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Abstract: The shape memory alloy (SMA)-based robotic hand has been a new emerging technology
with potential applications ranging from life service to surgical treatment, because of the characteris-
tics of SMA, such as high power-to-weight ratio, small volume and low driving voltage. However,
due to the complex dynamic model and nonlinear aspects of SMA, it is complicated to control an
SMA-based robotic hand. This paper presents a novel model free adaptive control for the SMA-based
robotic hand system. By applying the Taylor series expansion method and the differential mean
value theorem, the SMA based robotic hand system can be transformed into an equivalent lineariza-
tion model, which merely depends on measurement data without any information on the system.
Combined with prescribed performance control, the novel control method can constrain the tracking
error in a preassigned domain. Experiments are conducted on the SMA-based robotic hand system
to verify the performance of the presented control method.

Keywords: robotic hand; shape memory alloy; model-free control; predefined accuracy

1. Introduction

In recent years, developing service robots for human beings has been a prospective
trend that has attracted the attention of scholars. As the main kind of service robotic
system, the robotic hand has been extensively studied [1–3]. Robotic hands, convention-
ally composed of cumbersome mechanical components and rigid actuators, can produce
accurate displacements and forces. However, conventional robotic hands are unsafe and
exhibit poor adaptability when they interact with humans or the surrounding environment.
With the development of smart materials, robotic hands have been actuated by different
actuation techniques such as shape memory alloy (SMA) actuation [4–6], pneumatic actu-
ation [6,7], and dielectric elastomer actuation [8,9]. Compared with other robotic hands,
SMA-based robotic hands have shown dramatic potential for application because of the
significant features of SMA, including a high power-to-weight ratio, low noise, and com-
pact configuration [10]. Moreover, SMA can be easily actuated by a low driving electric
current to achieve safe interactions between humans and robots. For these reasons, various
prototypes of SMA-based hands have been proposed. Lee et al. developed an SMA-based
robotic hand in [11], which was a lightweight and compact robotic hand that had all the
SMA wires and returning springs embedded in the palm. Each finger has two degrees of
freedom (DOF) and the thumb is completely passive. To ensure compactness and sufficient
stroke, the SMA wires were wrapped around some pulleys. However, the structure of the
proposed robotic hand is complex. Bundhoo et al. presented in [12] a four DOF biomimetic
finger actuated by SMA wires arranged in an antagonist–protagonist configuration. In the
paper, an abduction/adduction motion is added, and a passive compliance is introduced
in the tendon’s cables by connecting a spring in series to each SMA wire and in parallel
to a slack tendon wire. Each phalanx can perform a motion of 40 deg with a bending and
stretching time of 25–30 s. A fingertip force of 0.4 N has been measured, while the grasping
force is small. Maeno et al. developed in [13] a miniature five fingered hand designed
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for surgeries using 0.05 mm diameter SMA wires. This 20 DOF prototype shows a finger
motion range of 30 deg. The measure fingertip force is 0.75 N. The motion range is small.
In [14], a concept for an SMA-actuated gripper has been developed. In the structure, SMA
wires are integrated in protagonist–antagonist muscle pair configurations. The maximum
force is 1.4 N, which is small for the robotic hand, and the weight is large. In [15], an
SMA-based robotic gripper is proposed for grasping. The gripper is composed of three
fingers with variable stiffness. The maximum gripping force of the gripper is 6N. However,
the production process needs a long time.

As the essential component of the SMA-based robotic hand, the robotic finger is
designed by the SMA actuator embedded into a polymeric matrix [15,16]. The structure
and the driving method of the SMA-based robotic finger are simple, whereas SMA has
the characteristic of nonlinearity. The “shape memory effect” of SMA, between a low-
temperature martensite phase and a high temperature austenite phase, can lead to the
complexity and difficulty of controlling the robotic hand. The existing research focuses
more on the method of controlling the SMA actuator, which can be separated including:
(1) constructing models, for instance, mathematical models [17,18] and the “black box”
model [19,20], to represent the SMA dynamics for further control; (2) designing a controller
to improve the tracking ability of the SMA actuator, such as sliding mode control [21],
PID [22] and fuzzy logic [23].

Generally, the SMA-based robotic hand can produce movements through the embed-
ded SMA actuator [5,7,16], which can result in the complication of control. Moreover, the
SMA-based robotic hand system is subjected to the parameter uncertainties and imprecise
models [24,25]. Currently, two control methods are considered to improve the control
precision of the SMA-based robotic hand system, namely, applying a neural network (NN)
to establish the dynamic model of the robotic hand and designing a controller to reduce
nonlinearities of the system. In [25], the neural network is used to model the SMA-based
robotic hand system in real time, and then predictive control is used to predict the system
so as to control the movement of the SMA hand. However, it takes a lot of time to collect
the input and output data, and the model trained by the neural network also has errors.
In [26], based on the step response signal, the transfer function of the SMA based robotic
hand model is established by the system identification method. Then, the sliding mode
control method is used to control the system. However, the SMA-based robotic hand is a
nonlinear system, and there is a large error between the system identification model and
the actual system. In [27], a fuzzy logic control method is designed to realize the motion
control of the SMA-based robotic hand. The visual camera is used to track the position of
the finger joint instead of the joint angle sensor, which reduces the complexity of the system.
In [28], the motion of the SMA-based robotic hand is controlled by the fuzzy PID control
method, in which fuzzy logic is used to adjust the parameters of PID. The experimental
results show that the PID fuzzy controller has good performance in reducing the maximum
overshoot and ensuring control stability. In addition, the control method based on SMA
resistance feedback is also used in the control of the SMA-based robotic hand [29–31].
The key point of adopting NN methods is that the procedure is laborious for gaining the
input/output (I/O) data for training the NN off-line. Moreover, it is uncertain that the
training condition of building models is in accordance with the condition of the controlled
plants in practise. The designing controller method is not taking the performance analysis
or accuracy analysis into account. Therefore, it is imperative to design a controller with a
simple structure and reliable performance for the SMA-based robotic hand, to obtain high
tracking precision and ensure an advanced tracking performance.

For a practical system, a control method that is robust, with a simple structure and
high precision is preferable. Hence, combined with a new dynamic linearization technique
(DLT) derived from Deng [32], we propose a novel control method without the information
of the controlled plant. The essence of DLT is that the discrete time nonlinear system can
be substituted by an equivalent dynamical linearization data model, which is established
at each dynamic execution time point of the closed-loop system. Furthermore, the dynamic
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linearization technique is a data-driven method, which is merely dependent on I/O data.
In order to solve the disadvantages of conventional DLT, such as excessive parameters, the
complications of parameter selection, and unclear physical significance for parameters, the
new DLT is proposed by applying Taylor series expansion and the differential mean value
theorem. It is generally known that it is inescapable to have to deal with the unmodeled
dynamics and robustness problems. However, the new DLT can eliminate the above
problems efficiently and effectively.

In recent years, prescribed performance control (PPC) has been a promising method
for constraining the tracking error into a preassigned zone [33]. More specifically, the
constrained tracking error can be converted into another form of unconstrained variable
by a transformed error function. Then, PPC is designed to stabilize the unconstrained
variable to further restrict the tracking error in a preassigned zone. For application, it is
highly essential to investigate PPC for controlled plants, which are subjected to constraints
generally, such as the steady state error and the convergence rate. Hence, PPC has been a
research focus, attracting the interest of researchers [34–36].

Based on the above analysis, a model free control method with predefined accuracy
is proposed for an SMA-based robotic hand system by using DLT and PPC to guarantee
the tracking error constrained in a preassigned domain. The main contributions of this
research are summarized in the following:

1. A novel model free control method combined with DLT and PPC is investigated
for a class of discrete-time nonlinear systems to guarantee the tracking error in a
preassigned boundary;

2. The condition, which cannot satisfy the continuity assumption, is considered to
improve the applicability in the proposed method;

3. Experiments are implemented on an SMA-based robotic hand to testify that the
proposed control method has a remarkable performance compared with PID and new
model free adaptive control (NMFAC).

In the following parts of this paper, the structure is constructed as follows. In
Sections 2 and 3, the preliminaries are stated. A model free adaptive control method
with DLT and PPC is introduced in Section 4. Then, the experiment’s results and analysis
are given in Section 5. Section 6 summarizes the whole paper.

2. SMA-Based Robotic Hand

As shown in Figure 1, the proposed SMA-based robotic hand consists of five separate
robotic fingers. Each finger is actuated by an SMA actuator to perform a single degree of
freedom bending motion. The bending sensor is installed in the back of the finger, which is
shown in Figure 2.

Figure 1. SMA-based robotic hand.
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Figure 2. Position of bending sensor.

Figure 3 shows the internal structure of the robotic finger. Each finger is actuated
by one SMA actuator. The SMA actuator is linked with the joint to achieve one freedom
bending motion. Therefore, the finger has an underactuated motion mode. The novel part
of the SMA-based robotic hand is the magnet reset device. The magnet reset device is
connected with the joint to ensure the finger to restore original position.

Figure 3. SMA-based robotic hand.

As shown in Figure 4, the robotic hand system includes a PC, a controller (Arduino
Mega 2560), a bending sensor (flex4.5”, Flex International Ltd., Milpitas, CA, USA), a driver
module, an SMA actuator (MigaOne-15, Miga Motor Company, Silverton, CO, USA) and
the robotic finger. The control programs are performed in the PC, which is used to obtain
the output data. Then, the PC transmits the control input data to the controller. After
gaining the commands from the PC, the controller is instructed to drive the SMA actuator
to perform the bending motion of the robotic finger through the driver module. Once the
finger is driven to bend, the bending sensor can bend with the finger. Then, it can measure
the bending value and transmit the bending signal to PC.

Figure 4. Hardware system of the SMA-based robotic hand.
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3. Problem Formulation
3.1. System Model

A single input single output (SISO) discrete time nonlinear system can be presented
as follows

y(k + 1) = f (y(k), y(k− 1), . . . y(k− dy), u(k), u(k− 1), . . . u(k− du)), (1)

where at time k, y(k), u(k) ∈ R stand for the output and input, respectively, dy, du ∈ R
represent the unknown order, and f (·) is a nonlinear function.

Assumption 1. The partial derivatives of f (·) with respect to the (dy + 2)th variable is continuous.

Assumption 2. System (1) satisfies the generalized Lipschitz condition, that is,
|y(k1 + 1)− y(k2 + 1)| ≤ n|u(k1)− u(k2)| for u(k1) 6= u(k2) and any k1 6= k2, k1, k2 ≥ 0 ,
and n is a positive constant.

In [32], a novel dynamic linearization model is presented as follows:

Theorem 1. Considering system (1), which satisfies Assumptions 1 and 2, there must exist the
time-varying parameters M(k) and B(k), by which system (1) can be converted into another form
as follows:

y(k + 1) = M(k) +
∆u(k)
B(k)

, (2)

where ∆u = u(k)− u(k− 1).

The estimation of M(k) can be defined as

M̂(k) = y(k)− ∆u(k− 1)
B̂(k− 1)

, (3)

where M̂(k) and B̂(k) are the estimations of M(k) and B(k).
Two cost functions proposed in [32] for parameter estimation and control input are

applied as follows:

J(u(k)) =
(

yd − ŷ(k + 1)− rd̂(k)
)2

+ θ(u(k)− u(k− 1))2 (4)

J(B̂(k)) =
(

B̂(k)
(
y(k)− M̂(k− 1)

)
− ∆u(k− 1)

)2
+ α
(

B̂(k)− B̂(k− 1)
)2, (5)

where yd is the reference output, d̂(k) stands for the estimated error of the model, r, α and
θ are the design parameter.

Using optimal condition ∂J(B̂(k))
∂B̂(k)

= 0 and ∂J(u(k))
∂u(k) = 0, the following relationships are

presented in the following:

B̂(k) = B̂(k− 1) +

(
y(k)− M̂(k− 1)

)(
∆u(k− 1)− B̂(k− 1)

(
y(k)− M̂(k− 1)

))
α +

(
y(k)− M̂(k− 1)

)2 (6)

u(k) = u(k− 1) +
B̂(k)

(
yd(k + 1)− M̂(k)− r(y(k)− ŷ(k))

)
1 + θB̂2(k)

. (7)

The above control method is a new model free adaptive control (NMFAC) by [32].
For a robotic hand system, Assumption 1 can be hardly satisfied. However, Assumption 2
applies an upper limit on the the rate of system output change driven by the rate of
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system control input. From a practical point of view, the robotic hand system can meet
Assumption 2. Therefore, the SMA-based robotic hand system can be written as:

ya(k + 1) = y(k + 1) + D(k)
= f (y(k), y(k− 1), . . . , y(k− dy), u(k), u(k− 1), . . . , u(k− du)) + D(k),

(8)

where ya(k + 1) and u(k) are the output and input of the robotic finger system, f (k) stands
for the bounded disturbances with D(k) < |D|, D > 0, and f (·) represents the discrete-time
SISO nonlinear system (1).

3.2. Prescribed Performance Control

In order to ensure the tracking error of the system constrained in a predefined zone,
PPC was proposed by [33]. this paper proposes a prescribed performance for nonlinear
systems as follows:

−ν(k) < e(k) < ν(k), (9)

where ν(k) is a prescribed performance function, which is described in the following:

ν(k + 1) = (ν(k)− ν(∞))(1− atan(εk)/(π/2)) + ν(∞)
lim
k→∞

ν(k) = ν(∞), (10)

where the initial value satisfies ν(0) > ν(∞) > 0, and ε is a positive constant correlated
to the convergence rate. To deal with constrained tracking error, a monotone increasing
function Ω(µ(k)) is designed to transform the constrained error e(k) into unconstrained
error µ(k) as follows

e(k) = ν(k)Ω(µ(k)). (11)

The characteristics of the monotone increasing function Ω(µ(k)) are summarized
as follows:

• Ω(µ(k)) ∈ (−1, 1), for all µ(k) ∈ R .
• lim

µ(k)→−∞
Ω(µ(k)) = −1, lim

µ(k)→+∞
Ω(µ(k)) = 1.

Since Ω(µ(k)) is increasing function and υ(0) > υ(∞) > 0, the inverse transformation
is given as:

µ(k) = Ω−1(
e(k)
υ(k)

). (12)

If υ(0) is determined appropriately to meet |e(0)| < υ(0) and ensure µ(k) limited,
then Ω(µ(k)) ∈ (−1, 1) holds, following (8) holds.

According to the above analysis, a strictly increasing function is proposed for the
proposed control method:

Ω(µ(k)) =
µ(k)√

κ2 + µ2(k)
, (13)

where κ > 0 is a design parameter. Hence, one has

µ(k) =
κe(k)√

ν2(k)− e2(k)
. (14)
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4. Control Method Design
4.1. Disturbance Estimation

The disturbance D(k) in (8) can be estimated as follows:

D̂(k) = D(k− 1) = ya(k)− y(k) = ya(k)− M̂(k− 1)− ∆u(k− 1)
B̂(k− 1)

. (15)

Then, we define the error of disturbance estimation in the following

D̃(k) = D(k)− D̂(k). (16)

Substituting (8) and (14) into (15) yields:

D̃(k) = ya(k + 1)− M̂(k)− ∆u(k)
B̂(k)
− (ya(k)− M̂(k− 1)− ∆u(k−1)

B̂(k−1)
)

= (ya(k + 1)− ya(k)) − (M̂(k)− M̂(k− 1))− (∆u(k)
B̂(k)
− ∆u(k−1)

B̂(k−1)
).

(17)

According to Assumption 2, (3), (6) and (7), one can conclude that ya(k + 1)− ya(k),
∆u, M̂(k)and B̂(k) are bounded, which can lead to D̃(k) bounded.

4.2. Controller Design

Consider a discrete terminal sliding surface:

s(k + 1) = s(k) + ρ1µ(k + 1)− ρ2µα(k), (18)

where ρ1 and ρ2 are positive constants, α is the ratio of two odd integers, with 0 < α < 1.
Then, substituting (14) into (18) yields:

s(k + 1)− s(k) = ρ1
κe(k + 1)√

ν2(k + 1)− e2(k + 1)
− ρ2µα(k). (19)

The tracking error is proposed in the following:

e(k + 1) = yd − ya(k + 1) = yd − M̂(k)− 1
B̂(k)

∆u(k)− D̂(k), (20)

where yd is the reference output. On the basis of the equivalent reaching law:

∆s(k) = s(k + 1)− s(k) = 0. (21)

The control input is proposed in the following:

u(k) = u(k− 1) + ueq + usw, (22)

where ueq and usw are the equivalent control input and the switching control input, respec-
tively. Then, from (17)–(19), one has:

ueq = B̂(k)(yd − M̂(k)− D̂(k)− Γ(k)), (23)

where Γ(k) = ρ2µα(k)ν(k+1)√
(ρ2

1κ2+ρ2
2µ2α(k))

.

To deal with the robustness of ueq(k), define the following the switching control law

usw = ξ B̂(k)sign(s(k)). (24)
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Substituting (18), (21) and (22) into (17) yields to:

∆s(k + 1) = s(k + 1)− s(k)

=
ρ1κ(Γ(k)−ξsign(s(k)))−ρ2µα(k)

√
ν2(k+1)−(Γ(k)−ξsign(s(k)))2√

ν2(k+1)−(Γ(k)−ξsign(s(k)))2
.

(25)

It is notable that Γ(k) is bounded, that is, |Γ(k)| < Γ0. Then, ξ can be assumed to meet
the requirements as follows:

 Γ0 − ρ2µα(k)
√

ν2(k+1)−(Γ(k)−ξ)2

ρ1κ < ξ < ρ2µα(k)
√

ν2(k+1)−(Γ(k)−ξ)2+2ν(k+1)
ρ1κ − Γ0 s(k) > 0

Γ0 +
ρ2µα(k)

√
ν2(k+1)−(Γ(k)+ξ)2

ρ1κ < ξ < ρ2µα(k)
√

ν2(k+1)−(Γ(k)+ξ)2+2ν(k+1)
ρ1κ − Γ0 s(k) < 0.

(26)

Finally, the control input is proposed as follows

u(k) = B̂(k)(yd − M̂(k)− D̂(k)− Γ(k)) + ξ B̂(k)sign(s(k)). (27)

The schematic diagram of the control system is shown in Figure 5. The proposed
control method merely depends on the I/O data. According to the reference output yd
and the output of the SMA-based robotic hand ya(k) , the transformed error ν(k− 1) can
be obtained. According to the I/O data of the SMA-based robotic hand, the estimation of
time-varying parameters M̂(k− 1) and B̂(k− 1) can be obtained. Then, through sliding
mode control, we can get the control input u(k).

Figure 5. Schematic diagram of control system.

4.3. Stability Analysis

Theorem 2. Consider the nonlinear system (8) with the discrete sliding mode function (18) meeting
the requirements (26). If the sliding mode variable s(k) will finally reach a zone by the control law
(27), µ(k) is constrained and the controlled system satisfies the prescribed performance.

Proof of Theorem 2. As regards the proposed control method, the stability of the con-
trolled system can be proved by the specific analysis including the following several
classified discussions.

If s(k) > 0, one has:

∆s(k + 1) =
ρ1κ(Γ(k)− ξ)− ρ2µα(k)

√
ν2(k + 1)− (Γ(k)− ξ)2√

ν2(k + 1)− (Γ(k)− ξ)2
. (28)
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From (24), the following result is obtained:

−2ν(k+1)√
ν2(k+1)−(Γ(k)−ξ)2 <

ρ1κ(Γ(k)+Γ0− 2ν(k+1)
ρ1ε )−ρ2µα(k)

√
ν2(k+1)−(Γ(k)−ξ)2

√
ν2(k+1)−(Γ(k)−ξ)2 < ∆s(k + 1)

= ρ1κ(Γ(k)−ξ)−ρ2µα(k)
√

ν2(k+1)−(Γ(k)−ξ)2
√

ν2(k+1)−(Γ(k)−ξ)2 < 0.
(29)

If s(k) < 0, we have:

∆s(k + 1) =
ρ1κ(Γ(k) + ξ)− ρ2µα(k)

√
ν2(k + 1)− Γ2(k)√

ν2(k + 1)− Γ2(k)
. (30)

According to (24), one can obtain:

0 < ∆s(k + 1) = ρ1κ(Γ(k)+ξ)−ρ2µα(k)
√

ν2(k+1)−(Γ(k)+ξ)2
√

ν2(k+1)−(Γ(k)+ξ)2

<
ρ1κ(Γ(k)+Γ0+

2ν(k+1)
ρ1ε )−ρ2µα(k)

√
ν2(k+1)−(Γ(k)+ξ)2

√
ν2(k+1)−(Γ(k)+ξ)2 < 2ν(k+1)√

ν2(k+1)−(Γ(k)+ξ)2 .
(31)

Hence, ∆s(k)s(k) < 0 and −2ν(k+1)√
ν2(k+1)−(Γ(k)−ξ)2 < ∆s(k) < 2ν(k+1)√

ν2(k+1)−(Γ(k)+ξ)2 .

Then, we define a boundary Θ with respect to s(k), which is expressed as follows:

Φ =

s(k)| −2ν(k + 1)√
ν2(k + 1)− (Γ(k)− ξ)2

< s(k) <
2ν(k + 1)√

ν2(k + 1)− (Γ(k) + ξ)2

. (32)

Case 1. If s(k) /∈ Φ, two situations should be considered in the following:

1. If s(k) > 2ν(k+1)√
ν2(k+1)−(Γ(k)+ξ)2 , based on (27), s(k) will monotonically decrease until it

falls into Θ.
2. If s(k) < 2ν(k+1)√

ν2(k+1)−(Γ(k)+ξ)2 , based on (27), s(k) can increase until it arrives to Θ.

Hence, s(k) can reach Φ finally under this case.
Case 2. If s(k) ∈ Φ, the analysis should also be separated including two conditions as
follows (1) If 0 < s(k) < 2ν(k+1)√

ν2(k+1)−(Γ(k)+ξ)2 , combining (24) and (27) leads to

−2ν(k + 1)√
ν2(k + 1)− (Γ(k)− ξ)2

< s(k + 1) <
2ν(k + 1)√

ν2(k + 1)− (Γ(k) + ξ)2
. (33)

If −2ν(k+1)√
ν2(k+1)−(Γ(k)−ξ)2 < s(k) < 0, in view of (24) and (39) one has

−2ν(k + 1)√
ν2(k + 1)− (Γ(k)− ξ)2

< s(k + 1) <
2ν(k + 1)√

ν2(k + 1)− (Γ(k) + ξ)2
. (34)

Therefore, the above analysis indicates s(k + 1) ∈ Φ. Accordingly, it is proved that
s(k) can be constrained in Φ. A definition is proposed as follows:

s(k) ≤ Φs, (35)

where Φs = max(| −2ν(k+1)√
ν2(k+1)−(Γ(k)−ξ)2 |, |

2ν(k+1)√
ν2(k+1)−(Γ(k)+ξ)2 |). Notice that Φs will decrease

as with the increase of k, since ν(k) is a decreasing function.
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Based on (16), one obtains:

µ(k + 1) =
s(k + 1)− s(k) + ρ2µα(k)

ρ1
. (36)

By the triangle inequality, it is worth noting that:

|µ(k + 1)| ≤ |s(k + 1)|+ |s(k)|+ ρ2|µα(k)|
ρ1

≤ |s(k + 1)|+ |s(k)|+ ρ2|µ(k)|
ρ1

. (37)

According to Lemma 13.1 in[37], one can further obtain:

lim
k→∞
|µ(k)| = 2Φs

ρ1 − ρ2
. (38)

In conclusion, the transformed error µ(k) can be bounded which reveals that the
tracking error e(k) is ensured in a predefined boundary (6).

5. Experiment Studies

This section proposes three experiments implemented on the SMA-based robotic hand
to confirm the performance of the presented control method. To better describe the motion
of the proposed robotic hand, the output data of the bending sensor are normalized as the
value from 0 to 1.

5.1. Experiment of Step Signal

A step command of 0.5(V/V)is applied to testify the tracking performance at steady
and the response time. The main parameters of the proposed method is chosen as:
ε = 0.00002, υ(∞) = 0.01, κ = 1, ρ1 = 0.5, ρ2 = 0.4, α = 3/5, ξ = 0.1. As shown in
Figure 6, the experimental results are presented for the comparisons of the response time
and the steady state error. For simplicity, Table 1 shows the root mean square tracking
error (RMSTE) at steady state and the response time. From the results, the response of the
PID is faster than that of the proposed method. However, from the comparisons it can be
concluded that the tracking accuracy of the presented control is higher. Moreover, from
Figure 7 the tracking error is ensured in a preassigned zone by the proposed control.

Figure 6. Tracking results under the step signal.
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Figure 7. Tracking error under the step signal.

Table 1. Comparisons of control performance.

Control Method RMSTE (V/V) Response Time (s)

PID 0.0046 4.9
NMFAC 0.0061 5.2

Proposed control 0.0025 5.0

5.2. Experiment of Sinusoidal Signal

In this section, a sinusoidal signal is adopted for the comparison of the control perfor-
mance. Figures 8 and 9 show the tracking performance and the tracking error, respectively.
The RMSTE of PID, NMFAC and the proposed control method are 0.0198, 0.0197, and
0.0126. The control accuracy of the proposed control method is higher than those of the
other methods. Furthermore, the proposed control can limit the tracking error in the
predefined boundary in contrast with the other methods.

Figure 8. Tracking results under the sinusoidal signal.

Figure 9. Tracking error under the sinusoidal signal.
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5.3. Experiment of Sinusoidal Signal with Time Variation

For further investigating the performance of the proposed control method, a sinusoidal
signal with time variation is applied as the reference to compare the presented method
with PID and the new MFAC. The sinusoidal signal is described as follows:

yd = 0.1 cos(2πt/50) + 0.075 sin(2πt/30) + 0.05 cos(2πt/25) + 0.2. (39)

From the results in Figures 10 and 11, the three control methods can track the reference
signal. However, PID and NMFAC cannot ensure the tracking error in a limited boundary.
The proposed method can constrain the tracking error within a predefined domain.

Figure 10. Tracking results under the time-varying signal.

Figure 11. Tracking error under the time-varying signal.

6. Conclusions

Conventional robotic hands, which involve rigid components, such as linkages, gears
and motors, have a large volume and heavy mass. Therefore, conventional robotic hands
are unsafe and exhibit poor adaptability when they interact with humans or the surround-
ing environment. SMA as a novel smart material with the characteristics of a simple
structure, small volume and light weight can be easily integrated into a robotic hand
without requiring a large amount of space and complex gearing mechanisms. Moreover,
the inherently high energy density makes SMA a natural choice for robotic hands. In this
paper, the SMA-based robotic hand can be applied in a wide range of fields. For example,
the robotic hand can serve people and help to grasp objects for a safe interaction. Moreover,
in the field of agriculture, the robotic hand can pick the fruits compliantly. However, SMA
has the characteristic of nonlinearity, due to the “shape memory effect” of SMA between a
low-temperature martensite phase and a high temperature austenite phase, which leads
to the complexity and difficulty of controlling the SMA-based robotic hand. Therefore,
this paper focuses on the control method of the SMA-based robotic hand. A model-free
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adaptive control method with a prescribed performance is proposed for the SMA-based
robotic hand. Combined with the Taylor series and Differential mean value theorem, a
novel dynamic linearization technique is used to describe the system of the robotic hand.
By applying PPC, the constrained tracking error can be converted into an unconstrained
form to ensure the tracking error within a prescribed zone. Finally, experiments on the
SMA-based robotic hand are conducted to verify the performance of the proposed control
method. The results indicate that the proposed control method can ensure that the robotic
hand tracks the reference signals and limits the tracking error in a predefined boundary.
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