded as follows. The manipulator was given a desired force of 10 mm/s, and
the manipulator reached a stable state in the Z direction of the Cartesian space under the
feedback of the force outer loop. The manipulator moved uniformly along the direction of
Cartesian space at a speed of 1 mm/s. We observed the numerical changes collected by
the force sensor in the uniform motion stage and the displacement changes of the end of
the manipulator obtained by the joint position sensor after the forward kinematics of the
manipulator. The sampling time was 2 ms.

The results are shown in Figure 5. From the experimental results, it can be seen that the
ordinary impedance was controlled in the curved surface environment. The force tracking
error was more prominent at the position with a more significant curvature. In the rising
stage of the curved surface, the maximum contact force was 11.6 N. In the falling phase of
the curved surface, the minimum contact force was 8.5 N, and the relative accuracy of the
force control was more than 10%. The force tracking value was generally in a curve shape.
In the rising stage, the slope decreased from large to small, and the force tracking error
slipped from large to small. In the falling phase, the gradient increased from small to large,
the contact force decreased, and the force-tracking error increased from small to large.

We kept the experimental environment unchanged and set the initial damping to
B = 200 Nm/s. The adaptive variable-damping algorithm impedance control was used
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for the surface force-tracking experiment. The experimental results are shown in Figure 6
below.

Figure 5. Experimental results of surface force tracking.

Figure 6. Experimental results of surface force tracking based on adaptive variable damping (force
tracking curve and the z-axis displacement curve of the manipulator end-effector).

Comparing Figure 6 with Figure 5, it can be observed that the surface force-tracking
curve based on adaptive variable-damping impedance control exhibited overall fluctuations
in the force-tracking error around the desired force of 10 N, which did not change with the
trend of the surface slope variation. Apart from a significant fluctuation that reached 12.4 N,
the force fluctuation remained stable within 1 N during the rest of the experimental process.

The corresponding adaptive law and damping variation in the surface force-tracking
experiment based on adaptive variable damping are shown in Figure 7, indicating that the
damping parameter and adaptive law of the manipulator adjusted accordingly when the
curvature of the contact environment changed, aiming to regulate the control performance.

In the curved surface scenario, the manipulator moved along the x-axis at a speed of
1 mm/s. Experiments were conducted using the adaptive variable-damping algorithm
and the conventional impedance algorithm, with desired forces set at 1 N, 5 N, 10 N, and
20 N. The control effectiveness was evaluated based on the maximum force error, and the
performance comparison is presented in Table 1.
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Table 1. Performance comparison of the adaptive variable-damping algorithm and conventional
impedance algorithm in the curved-surface scenario.

Algorithm Metric
Given the Desired Force

1 N 5 N 10 N 20 N

Impedance control
Max force error/N 0.32 0.84 1.63 3.73

Relative accuracy of force control 32% 16.8% 16.3% 18.65%

Adaptive variable damping control Max force error/N 0.07 0.27 0.55 1.18
Relative accuracy of force control 7% 5.4% 5.5% 5.9%

Figure 7. Experimental results of surface force tracking based on adaptive variable damping (adaptive
law change diagram and damping change diagram).

From the experimental results, it can be observed that the relative accuracy of force
control of conventional impedance control in a curved surface environment was above
15%. In contrast, the force tracking curve based on adaptive variable-damping impedance
control exhibited overall fluctuations near the desired force with a relative accuracy of
force control of approximately 5% to 7%. The force fluctuations were stable within that
range. In the research conducted by scholar Li Zhengyi on neural-network-based adaptive
impedance control, where the robotic arm’s end-effector contacted a wooden board in the
normal direction and a 2 N desired force was given, the maximum deviation of the contact
force after stabilization was 0.2 N, with a relative accuracy of force control of 10% [28]. In
comparison to our study, where the contact curvature varied significantly and the surface
contact was more unknown, the overall relative accuracy of force control of the adaptive
variable-damping impedance control algorithm remained below 10%. Based on the overall
experimental results, it can be concluded that compared to conventional impedance control
and other conventional adaptive impedance control methods, the force-tracking error curve
of the impedance control based on the adaptive variable-damping algorithm is smoother,
and it exhibits superior force-tracking performance in a curved-surface scenario.

5. Conclusions

This paper investigated the influence of impedance control model parameters on
impedance control. Based on this, suitable inertia and stiffness parameters were selected,
and an adaptive algorithm with variable damping was employed to adapt to unknown
contact surface environments. The stability of the algorithm was proven, and a comparison
was made between the input response and transient overshoot of the impedance control
based on adaptive variable-damping and conventional impedance control. The selection
criteria for the adaptive law were obtained. Finally, the effectiveness of the algorithm was
demonstrated through real-time control experiments on the SD7-700 robotic arm system.

According to the experimental results, the force-tracking error of ordinary impedance
control increased with the increase in surface curvature, and the maximum relative accuracy
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of force control was more than 15%, indicating poor force-tracking performance. In other
literature studies, adaptive impedance control also generally has a maximum relative
accuracy of force control of around 10%. In contrast, in this study, impedance control based
on the adaptive variable-damping algorithm demonstrated a significant improvement in
force-tracking performance. In an unknown environment, where the adaptive law varied
with the motion of the robotic arm, the force-tracking error remained stable around the
desired force and fluctuated less. The relative accuracy of force control was between 5%
and 7%, leading to a notable enhancement in force-tracking effectiveness.

Based on the experimental results, it can be concluded that impedance control based
on the adaptive variable-damping algorithm outperforms conventional impedance control
in force-tracking performance in unknown contact-surface environments. It has positive
implications for robot contact control applications. In the force-tracking experiment section,
the construction of the surface for force-tracking experiments was relatively simple. In
the future, experiments can be conducted on more complex surfaces or in environments
with different surface materials to further evaluate the force-tracking performance of the
adaptive variable-damping law in diverse and complex environments.
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