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Abstract: Due to its high power-to-weight ratio, low weight, and silent operation, shape memory

alloy (SMA) is widely used as a muscle-like soft actuator in intelligent bionic robot systems. How-

ever, hysteresis nonlinearity and multi-valued mapping behavior can severely impact trajectory

tracking accuracy. This paper proposes an adaptive nonsingular fast terminal sliding mode control

(ANFTSMC) scheme aimed at enhancing position tracking performance in SMA-actuated systems

by addressing hysteresis nonlinearity, uncertain dynamics, and external disturbances. Firstly, a

simplified third-order actuator model is developed and a variable gain extended state observer

(VGESO) is employed to estimate unmodeled dynamics and external disturbances within finite time.

Secondly, a novel nonsingular fast terminal sliding mode control (NFTSMC) law is designed to

overcome singularity issues, reduce chattering, and guarantee finite-time convergence of the system

states. Finally, the ANFTSMC scheme, integrating NFTSMC with VGESO, is proposed to achieve

precise position tracking for the prosthetic hand. The convergence of the closed-loop control system

ﬁf;e;:tfgsr is validated using Lyapunov’s stability theory. Experimental results demonstrate that the external

pulse disturbance error of ANFTSMC is 8.19°, compared to 19.21° for the comparative method.
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Furthermore, the maximum absolute error for ANFTSMC is 0.63°, whereas the comparative method
shows a maximum absolute error of 1.03°. These results underscore the superior performance of the
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. , 1. Introduction
Sabin Copaci

Shape memory alloy (SMA) is a specialized smart material renowned for its lightweight
nature, high power-to-weight ratio, low driving voltage, self-sensing capabilities, and silent
operation. These characteristics make SMA an attractive choice for applications such as
robotic fingers or hands, where it functions as an artificial muscle or linear actuator [1-4].
SMA can transition between two crystal structures depending on temperature and stress:

the martensite phase and the austenite phase. During this phase transformation, SMA
exhibits hysteretic nonlinearity and multi-valued mapping due to variations in the starting
and finishing transition temperatures. This hysteretic behavior presents challenges for
precise control. Key factors affecting these hysteresis characteristics include the driving
This article is an open access article  Signal amplitudes, frequency, external load, and environmental temperature.
distributed under the terms and To achieve accurate tracking of the SMA-based actuator system, it is crucial to describe
conditions of the Creative Commons  the hysteresis behavior accurately. Conventional mathematical models for hysteresis are
Attribution (CC BY) license (https://  divided into differential-based models and operator-based models. Differential-based
creativecommons.org/licenses/by/  models are often developed by considering the physical phase transition process of SMA.
40/). The most popular models are the exponential phase transition model [5] and the cosine

Received: 2 August 2024
Revised: 11 September 2024
Accepted: 17 September 2024
Published: 19 September 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.

Actuators 2024, 13, 367. https:/ /doi.org/10.3390/act13090367 https:/ /www.mdpi.com/journal/actuators


https://doi.org/10.3390/act13090367
https://doi.org/10.3390/act13090367
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/actuators
https://www.mdpi.com
https://doi.org/10.3390/act13090367
https://www.mdpi.com/journal/actuators
https://www.mdpi.com/article/10.3390/act13090367?type=check_update&version=1

Actuators 2024, 13, 367

20f 18

phase transition model [6]. However, such models are often heavily simplified by using
fixed parameters and a single load, which leads to low modeling accuracy. On the other
hand, operator-based models utilize operators to match hysteresis without considering the
physical phase transition process. The most popular operator-based models include the
Preisach model [7], the Prandtl-Ishlinskii model, and their related generalized or modified
models [8,9]. Due to the complex dynamic properties, numerous operators are used to
describe the hysteresis, which increases the number of adjusting parameters and further
burdens the computer. In addition to the above two models, neural networks (NN) are
often used to describe the dynamic characteristics of SMA [10,11]. These methods utilize
parameter recognition to achieve data fitting. However, due to the large number of factors
affecting the hysteresis nonlinearity of SMA, it is difficult to fully establish a complete
training set, thereby making it challenging to ensure the accuracy of the model.

To compensate for the unmodeled dynamics of the SMA-actuated system, a possible
approach is to accurately estimate these dynamics and compensate for them. By lumping
the parameter uncertainty, unmodeled dynamics, and external disturbances as the total dis-
turbance, the extended state observer (ESO) is an extremely efficient method for estimating
the total disturbance and has been widely applied to nonlinear hysteresis systems [12-14].
To alleviate the issues of parameter adjustment and nonlinear function selection, a high-
gain linear ESO is proposed [15,16], but its transient performance and estimation accuracy
are unsatisfactory. To improve the transient performance and estimation accuracy, a time-
varying ESO is proposed [17,18]. However, the time-varying gain is dependent on time and
does not dynamically adjust based on the observation error. Therefore, it is crucial to design
an error-driven variable-gain extended state observer (VGESO) to enhance the transient
performance and improve the estimation accuracy. Gu proposed a generalized VGESO and
proved that the estimation errors exponentially converge to a specific region [19].

Another way to mitigate the negative effects of hysteresis is to design robust con-
trol algorithms, such as backstepping control [20,21], fuzzy control [22,23], adaptive
control [24,25], neural network control [26-28], and sliding mode control (SMC) [29,30].
SMC is a typical robust control method due to its insensitivity to parameter variations and
external perturbations. Although SMC can ensure that the system states reach the equilib-
rium point, it cannot guarantee convergence in finite time. Nonlinear sliding mode control,
also known as terminal sliding mode control (TSMC), can stabilize the system in finite
time [31,32]. The fast terminal sliding mode control (FTSMC) algorithm can further enhance
the convergence rate when the system states are far from the equilibrium points [33]. Due to
the negative fractional power term in the sliding variable, these algorithms may encounter
singularity problems. The nonsingular fast terminal sliding mode control (NFTSMC) algo-
rithm was proposed to avoid such singularities [34,35]. Additionally, NFTSMC guarantees
that the system converges to a stable state in finite time while reducing chattering. However,
all of the aforementioned algorithms assume that the upper bound of system uncertainty
is known. In practical applications, the exact upper bound is often unknown. Therefore,
accurately estimating external disturbances and uncertain dynamics is crucial for achieving
precise trajectory tracking control.

Based on the aforementioned error-driven VGESO and NFTSM theories, this paper
proposes an adaptive nonsingular fast terminal sliding mode control (ANFTSMC) scheme
to address the trajectory tracking control challenge of a prosthetic hand actuated by SMA,
which exhibits time-varying parameters and hysteretic nonlinearity. The ANFTSMC scheme
comprises two main components: NFTSM and error-driven VGESO. This scheme effectively
estimates unmodeled dynamics and external disturbances, facilitates the rapid convergence
of system states to the equilibrium point within finite time, and reduces chattering. The
primary contributions of this paper are as follows: (i) A feasible, simplified third-order
actuator model is constructed and an error-driven VGESO is introduced to estimate the
lumped disturbance within a fixed time. (ii) A new ANFTSMC algorithm is proposed
to address the effects of hysteresis nonlinearity, time-varying parameters, and external
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disturbances. The application of Lyapunov’s stability theory confirms that the system states
will converge to a specific region within finite time.

The remainder of this paper is organized as follows. Section 2 outlines the experimental
setup of a single-degree-of-freedom prosthetic finger actuated by SMA, constructs the
mathematical model, designs the error-driven VGESO, verifies the Lyapunov stability
analysis, proposes the ANFTSMC algorithm, and assesses the stability analysis for finite-
time convergence. In Section 3, comparison experiments are conducted to demonstrate the
effectiveness of the proposed scheme for the prosthetic finger. The ANFTSMC algorithm is
also applied to the prosthetic hand and its feasibility is further validated. Finally, Section 4
presents the conclusions.

2. Materials and Methods
2.1. Experimental Setup

The experimental setup of a single-degree-of-freedom prosthetic finger is shown in
Figure 1. The finger joint uses a rope-driven mechanism. Its movement and power are
provided by an SMA actuator. Structurally, one end of the SMA actuator is connected to a
tension sensor while the other end is attached to the finger joint via an insulated wire. In
this setup, the SMA actuator employs resistance heating. When the driving force generated
by the SMA actuator exceeds the elastic force of the spring at the finger joint, the finger joint
bends. The alloy wire is cooled by air, and the finger joint returns to its original position
due to the spring’s force. The alloy wire is a Flexinol wire actuator produced by Dynalloy,
Inc., with an austenite finish temperature of 90 °C. It has a diameter of 0.1 mm and a length
of 340 mm. Its resistance value is 126 (2/m. The output position signal is detected by the
encoder. The input and output signals are processed by the Beckhoff terminal module and
communicated with the Beckhoff industrial personal computer. To prevent overheating of
the SMA actuator, the maximum input current is set to 0.4 A and the sampling frequency is
set to 200 Hz throughout the experiment. The ambient temperature is 24 °C.

@ Beckhoff IPC @Beckhoff terminal GSMA wire @base
® finger ®encoder @insulated wire @tension sensor

Figure 1. The finger experiment setup of the SMA actuated system.

2.2. Mathematical Model

The mathematical model of the prosthetic finger comprises a heat transfer model, a
phase transformation model, a constitutive model, and a dynamic model.



Actuators 2024, 13, 367

40f18

2.2.1. Heat Transfer Model

According to the first law of thermodynamics, a heat transfer model can be obtained
as follows:
mepToma = i2Re — heAc(Toma — Ta) 1)

where m, R, and A, represent the mass, resistance value, and heat dissipation area of the
SMA wire per unit length, respectively. c;, is the specific heat capacity. i. is input current.
h. is the coefficient of heat conduction. Tsyia is the SMA temperature. T, is the ambient
temperature, T, = 24 °C.

2.2.2. Phase Transformation Model

Both temperature and stress can induce phase transformations in SMA between the
martensite and austenite phases. The combined effects of temperature and stress determine
the extent of these transformations. Experimental results from the literature [36] show
that, under isostress conditions, martensite transforms into austenite as the temperature
increases, with a greater degree of transformation occurring at higher temperatures, pro-
vided the temperature does not exceed the austenite finish temperature (A¢). Conversely,
as the temperature decreases, the reverse transformation occurs. At a constant temperature,
a reduction in stress leads to the transformation of martensite into austenite, with the
degree of transformation increasing as the stress decreases. Similarly, as stress increases,
the transformation reverses. According to the enhanced phenomenological model [36], the
phase transformation models and conditions can be expressed as follows.

The transformation equation from martensite to austenite is as follows:

Rh
R = =52 {cos[aa(Tsma — As) + bao] +1} )
lfTSMA_& >0117’ldA5+& < Tsma SAf"f—&
where Ry, represents the volume fraction of martensite Ry, € [0, 1], where Ry, = 1 indicates
a fully martensitic state while R, = 0 indicates fully in austenite; R}r}m is Ry, before the
transformation from martensite to austenite; As is the austenite start temperature; A¢ is the
austenite finish temperature; o is the stress; a5 = ﬁ ; Ca represents the curve fitting
parameter; and by = —(’%.
The transformation equation from austenite to martensite is as follows:
1-R$a 1+R%.
Rm = 5 < {COS[ZZM(TSMA—Mf)—.—bM(T]—.—T}
f Lo o o o
if Toma — g < 0and Mg+ & < Toma < Ms + &

)

where RS, is R, before the transformation from austenite to martensite, M is the marten-
site start temperature, M; is the martensite finish temperature, ay; = MS%MH Cyv is the

curve fitting parameter, and by = — é—ll‘\"/[

2.2.3. Constitutive Model

Based on the constitutive relationship model proposed by Tanaka [37], the output
stress o of SMA is related to temperature Tgya, strain ¢, and martensite volume fraction
Rpm. The expression is as follows:

0 =EFEé¢+ QmRm + ®TSMA (4)

where E, )y, and O represent Young’'s modulus, transformation tensor, and thermal elastic
modulus, respectively. E = 51.5 x 10%, O = —2.06 x 10%, and ©® = —0.055.
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2.2.4. Dynamic Model

According to the theorem of momentum, the dynamic model of the prosthetic finger
joint is expressed as follows: ) '
JO =t (o) — g — 6 (5)

where | is the moment of inertia; 6 is the joint angle; and 7, (¢’) and T are the active torque
and the resistance torque, respectively. Ty, () = T Awire?, Where Ayire is the cross-sectional
area of SMA wire and r is the output force arm. 77 = Fricos(6), where F is the spring
resistance, r| is the resistance arm, and c is the viscous damping coefficient.

Combining the heat transfer model, the phase transformation model, the constitutive
model, and the dynamic model, the mathematical model of the prosthetic finger can be
expressed as the following state equation:

01(t) = 62(t)

6?2('5) = 03(t) ©)
03(t) = fi(6, Tsma) + 81(6, Toma ) u

y(t) = 61(¢)

where 0 = [ 01,6,,03 ]T € R3 is the state vector of system, and 01, 6, and 03 represent
angle, angular velocity, and angular acceleration, respectively. y is the system output;
11(6, Tsma ) and g1(0, Toyma ) are the functions of 6 and the temperature Topa .

To obtain accurate system model parameters, this paper employs a two-step least
squares parameter identification method. The detailed identification steps can be found in
the previous literature [38]. The exact parameter values of the system model are shown in
Table 1.

Table 1. List of system model parameters.

Par. Values Par. Values
Mg 62.26 °C M 35.86 °C
As 72.58 °C A 90 °C
h 16.45 W/m °C cp 109.57 J/kg °C
4 128 Ns/m

2.3. State Estimation
2.3.1. VGESO

Let 04(t)) = f1(6, Toma) + §1(0, Toma )u + d(t) be defined as a new extended state
variable, where §1(0, Tspma ) = §1(0, Tsma) — §1(0, Tsma ), $1(6, Tsvia ) is the estimated value
of g1(6, Tsma ), and d(t) represents the total disturbance of the system, which includes
parametric perturbations, unmodeled dynamics, and external disturbances.

Assumption 1. The lumped uncertainty 6 is differentiable, and its derivative is given by 04(t) =
h(t), where h(t) is bounded, |h(t)| < o.

Then, the extended state equation can be obtained as follows:

01(t) = 62(t)

éz(t) = 05(t) @)
05(t) = 04(t) + £1(6, Tsma ) u

04(t) = h(t)
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According to the extended state observer theory, an error-driven VGESO is designed
as follows [19]:

(1) = 0a(t) — 3@ ()8 (1)

ba(t) = 05(1) — Zg(Bi(1)AL (1)

b1 = 4(0) + (6, T ) — S0 ?
bi(t) = ~ S8 (Br(1): (1)

where the parameters of §;(t) and a; > 0 for i = 1,2,3,4 are the estimated values of 6;(t)
and the observer gains, respectively. 8;(t) = 8;(t) — 6;(t) represents the observer errors, and

g(61(t)) is the variable gain defined as g(f;(t)) = e[/ where w is the speed factor
used to increase the response speed and limit the maximum value of the variable gain
¢(01(t)), and e, is a positive scalar. It is evident that g(f; (t)) satisfies 1 < g(8;(t)) < ev.

2.3.2. Convergence of VGESO
According to 7;(t) = é"g(;%f) for i = 1,2,3,4, and by combining (7) with (8), the

estimated error system can be expressed as
q(t) = A(t)n(t) + eaBh(t) ©)

where A(t) = [ —a18(71(t))100, —arg (171 (t))010, —azg (171 (t))001, —asg (171 (t))000 ]T,

w

T T
B=100,0,-1]",5(t) = [ m(t),n2(t),75(),na(t) |, and g(im(t)) = el
Obviously, the error-driven matrix A(t) is not always a Hurwitz matrix. To prove the
observer is convergent, let A(t) be defined in the following form:

A(t) = A+ EN(t)F
—x1 1 0 O awvm 0 0 0
L e 001 0| 4 avm 000 ~
where F = /iy, E = ily, A = 4 0 0 1 JE= eV 0 0 0 Nm=eY —1,
—a4 0 0 O ag/m 0 0 0

i = 7175517_11(”), and |71| < 1.

If the value of a; is properly chosen, then the matrix A becomes a Hurwitz matrix.
Consequently, there exists a symmetric positive definite matrix P that satisfies the following
Lyapunov equation.

A'P+PA=-1, (10)
) p—

Choose the Lyapunov function V}, (#(t) 7' (t)Py(t); then, the following inequal-
ity exists:
Amin(P) | () [P< Vo (5()) < Amax(P) [ n(t) | (11)

where Amin (P) and Amax(P) denote the minimal and maximal eigenvalues of the matrix P,
respectively.
Define
¢ = ePEETP+ ¢ 'FTF— I, (12)

where € > 0 is a scalar.
There is the following inequality:

Amin(PE) s < P < Amax(¢p) s < tr(Pp) 14
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where ¢ = PEETP; /\mm(qbg) and Amax(¢r) denote the minimal and maximal eigenvalues
of ¢, respectively; tr(¢pg) = Z @i =m || EEP ||?; and Eg = [ay, ap, a3, ay).
=
Therefore, for a given parameter € > 0, if 171 is chosen to satisfy the following relation-
ship:
_°
€2 || EgP ||? +1

then the matrix (12) is a negative definite matrix.
The time derivative of V}, is

0<m<

( ()E)TP + P(EN(t)F) — I3)y(t) + 247 (t)PBh(t)
T(t)(ePEETPT + ¢ 'ETE — Iy)y + 247 (t) PBh(t)

< M“‘“‘i"’%'vp(q(t}) + ﬁ%a@ | PB || \/Vpi

where Apin(¢) denotes the minimal eigenvalue of matrix ¢.
From Equation (13), we can obtain

d |/\mm ’
Vel < - Bl Vimne g | 2| 14

By Equations (11) to (14), we have

(13)

e

|4 A min ()
0l < /Vp - m R R A O (15)
mm mm

Amm(P) 0

Based on the relationship between #;(t) and ;(t), we can derive

€a

e umax " 2Amax(P)

rrun ( ) Amm

£a* ' 0[|PB|| Amax

0i(t) is ultimately convergent and it satisfies the bound |6;(t)| < 2 o (@) Ao (15(

p)
o

Lemma 1 ([39]). Consider the system (9), suppose there exists a positive definite function V (x) :
U — R and an open neighborhood Uy € U of the origin such that V(x) < —¢V(x) —
P2V (x),x € Up\{0}, where ¢p1 > 0, ¢ > 0, and 0 < a < 1. Then, V(x) can converge

%ln% VI8 (xo+¢n)
91 '

to zero in a finite time Ty. The settling time Ty is bounded by Ty < 5

1
Equation (13) can be rewritten as

Vo(5() = —o1Vp(1(t)) — o2V (1)) (17)
where o = % and oy = %.

According to Lemma 1, #(t) can converge to a region near the origin within a finite
time. Considering the relationship between 7(t) and 6;(t), we can conclude that 6;(t) will
ultimately converge to a region around the origin within a finite time.

2.4. Controller Design and Stability Analysis

In this section, an ANFITSMC scheme is proposed to address the unmodeled dynamics,
hysteresis nonlinearity, and external disturbances in the prosthetic finger system. The
control framework of the ANFTSMC scheme [39] is shown in Figure 2.
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Oy 04,64 NFTSMC manifold U=l gt 1l robot 0.,0,0

+ Eq.14 Eq.18 prosthetic
- hand system
VGESO

. A Eq.3
&1 (97 Tovu ), 64

Figure 2. The block diagram of the ANFTSMC scheme.

2.4.1. Controller Design

Assumption 2. The reference signal 84 is a function that is twice differentiable with respect to
time t.

Firstly, define the error terms: ey = 61 — 04, ég = € = 62 — 0y, and é, = e, = 03 — B4.
According to (7), the error dynamics of the system can be described as

g = €w
€y = €a (18)
éa =04+ 81(60, Tsma)u — 64

A NFTSMC sliding surface s(t) is designed as follows:
s(t) = eg + k1 |eg|P1sign(eg) + kalew|P2sign(ew ) + kslea|PPsign(ea) (19)
where ky, k, k3, B1, B2, and B3 are all positive constants, with 1, B2, and B3 satisfying the

conditions 1 < B3 < 2and B > B > Bs.
Taking the derivative of (19), we have

5(t) = ég + k1plealP o + kapalew | ew + +haPsleal e (20)
Substituting (20) into (18), the following expression can be obtained:
5(t) = ég + kiPileg|” g + kaPalew|P? ew + kapalea ! (04 + £1(6, Toma)u — 84) (21)

To guarantee that the system states ultimately track the reference trajectory, a novel
ANFTSMC law is designed as follows:

U = Ueq + Usyy + Uy (22)
where
. 1pleal' P -1 Br—1
teg = 100, Toma) ™ | v (1+kiBileg|” ™ ew + kaPalew|” ea) + 6 4]
_ . 23
Usw = $1(0, Topma) 1[—l1|s|c151gr1(s) — Ips — I3sat(s)] (23)
g = —8§1(6, Toma) 64
where "
(Is| + ) Isign(s) , [s] > ss
sat(s) = Is| (24)
(s) { (‘tsa‘rﬁfﬁ) tanh(s/ss) , s <s;

where ¢ > 1 and s; denotes a small positive constant.

2.4.2. Stability Analysis

In order to prove that the closed-loop system can converge in a finite time, a Lyapunov
function candidate is chosen as V] = %sz and the derivative of V; with respect to time is
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Vi = 58 = s(ég + k1 B1ea| " éq + kaBalew|P M ew + kaBslealP ! (04 + §1(6, Toma)u — 64)) (25)
By substituting the control law (23) into the above equation, we can obtain
V) = —5/33k3|ea|'33_1(11|s\clsign(s) + Ips + I3sat(s) + 604 — 04)
(26)

1 2 ¢+l 1 2 c+1 ~
= *(2Qzlz(§5 ) +272 th(f ) 2 +13sQosat(s) — Q2s6y)

where Q, = Bsks|ea|P . )
When [s| > s;, and by choosing I3 so that the inequality I5(|s| + 1)l > |6,/ is satisfied, we
can obtain

c1+1

. 1 c1+1 1 o+l ~ art
Vi < —(2Qala(=8%) + 277 Qoli(2%) 7 ) — |s|Qa(la(|s| + )| — |64]) < —03Vy — 0y V; 2 (27)
2 2

where 03 = 2Q212 and 04 = 2# Qle-

From Lemma 1, we can verify that the ANFTSM manifold s converges to a region near
the origin within a finite time.

Through transformation, (19) can be rewritten as follows:

S

o+ (kg — ———
o Bsianten)

)|eo|Psign(eg) + k2 lew|Psign(ew) = 0 (28)

The above expression is in the same form as Formula (15) in the literature [40]. Thus,

if ky — m > 0, the angular error ¢y will converge to a region where |eg| < (I%)l/ A
with a finite time.

Similarly, if ky — > 0, then the angular velocity error will converge to a

S
lew|P2sign(ec)
region where |e,,| < (Z—‘;)l/ P2 within a finite time.

In the same way, if k3 — W > 0, then the acceleration error will converge to a
ea|"3sign(ea

region where |e,| < (%)1/ P3 within a finite time.

3. Results
3.1. Model Validation

To demonstrate the superiority of the VGESO, a comparative experiment is conducted
between the VGESO and the nominal model. Considering both estimation accuracy and
chattering, the parameter values of the VGESO are selected asa; =4, ap = 6,03 =4, 04 =1,
w = 04, and ¢, = 0.1. The sinusoidal excitation signal of the system is given by u(t) =
0.2 — 0.2cos(27tft), where the driving frequencies are 1/50 Hz, 1/30 Hz, 1/20 Hz, and
1/15 Hz, respectively. The frequency of the excitation signal reflects the rate of temperature
change in the SMA actuator, which influences the hysteresis characteristics. Figures 3—-6
show the comparative results of the actual output, the nominal model, and the VGESO.
From Figures 3-6, it can be observed that the VGESO demonstrates better estimation
accuracy and faster estimation speed compared to the nominal model. Additionally, as
the frequency increases, the accuracy of the nominal model decreases. The quantitative
analysis of RMSE is presented in Table 2, which further confirms that the VGESO offers
significant advantages and effectively compensates for model errors.

Table 2. The index of RMSE.

Frequency (Hz) RMSEorminal model (6) RMSEvygeso ()
1/50 1.324 0.006
1/30 2.218 0.008
1/20 2.631 0.009

1/15 3.046 0.011
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Actual output - - - = Nominal model —-—-—-— VGESO
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(4]
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]
4]
T

time[s]

Figure 3. Comparative result among the actual output, nominal model, and VGESO at f = 1/50 Hz.
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(4]
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T

time[s]

70

w
(= -
T T

angle[]
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o
T
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time[s]

Figure 5. Comparative result among the actual output, nominal model, and VGESO at f = 1/20 Hz.

-

angle[d]
(4]
o

[l
o
T

0 5 10 15 20 25 30 35 40 45
time[s]

Figure 6. Comparative result among the actual output, nominal model, and VGESO at f =1/15 Hz.

3.2. Experimental Validation on the SMA Actuator-Based Finger Setup

To verify the effectiveness of the proposed control algorithm, we compare the proposed
ANFTSMC with SMC based on LESO (ESMC). In the comparison experiment, the same
sliding mode manifold is used for both algorithms. The control parameters are selected
as B1 =2.8,B2,=215B3=14,k; =1,k =1,k3 =051 =1,1p =1,I3 = 0.001, and
c1 = 0.3. To demonstrate the dynamic trajectory tracking performance, we have designed
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two types of trajectory tracking experiments: one with multi-step trajectory tracking and
the other with constant value trajectory tracking under variable load disturbance.

3.2.1. Set-Point Tracking

Figures 7-10 show the comparative results between the ANFTSMC scheme and the
ESMC scheme. Specifically, Figure 7 depicts the multi-step tracking trajectory. Figure 8
illustrates the corresponding tracking error. Figure 9 displays the control input for the two
schemes. Figure 10 shows the performance of the sliding mode manifold. It is evident that
both schemes can track multi-step trajectories. However, the proposed ANFTSMC scheme
exhibits a faster convergence rate during value increases and decreases. This indicates that
the ANFTSMC scheme can more quickly compensate for the total disturbances during the
transition between martensite and austenite. It can be observed that the proposed scheme
effectively reduces chattering compared to the ESMC scheme. This further demonstrates
that the ANFTSMC method possesses strong capabilities to estimate the total disturbance
in real time. Furthermore, Figure 10 shows that the proposed method enables the system
states to converge more quickly to the equilibrium position.
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Figure 7. Comparing the multi-step tracking trajectory of two methods.
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Figure 8. Comparing the multi-step tracking error of two methods.
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Figure 9. Comparing control input of two methods.
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Figure 10. Comparing the sliding mode manifold of two methods.

3.2.2. Load Variations and Disturbance Rejection

The load factor can affect the dynamic properties of the SMA prosthetic finger, as
different loads can result in different hysteresis loops. To verify the ability of the proposed
method to resist varying load disturbances, the system applies an additional 50 g load to the
fingertip after the 10th second during the 20° setting value tracking experiment, unloads
the 50 g load at the 20th second, applies a 150 g load at the 30th second, and then unloads
the 150 g load at the 40th second. To further verify the robustness of the control system,
an external pulse disturbance is applied to the system during the tracking of the setting
value. To ensure load consistency, the coupling is rotated 15° counterclockwise at the 50th
second, enabling the alloy wire to achieve temporary relaxation. Figures 11-14 show the
setting value tracking trajectory experiments with load disturbances. Figures 11 and 12
demonstrate the ability of the two schemes to reject load disturbances. It can be seen that
the ANFTSMC scheme can quickly converge to the reference trajectory under the condition
of increasing or decreasing loads, with small errors and strong disturbance rejection ability.
However, while the ESMC scheme can ensure the system’s stability, the tracking error
is larger. The external pulse disturbance error of the ESMC scheme is 19.21°, which is
more than twice as large as that of the ANFTSMC scheme (8.19°). Figure 13 shows the
control input, and it is obvious that the proposed ANFTSMC scheme exhibits less chattering
than the ESMC scheme. Furthermore, from Figure 14, it can be further observed that the
ANFTSMC scheme has greater robustness.
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Figure 11. Comparing tracking trajectory of two methods under variable loads.
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Figure 14. Comparing sliding mode manifold of two methods under variable loads.

3.3. Experiments on SMA Actuator-Based Prosthetic Hand Robot System
3.3.1. The Experimental Setup

After verifying the proposed ANFTSMC algorithm, we designed a prosthetic hand
robot system based on the SMA actuator, as shown in Figure 15. This dexterous hand robot
consists of five fingers, and each finger is controlled by an individual SMA actuator. The
SMA actuators are installed in the forearm. In order to enhance control over the SMA wire,
a displacement feedback mechanism has been established. The controller is a Beckhoff in-
dustrial personal computer, and analog communication is conducted through the Beckhoff
terminal module. The sample frequency is set to 200 Hz. To prevent overheating of the
SMA actuator, the maximum input current value is set to 0.4 A.
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Figure 15. Prosthetic hand robot system based on SMA actuator.

3.3.2. Position Tracking Experiments of the Prosthetic Hand System Based on ANFTSMC

In this section, we select the index finger part of the prosthetic hand robot as the
controlled object, and we compare the position response curves of the proposed ANFTSMC
algorithm with the ESMC method under step desired signals as well as sinusoidal desired
signals. Meanwhile, to further demonstrate the control effects of the two control algorithms,
we also compare the error tracking curves once the system reaches a steady state.

The sinusoidal response comparison curve and error comparison curve of the two algo-
rithms are shown in Figures 16 and 17. The reference signal is r(t) = —7.5cos(27tt/25) + 12.5.
Because the pre-tension affects the dynamic characteristics of SMA, the index finger is
pre-tightened in this part of the tracking experiment, with an initial bending angle of 5°.
From Figures 16 and 17, we can find that the proposed ANFTSMC algorithm can compen-
sate for the change in dynamic characteristics, having a smaller steady-state error and less
chattering. Only considering the steady state of the system, the maximum absolute error of
the ESMC is 1.03° and the maximum absolute error of the ANFTSMC is 0.63°. Therefore,
the tracking performance of the ANFTSMC is better.
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Figure 16. Position tracking result for sinusoidal signal tracking.
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Figure 17. System steady-state error for sinusoidal signal tracking.
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The step signal tracking comparative curves are displayed in Figures 18 and 19. From
the experimental results, it can be observed that the proposed ANFTSMC algorithm exhibits
a small overshoot value, specifically 0.59°. In contrast, the overshoot value of the ESMC
algorithm is 1.19°. Meanwhile, when the system reaches a stable state, the proposed
ANFTSMC algorithm ensures stability with minimal chattering or vibration. However, the
ESMC algorithm experiences continuous chattering. Therefore, the prosthetic hand robot
system demonstrates superior control performance when using the ANFTSMC algorithm.
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Figure 18. Position tracking result for step signal tracking.
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Figure 19. System steady-state error for step signal tracking.

3.3.3. Grasp Experiments

To evaluate the flexibility and grasping capabilities of the SMA-actuated prosthetic
hand robot, experiments focusing on typical activities of daily living were carried out
in this part. According to the different objects grasped, the grip patterns are classified
into power grip, precision grip, and lateral grip [41]. Due to the structural limitations
of the prosthetic hand used in this study, lateral grip experiments are not included as
part of the experimental content in this paper. We conducted tests and experiments with
various commonly used postures in daily living, along with 50 grasps of multiple types
of items, achieving a grasping success rate of over 95%. In Figure 20, we display the
pointing posture, OK posture, cylindrical grip, spherical grip, and precision grip from left
to right. The pointing posture is a frequently used action in daily living, such as pressing a
switch, while the OK posture expresses agreement. The cylindrical grip and spherical grip
belong to power grips. The diameters of the cylinder and the sphere are 6.3 cm and 6 cm,
respectively. The object intended for precision grip is a standard competition-grade table
tennis ball. As shown, the prosthetic hand is capable of performing different hand gesture
movements and achieving stable grasping of different objects. Therefore, the effectiveness
of the proposed ANFTSMC algorithm is further confirmed.
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(©

Figure 20. Common postures and grip patterns: (a) pointing posture; (b) OK posture; (c) cylindrical
grip; (d) spherical grip; (e) precision grip.

4. Conclusions

A novel ANFTSMC method, which is a combination of NFTSMC and VGESO, is
proposed to estimate the unmodeled dynamics, compensate for the hysteresis nonlinearity,
and improve the control performance of a prosthetic finger actuated by SMA. The NFTSMC
scheme can avoid singular problems and mitigate chattering. The VGESO is designed
based on errors to dynamically adjust gains. It can accurately estimate the unmodeled
dynamics and disturbance within finite time, thus enhancing the robustness of the system.
Lyapunov’s stability theory proves the convergence of the closed-loop system in finite time.
By comparing it with the ESMC algorithm, the superiority of the proposed ANFTSMC
algorithm in terms of control is demonstrated. Meanwhile, the ANFTSMC algorithm
is also applied to a prosthetic hand robot system, and the experimental results further
demonstrate the effectiveness of the proposed method. In the future, we will enhance the
control performance by reducing the adverse effects of actuator saturation.
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