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Abstract: To reduce weight and improve dexterity performance, dexterous robot fingers
usually use tendons for transmission, which may lead to complex nonlinear control prob-
lems. In order to improve tracking performance in joint space, this paper proposes an
anti-interference controller, which synthesizes the nonsingular fast terminal sliding mode
technique. A flexible joint dynamic model is established considering the flexibility of the
cable-driven mechanism. A nonlinear disturbance observer is adopted to estimate and
compensate the system uncertainties and various disturbances, and global fast terminal
sliding mode is used to ensure good control performance in both the reaching phase and
the sliding mode phase. Furthermore, symmetry is used to simplify dynamic modeling
and control design, and the stability of the controller is proven with Lyapunov theory.
Finally, the effectiveness of the controller is verified through simulation experiments. The
simulation results demonstrate that the proposed controller achieves a steady state in
0.3 s, higher tracking accuracy than the other controllers through quantitative analysis of
MAE and MSE metrics, and stronger anti-interference capability, which can satisfy the
requirements of finger dexterity operation.

Keywords: dexterous robot finger; nonlinear disturbance observer; tendon drive; nonsin-
gular fast terminal sliding mode; flexible joint dynamic model services

1. Introduction
Compared with a traditional robot end effector, the dexterous robot hand has out-

standing advantages such as the ability to operate complex-shaped objects with dexterity
and accurate trajectory tracking and force control, which attract the attention of many schol-
ars [1,2]. To increase dexterity, dexterous fingers usually use a cable-driven mechanism,
with the pulley cable or synchronous belt to transmit driving torque, reducing the inertia
and energy consumption of the fingers and improving their flexibility and integration [3,4].
Although this can effectively reduce the size and weight of the fingers, it also leads to a
decrease in the overall stiffness of the joint. This joint flexibility may cause many problems
with nonlinear friction, inaccurate sensor information, external interference, etc. It makes it
difficult for the dexterous finger to establish an accurate mathematical model and increases
the difficulty of controller design. Therefore, designing a high-performance controller to
achieve high-precision and anti-interference grasping operations of the dexterous finger
is crucial.

For control systems with symmetric structures, such as certain fingers of a dexterous
hand, symmetry can simplify dynamic modeling and control design. In the process of
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designing control algorithms, symmetry can be utilized to reduce the number of control
variables, thereby simplifying the control algorithm.

Currently, scholars have proposed many feasible control strategies for the dexter-
ous finger control problem, such as PID control [5], adaptive control [6], impedance
control [7–9], sliding mode control [10,11], and various composite control methods. Among
them, sliding mode control has been widely used in many high-precision control sys-
tems such as electric motors, manipulators, quadrotors, and dexterous hands due to their
invariance to system parameter perturbations and external interference [12–14].

The traditional sliding mode control method uses the linear hyperplane equation,
which can only guarantee linear convergence. To achieve rapid convergence in finite time,
MAN et al. [15] innovated high-order nonlinear functions on the surface of the sliding
mode and proposed the terminal sliding mode control (TSM) method, which effectively
weakened chattering but also brought discontinuity and singularity problems at the same
time. Feng et al. [16] proposed nonsingular terminal sliding mode (NTSM) control for
manipulator trajectory tracking control, which solved the singularity problem of the TSM
while ensuring fast convergence in the sliding phase. The literature [17–21] combined fast
terminal sliding mode control and nonsingular terminal sliding mode control and proposed
the nonsingular fast terminal sliding mode control method, namely, the NFTSM method,
which solved the slow convergence rate of nonsingular terminal sliding mode and the
singularity of fast terminal sliding mode control.

Due to the presence of many uncertainties in the parameters and various interferences
in cable-driven dexterous fingers, the trajectory tracking effect is limited to only using the
NFTSM method. When a disturbance occurs in the system, in order to meet the conditions
of the existence and reachability of the sliding mode surface and to effectively suppress
the disturbance, the gain of the control system must increase with the increase in the
disturbance, and a large control gain will often excite the high-frequency chattering of
the system, which seriously affects the control performance of the system. Research in
the literature [22–24] showed that the disturbance observer can effectively estimate and
compensate for the disturbance of the system and improve the anti-interference ability of
the system. Using the output of a nonlinear disturbance observer, the impact of external
disturbances on the system can be compensated for. Combined with the disturbance
observer and sliding mode control, high control accuracy can be obtained in uncertain,
strongly coupled nonlinear systems such as aircraft, robots [25,26], etc. The question of
how to select a set of optimal parameters to achieve better control quality is one of the key
issues for sliding mode control. Genetic algorithms and artificial immune algorithms often
fall into the optimal local solution, while the particle swarm optimization (PSO) algorithm
has global search ability. The PSO algorithm is simple and easy to implement and has fewer
adjustment parameters to adjust. It has been widely used in function optimization [27],
parameter tuning of control systems [28], etc.

Based on the above, this paper proposes a new anti-interference control strategy
to solve the trajectory tracking control problem in the joint space of the tendon-driven
dexterous fingers by combining the advantages of a nonlinear disturbance observer and
nonsingular fast terminal sliding mode control. The main contributions of this paper are
summarized as follows:

(I) The system modeling takes into account the influence of disturbances on the control
system. The unknown disturbance is accurately estimated by using a nonlinear
disturbance observer, and the estimated value is used as a feedback signal to provide
compensation for the sliding mode controller, effectively restraining the trajectory
tracking error caused by the disturbance and improving the anti-interference ability
of the system.
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(II) A nonsingular fast terminal sliding mode controller based on nonlinear disturbance
observer compensation is proposed for dexterous robot finger control. The nonlinear
hyperbolic tangent function is used to replace the symbolic function, which further
weakens the chattering problem. Fast and high-precision tracking of the expected
trajectory in joint space is achieved.

(III) Parameter optimization of the control system is implemented using the PSO algorithm,
which improves the overall performance of the controller.

The structure of the paper is as follows. First, a theoretical model of the dexterous
hand system is established. Based on this model, the controller is designed, including the
design of a nonlinear disturbance observer, the design of a fast continuous nonsingular
terminal sliding mode controller with stability proof, and parameter tuning using the
PSO algorithm. Then, a detailed comparison of simulation experiments under different
controllers is provided to verify the system’s stability, robustness, and tracking performance.
Finally, the conclusions of the paper are summarized, and references are also provided.

2. System Description
The structure model of a dexterous robotic finger driven by tendons is shown in

Figure 1. Every degree of freedom of the finger is driven by the motors. Through the
pillar, every motor, which is mounted on the forearm frame, drives the tendons to give pull
control. Torsion springs are installed to ensure the return of the fingers.

Tendon

Distal joint

Mid-end joint

Proximal joint

 Pillar 

Figure 1. Model of dexterous finger structure driven by tendon.
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In the process of tendon-driven finger movement, the power from the motor to the
joint is transmitted by the tendon, and the flexibility of the tendon is mainly concentrated
on the joint, which can be equivalent to a flexible joint. We simplify the flexible joint into a
linear spring for modeling and analysis (see Figure 2). The Lagrange–Euler method can be
used to derive the dynamic model of an n-degree-of-freedom cable-driven dexterous finger.
Considering joint flexibility, it can be described as

J(q, t)q̈ + C(q, t)q̇ + G(q, t) + τd(t) = Ks(θ − q) + Kd(θ̇ − q̇) (1)

M(θ, t)θ̈ + D(θ, t)θ̇ + Ks(θ − q) + Kd(θ̇ − q̇) = τ(t) (2)

where qq̇q̈ are the vectors of joint angle, joint velocity, and joint acceleration; θθ̇θ̈ are the
vectors of angle, angular velocity, and angular acceleration of the motor, respectively;
J(q, t) denotes the mass–inertia matrix of the joint; C(q, t) denotes the Coriolis force and
centrifugal force matrix; G(q, t) is the gravitational force vector; τd(t) denotes the vector of
disturbance torques; and KsKd are the joint stiffness and damping matrices, respectively.
τ(t) is the output torque of the motor, which is the input of the controller.

Motor

Joint

M

J

KsKd

τ θ

q

( , ) ( , ) ( , ) ( )+ + + =

q q q

( , )J q t

( , )C q t

( , )G q t

( )t K K

( )t

( , ) ( , ) ( , )

Figure 2. Simplified model of joint.

By combining Equations (1) and (2), it can be concluded that the dynamic model of a
cable-driven dexterous finger driven by an electric motor is as follows.

J(q, t)q̈ + C(q, t)q̇ + G(q, t) + M(θ, t)θ̈ + D(θ̇, t)θ̇ + τd = τ (3)

During the operation of the dexterous finger, a change in the posture of the fingertip
can cause changes in the load moment of inertia on the joints, and the driving chain is long,
which will be influenced by various frictional forces. These factors will bring modeling
uncertainty; therefore, it is necessary to estimate the modeling uncertainty.

By introducing a constant diagonal gain matrix J̄, (3) can be written as

J̄ · q̈ + d = τ (4)

where d = (J − J̄)q̈ + C(q, t)q̇ + G(q, t)+M(θ, t)θ̈ + D(θ̇, t)θ̇ + τd, which denotes a lumped
disturbance including all the external disturbances and system uncertainties.

3. Controller Design
3.1. Design of Nonlinear Disturbance Observer

In order to reduce the impact of external interference on the system and improve
the control accuracy of the system, an interference observer is introduced to approximate
the interference of the system. The nonlinear disturbance observer (NDO) has a brief
structure, small computation cost, and high approximation accuracy. The design process of
the observer is as follows.
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3.1.1. Observer Structure Design

Suppose that
˙̂d = K(d − d̂) (5)

where d is the actual output of the NDO and d̂ is the estimated output of the NDO, K is the
parameter to be designed. Define an auxiliary vector (the internal state vector of NDO)

z = d̂ + KJ̄q̇ (6)

Differentiating Equation (6) yields

ż = ˙̂d + KJ̄ · q̈ (7)

Bringing Equation (4) into Equation (5) yields

˙̂d = K(d − d̂) = K(τ − J̄ q̈)− Kd̂ (8)

By combining Equations (7) and (8), we obtain

ż = K(τ − d̂) (9)

The nonlinear interference observer is designed as{
d̂ = z − KJ̄q̇
ż = K(τ − d̂)

(10)

3.1.2. Estimation Error Dynamics

Assuming interference and uncertainty change slowly, it can be assumed that ḋ = 0.
Suppose the observation error is

d̃ = d − d̂ (11)

Differentiating Equation (11) yields

˙̃d = ḋ − ˙̂d = − ˙̂d = −ż + KJ̄ · q̈ (12)

We substitute Equation (10) into Equation (11):

˙̃d = −K(τ − z + KJ̄q̇) + KJ̄ · q̈ = K(z − KJ̄q̇)− K(τ − J̄ · q̈) (13)

3.1.3. Convergence of Error

We simplify Equation (9), and then the observation error equation is

˙̃d + Kd̃ = 0 (14)

It is solved as
d̃(t) = d̃(t0)e−Kt (15)

Thus, d̃(t0) is determined, the error of the observer is exponentially convergent, and
the convergence accuracy depends on the parameter K.

3.1.4. Selection of Parameter K

By designing the parameter K, the estimated value d̂ approximates the disturbance
and uncertainty terms d.
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1. Depending on the dynamic characteristics of the system, an initial value K0 is selected;
2. We tune the parameter K using simulation or experimental methods , so that the

convergence speed of the observer meets the requirements.
3. We consider the accuracy of the system and the energy efficiency of particle swarm

optimization parameter K, as shown in Section 3.3.

3.1.5. Proof of Stability of Observer

We design the Lyapunov function V = 1
2 d̃T d̃ and then V̇ = d̃T ˙̃d = d̃T(−Kd̃) = −d̃TKd̃,

because K is a positive parameter; V ≤ 0, so the observer system is stable.

3.2. Design of Fast Continuous Nonsingular Terminal Sliding Mode Controller
3.2.1. Control Input

The sliding mode control law is composed of equivalent control ueq and switching
robust control uct. By making ṡ = 0, the equivalent term ueq can be obtained, and then we
assume the input u = ueq + uct. By selecting the fast terminal sliding mode approach law
and finding the input u that meets the condition of sṡ ≤ −η|s|, the switching robust term
u1ct of the sliding mode control law can be obtained.

Assume the tracking error of the joint angle q of the dexterous finger is e = qr − q
and the tracking error of the angular velocity is ė = q̇r − q̇. The designed fast continuous
nonsingular terminal sliding surface is

s = e + β|ė|γ tanh(ė) = e + βsig(ė)γ = 0 (16)

where qr, q̇r are the reference values for the joint angle and its first derivative, β > 0,
1 < γ < 2 are the parameters of the controller, and tanh(·) is a hyperbolic tangent function,
which can effectively suppress the buffeting of the input torque signal by replacing the
common sign subsection function in the sliding mode control sig(s)p = |s|psign(s).

Taking the derivative of Equation (16) yields

ṡ = ė + βγ|ė|γ−1 ë = 0 (17)

We substitute Equation (17) into Equation (4), and the equivalent input of the system is

ueq = J̄((β−1γ−1|ė|)2−γ + q̈r + d̂) (18)

In order to enable the system’s state to converge and suppress chattering in a finite
time, a fast terminal sliding mode approach law is selected:

ṡ = −k1s − k2sig(s)p (19)

where 0 < p < 1, k1, k2 are the controller parameters.
Then, the switched robust control input based on this approach law is

uct = J̄(k1s + k2sig(s)p) (20)

Based on the principle of equivalent control in the sliding mode, the control input for
the joint angle q can be obtained as:

u = ueq + uct (21)
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3.2.2. Proof of Stability and Convergence of Sliding Mode

Theorem 1 ([29]). All signals in the system are bounded; the joint angle tracking error and its first
derivative converge to zero in finite time, that is,

|e| ≤ 2∆ = 2 min(∆1, ∆2) (22)

|ė| ≤ (∆/β)1/γ (23)

where ∆1 =
∣∣∣d̂ − d

∣∣∣/k1, ∆2 = (
∣∣∣d̂ − d

∣∣∣/k2)
1/p.

Define a Lyapunov function as:

V =
1
2

sTs (24)

Then,
V̇ = sT ṡ (25)

Simultaneously taking Equations (16)∼(21), the first derivative of a fast continuous nonsin-
gular terminal sliding surface can be derived as follows:

ṡ = ė + βγ|ė|γ−1(−β−1γ−1|ė|2−γ − k1s − k2sig(s)p + d̂ − d) (26)

Substituting Equation (26) into (25) yields

V̇ = βγ|ė1|γ−1(d̂ − d)s − k1βγ|ė1|γ−1s2 − k2βγ|ė1|γ−1sig(s)p+1 (27)

Equation (27) can be described in two forms:

V̇ = −(k1βγ|ė|γ−1 − βγ|ė|γ−1(d̂ − d)s−1)s2 − k2βγ|ė|γ−1|s|p+1 (28)

V̇ = −k1βγ|ė|γ−1s2 − (k2βγ|ė|γ−1 − βγ|ė|γ−1(d̂ − d)sig(s)−p)|s|p+1 (29)

For (28), if k1βγ|ė1|γ−1 − βγ|ė1|γ−1(d̂ − d)s−1 is positive definite, then V̇ < 0. For (29), if
k2βγ|ė1|γ−1 − βγ|ė1|γ−1(d̂ − d)sig(s)−p is positive definite, then V̇ < 0 is also available.

Lemma 1 ([30]). If there is a Lyapunov function V that satisfies the following equation

V̇ + εV + ωVδ ≤ 0 (30)

where ϵ > 0, ω > 0, 0 < δ < 1, then the stability time under this condition is

τS ≤ ε−1(1 − δ)−1 ln(1 + εω−1V0
1−δ) (31)

where V0 is the initial condition of V1.

According to Theorem 1 and Lemma 1, the sliding surface (16) is stable and converges
to a certain region within a finite time:

|s| ≤
∣∣∣βγ|ė|γ−1(d̂ − d)

∣∣∣/βγ|ė|γ−1k1 =
∣∣∣d̂ − d

∣∣∣/k1 = ∆1 (32)

|s| ≤ (
∣∣∣βγ|ė|γ−1(d̂ − d)

∣∣∣/βγ|ė|γ−1k2)
1/p = (

∣∣∣d̂ − d
∣∣∣/k2)

1/p = ∆2 (33)

By organizing the two Formulas (32) and (33), we can conclude that:

|s| ≤ ∆ = min(∆1, ∆2) (34)
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3.2.3. The Proof of the Convergence of the Tracking Error and the First Derivative of the
Tracking Error

We rewrite Equation (16) as:

e + (β − s
sig(ė)γ )sig(ė)γ = 0 (35)

For |s| ≤ ∆, when β − s/sig(ė)γ > 0, Equation (35) is kept in the form of TSM.
Therefore, the first derivative of the tracking error is converged to the region in finite time:

|ė| ≤ (∆/β)1/γ (36)

Based on Equations (35) and (36), it can be seen that the tracking error converges in
finite time as

|e| ≤ βsig|ė|γ + |s| ≤ 2∆ (37)

3.3. Parameter Tuning of NDO-NFTSM Based on PSO Algorithm
3.3.1. Selection of Evaluation Function

Taking into account the stability, the accuracy of the system, and the energy efficiency,
the evaluation function is

J(p) =
∫ ∞

0
(w1|e(t)|+w2|u(t)|)dt (38)

where e(t) is the system error, u(t) is the input control, and w1 and w2 are the weights. The
smaller the value of J(p) (fitness function), the closer the corresponding particles to the
global optimal solution. The value of the evaluation function will gradually decrease as the
algorithm runs.

3.3.2. System Structure of NDO-NFTSM Control

The system structure of NDO-NFTSM control based on the PSO algorithm is shown
below (see Figure 3).

Particle Swarm Optimization 

Objective Function

NFTSM

Controller Finger System

NDO 

Observer

Desired 

Trajectory

_
+

ß k1
q
r

q

q

qr
e

q,
d

r
q&

t
u

t
u

t
u

q&

q& q&&

K

Figure 3. System structure of NDO-NFTSM control based on PSO algorithm.

3.3.3. NDO-NFTSM Process Based on PSO Algorithm

The NDO-NFTSM process based on the PSO algorithm is shown in Figure 4.



Symmetry 2025, 17, 560 9 of 16

Figure 4. The NDO-NFTSM process based on the PSO algorithm.

4. Numerical Simulations
To test the effectiveness of the controller, it is assumed that the desired trajectory of

the dexterous finger joint angle q1 is a sine signal (due to the similar control effects of each
joint, to simplify the analysis, only one independent joint is analyzed in this paper) and the
other conditions are 0. Gaussian noise signals with the mean value of 0 and variance of
0.01 are adopted as the jamming torque, and the simulation time is 6 s.

There are three parameters that need to be tuned, namely, the sliding mode controller
parameters β and k1 and the disturbance observer parameter K. The PSO algorithm is used
to tune the parameters, which have a population of parameters of 20, a population size
of 8, a self-learning factor of 0.8, a population learning factor of 0.5, and an inertia factor
range of [0.4, 0.9]. The parameter-tuning effect is shown in Figures 4 and 5. When iterating
30 times, the particle swarm found the optimal value and maintained it subsequently. (see
Figures 5 and 6).

The tuning results for parameters β, k1, and K are 0.010, 15.0000, and 40.2050. The
optimal fitness value is 3.988.

We use four types of controllers, namely, NDO-NFTSM, NDO-ERLSMC (exponent
reaching law sliding mode control), NA-SMC (the neural network adaptive sliding mode
control) [31], and classical NDO-PID (Proportional Integral Differential), to conduct com-
parative simulation experiments and verify the effectiveness. The parameters of the four
controllers are shown in Table 1.
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Figure 5. Optimal individual fitness value.

Figure 6. Parameter optimization curve.

Table 1. Controller parameters comparison.

Controller Parameters

NDO-NFTSM (the proposed controller) β = 0.01, K = 40.205, γ = 1.5, p = 0.1, k1 = 15,
k2 = 400

NDO-ERLSMC c = 15, K = 40.205

NA-SMC c = 15, γ1 = 0.05, η = 0.1

NDO-PID kp = 50, ki = 0.5, kd = 2
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As shown in Figure 7, all four controllers can effectively suppress external interference,
achieving tracking of the reference trajectory in finite time. From the perspective of the
trajectory tracking effect, the tracking accuracy of the controller in this paper is superior to
the other three controllers. In an enlarged view, it can be seen that the tracking speed of the
NDO-NFTSM controller is the fastest, and it can quickly track the reference trajectory from
the initial state to around 0.3 s. Afterwards, it maintains a stable tracking state and has
strong anti-interference ability. The performance of the NDO-ERLSMC controller is lower
than that of the NDO-NFTSM, and the tracking performance of the NA-SMC is relatively
poor before 0.4 s, indicating that this is the parameter adaptation phase. After that, the
tracking accuracy improves significantly. In comparison, the performance of the NDO-PID
is inferior.
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Figure 7. Controller tracking performance comparison.

In order to verify uncertainty, in this study, the sources of uncertainty are the moment
of inertia of the motor and the external load disturbance. The moment of inertia J is
modeled as an interval uncertainty parameter with a range of J ∈ [Jmin, Jmax], which are
Jmin = 0.8J0, Jmax = 1.2J0. The performance of the error indicators MAE (Mean Absolute
Error) and MSE (Mean Square Error) under different moments of inertia J is shown in
Table 2 below.

Table 2. Error indicators under different J values.

Error Indicator 0.8J0 J0 1.2J0

MSE 0.0523 0.0479 0.0446
MAE 0.0942 0.0873 0.0784
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In order to verify system disturbance capability, suppose dt = −5, dt = 0.05 ∗ sin(t),
and dt is Gaussian white noise, respectively. The simulation results are shown in
Figures 8–10.
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Figure 8. Step signal interference dt and its tracking effect.
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4 Conclusions 

Figure 10. Gaussian noise signal interference dt and its tracking effect.

Figure 8 shows that under constant disturbance, the system can quickly converge
and maintain stability, demonstrating strong anti-disturbance capability; Figure 9 shows
that under sinusoidal disturbance, the system can effectively track the desired trajectory
with small tracking errors, indicating good suppression of periodic disturbances; and
Figure 10 shows that under Gaussian white noise disturbance, the system still maintains
high tracking accuracy, showing strong robustness to random disturbances.

Under different control methods, the quantification of the error index under Gaussian
noise is shown in Table 3 below.

Table 3. Error indicators under different controllers.

Error Indicator NDO-NFTSM NDO-ERLSMC NA-SMC NDO-PID

MSE 1.4417 × 10−4 1.8118 × 10−4 2.5063 × 10−4 2.2701 × 10−4

MAE 0.0088 0.0102 0.0127 0.0091

From Table 3, it can be observed that the MSE and MAE of the NDO-NFTSM system
are lower than the others, indicating that the NDO-NFTSM system has higher accuracy
and stability.

Figure 11 shows the output torque response of four controllers. It can be seen that
the control torque in this paper has a significant change in the initial stage and then tends
to stabilize without an obvious chattering phenomenon. The NDO-ERLSMC controller is
optimal in the initial stage with the smallest change in control torque, but its subsequent
performance is worse than that of the NDO-NFTSM controller. The AN-SMC controller
also performs well, and the NDO-PID controller has the maximum amplitude of torque,
which indicates that its torque performance is the worst.
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Figure 11. Joint torque response curves.

5. Conclusions
A fast terminal sliding mode control algorithm based on a nonlinear disturbance

observer is proposed for the joint trajectory tracking problem of dexterous hand fingers,
and the particle swarm optimization algorithm is used for parameter tuning to achieve
optimal control of trajectory tracking of dexterous hand fingers.

(1) A dynamic model of a dexterous cable-driven robot finger was established by equating
the flexibility effect of rope drive with the joint, and the simulation results also proved
the effectiveness of the model.

(2) Utilizing NDOB to estimate unknown interference online and compensating for
interference in the control system effectively suppresses the chattering of the system.

(3) By tuning the controller parameters using the PSO algorithm, it makes parameter
adjustment more convenient and improves the performance of the control system.

(4) FNTSMC is introduced to accelerate the rate of convergence of the control law, so
that the system tracking error can converge to the specified region in a finite time.
The simulation results show that the control algorithm in this paper has a faster
convergence rate and higher tracking accuracy than the others.
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Abbreviations
The following abbreviations are used in this manuscript:

NFTSM nonsingular fast terminal sliding mode
ERLSMC exponent reaching law sliding mode control
PID Proportional Integral Differential
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NA-SMC neural network adaptive sliding mode control
NDO nonlinear disturbance observer
PSO particle swarm optimization
MSE Mean Square Error
MAE Mean Absolute Error
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