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Robots in the industry are mostly used for assembly operations. Robot assembly is a difficult operation that requires
additional compliance to reduce the position error between two mating parts. Flexible parallel manipulators, owing to their
accuracy in positioning and inherent compliance, are suitable for use as orienting mechanisms. This paper describes a
two-degree-of-freedom flexible parallel manipulator driven by Shape Memory Alloy (SMA) springs, designed to function as
an auxiliary orientation unit for a tabletop Cartesian robot. While SMA springs provide advantages such as compact
integration, simple actuation, and high power density, their nonlinear characteristics significantly increase the complexity of
the control process. Apart from handling nonlinearities and disturbances, the controller should be capable of controlling the
co-contraction of actuators in the mechanism. Model-free Sliding Mode Control (SMC) with linear and nonlinear sliding
surfaces is chosen for the servo control, combined with the Time Delay-based Estimation (TDE) as a secondary control for
the implementation and performance analysis. This study presents an experimental comparison of nonlinear control
strategies for trajectory tracking in the developed redundant parallel manipulator. Efficient Trajectory tracking
characteristics are crucial for any motion platform, and hence, real-time experiments with complex trajectories are
conducted on the prototype in the presence of external disturbances, and the results of the experimentation are presented,
which demonstrate the superior nature of nonlinear SMC over other controllers. The inclusion of the secondary term (TDE)
in the design of control is found to linearize the closed-loop system.
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Introduction

Parallel manipulators belong to a class of robotic
systems characterized by closed-chain kinematics,
typically consisting of a stationary base and a mobile
platform connected through multiple limbs or
actuators. These architectures are widely selected for
motion-tracking applications and simulation tasks due
to their comparatively high precision, accuracy, load-
carrying capability, and structural stiffness.'> However,
they also present notable drawbacks, including limited
workspace, challenging forward-kinematic analysis,
and strongly coupled nonlinear dynamics, all of which
complicate parameter identification and make control
design more demanding.” Parallel robots are the best
choice for applications like precise machining, drilling,
material handling, robot wrist for assembly, and
surgical robots that require limited motion but high
accuracy. Parallel robotic architectures allow the
integration of non-traditional actuators, including smart
materials, thereby opening new research directions.
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These unconventional actuators facilitate the
development of compact and compliant parallel
mechanisms suitable for operation in unstructured
environments while offering improved positioning
capability. Although their inclusion adds complexity to
the system dynamics and control design, it enables
significant miniaturization. Among such smart
materials, SMA are widely used in miniature systems
because of their low weight, ease of integration, simple
actuation, silent operation, and high power density.’
SMA:s, typically composed of Nickel-Titanium (NiT1),
recover a predetermined shape or length when
thermally activated. This shape memory effect arises
from a phase transformation between low-temperature
marten site and high-temperature austenite during
heating. However, SMA actuators exhibit hysteresis,
causing response delays and motion inaccuracies,
making their control an important and ongoing research
challenge. A wide range of studies have demonstrated
the integration of SMA actuators in parallel robotic
systems. Notable examples include a Stewart platform
driven by SMA wires’, a parallel mechanism
incorporating a novel strain-amplification approach for
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SMA elements’, and a two-degree-of-freedom
joint realized through three SMA wires.® Other
developments feature a ball-and-beam stabilizing
setup employing two SMA wires in an antagonistic
layout’ "', as well as a recent modular parallel
“flexibot” that utilizes SMA springs as its actuation
scheme.'? Shape Memory Alloy springs can be used
as an alternative to the wires for high strain, but suffer
from slow response, high inductive nature and control
complexity. Extensive research has focused on the
motion-tracking control of SMA actuators. Achieving
accurate tracking is challenging because SMAs
exhibit strong nonlinearities, and the control strategy
must adequately address their hysteresis behaviour.
Various control laws have been introduced, often
incorporating hysteresis models such as the Preisach
formulation>™'5, the Liang model'®, or the Duhem
representation'’, and combining them with feedback
schemes like PID or sliding-mode control. These
methods, however, rely heavily on precise SMA
modelling, which is difficult to obtain due to the
actuator’s nonlinear characteristics. In addition,
several well-known servo-control approaches reported
in the literature include sliding-mode, fuzzy-logic,
and adaptive control techniques.”'"'®* Due to the
uncertainty in model prediction and to reduce
complexity in hardware implementation, our objective
is to have a model-free control approach for an SMA
spring actuator with hysteresis compensation. On
studying the literature pertaining to model-free
control approaches, Time delay-based estimation
techniques are a popular model-free technique used
by many researchers in control to compensate for
nonlinearities and uncertainties in the dynamics of the
system.”? It is important to note that existing control
strategies have predominantly addressed SMA wire
actuation in antagonistic configurations. This
motivated the need to examine how nonlinear
controllers perform when applied specifically to SMA
springs integrated within a parallel mechanism,
thereby allowing assessment of their capability to
handle actuator co contraction, coupling effects, and
structural uncertainties.

The key contributions of this study are outlined
below. A comparative study of model-free Sliding
mode control with linear and nonlinear sliding surface,
along with TDE and PID control, is conducted
experimentally on the 2 Degree of Freedom (DoF)
redundant parallel robot through various test scenarios.
A symmetric parallel manipulator has been developed
in the laboratory using the minimum number of
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actuators required for its motion, with the intention of
employing it as a wrist-type orientation mechanism, as
shown in Fig. 1. Reducing the actuator count lowers
both power requirements and controller workload.
The paper provides a comprehensive mathematical
formulation covering the kinematic model, differential
kinematics, singularity evaluation, and dynamic
analysis. The results show that the manipulator
operates without singularities throughout its intended
workspace. The choice of SMC as a servo is motivated
by its ability to handle non-linearities and parameter
uncertainties.*®”' The TDE technique, which estimates
the unknown dynamics and disturbances online
through input-output data, is also combined with the
control loop and tested for the SMA spring actuator.
The nonlinear SMC is expected to perform better in the
trajectory tracking due to its ability to handle
nonlinearity better and avoid velocity saturation
problems, unlike linear SMC. The experimental result
on the robot verifies the same.

System Design and Mathematical Description

In this section, the experimental setup is explained,
and the mathematical description is also briefly
addressed. The mathematical description involves the
inverse kinematic model of the platform and a general
dynamic model, which is used in the design of
TDE-based controllers.

System Design

The experimental platform consists of a symmetric
spatial parallel manipulator driven by SMA springs.
Although spatial parallel mechanisms typically
provide six degrees of freedom, the system used in
this work achieves only two—roll and pitch—because
a universal joint is incorporated between the top
moving plate and the center of the fixed base. Both
the base and the end-effector plates have triangular

Proposed 2
|_—~ DOF parallel
manipulator

Fig. 1 — Proposed application
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geometries, and electrically conductive pin joints are
mounted at their vertices to accommodate the SMA
spring actuators. The dimensions of the upper and
lower plates are kept identical to minimize actuator
coupling effects.”> The actuation is provided by a
one-way NiTi spring procured from Dynalloy.
Bidirectional motion is obtained by co-contracting
opposing actuator pairs arranged symmetrically. The
specifications of the SMA springs and the robotic
structure are given in Table 1, while Fig. 2(a)
illustrates the conceptual CAD model of the
manipulator.

The experimental arrangement incorporates all
supporting hardware, including sensors, driver circuits,
data-acquisition units, and control modules required for
motion regulation. A 6-axis Inertial Measurement Unit
(IMU), MPU6050, is fixed at the center of the end-
effector plate to record its orientation. In this study, the
SMA spring displacement is not measured directly;
instead, it is estimated using the robot’s kinematic
model, with IMU-derived orientation as input. A direct
measurement approach—using an external camera
together with end-effector orientation data to track the
distance between two white markers attached to the
spring ends—was initially considered. However, the
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indirect method was selected because achieving the
1 ms update rate required by the control loop was not
feasible with the camera hardware. Three LTSO6NP
current sensors are incorporated to monitor the
actuation currents of the SMA elements. The SMA
drivers are powered by a KEYSIGHT triple-output DC
supply (0-30 V, 5 A). Data are acquired through a
National Instruments cDAQ platform equipped with an
Analog input and output module, while IMU readings
are transferred via serial communication from an
Arduino Mega. The control scheme is implemented in
MATLAB/Simulink and executed on a workstation
running an Intel Xeon 64-bit processor at 2.2 GHz with
24 GB of RAM. Additional details of the prototype can
be found in the work of Pillai et al.*>*

Inverse Kinematic Model

The inverse kinematics of the parallel manipulator
determines the required actuator lengths for a specified
end-effector orientation. The geometric representation
of the mechanism, including the coordinate frames and
vectors used in deriving the kinematic model and
Jacobian, is illustrated in Fig.2(b). The geometric
quantities are defined as follows: the base frame {B},
with axes XgY5Zp, is positioned at the centroid of the
base plate; the universal joint frames /; ,, with rotation

Table 1 — Specifications of the parallel manipulator and the actuator

Part Material

Top (end effector) and base plate Acrylic
Universal joint Alloy steel
Manipulator prototype

SMA actuator (spring) Nickel titanium

(by muscle wire)

Specification

100 mm (Side); 4.0 mm (Width)

84 grams (wt.); 76 mm (Height)

260 grams (Weight) ; 88 mm (Height)
Wire Diameter: 0.75 mm

Diameter of spring -6.0 mm

Current limit- 3 A (maximum)

Force limit- 6 N (maximum)
Contraction limit -3 cm (maximum)
Deformation limit-14 cm (maximum)

(a)

IMU

End effector

1o \¢——w Electrical Connector
White Marker
Moving link-Universal Joint
SMA Spring

Fixed Link- Universal Joint
Fixed platform

(b) 4

Fig. 2 — (a) Parallel Manipulator model (b) Frame assignment in the manipulator
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axes Xj,Y;, are located at the centers of the respective
moving links; and the end-effector frame {E}, with
axes XpYpZg, is placed at the centroid of the moving
platform. The points p;and a;denote the actuator
attachment locations on the end effector and base plate,
with their position vectors expressed as P;in frame {E}
and A;in frame {B}. The vector q;represents the
displacement of i-th actuator, with unit direction vector
S;. The vectors d;and d,correspond to the passive limb
length and the moving limb length, expressed in frames
{B} and J; ,, respectively.The vector loop equation can
be written as (from Fig. 2(b) )

li=qi3i=dB+RgPiE—Ai (1)

where, I; is the length of the i™ actuator, d?denotes
the position of origin of end effector frame {E} with
respect to {B} as given in Eq. (2), RS describes the
orientation of the end effector with respect to the
base, as given in Eq. (3).”

dB = [Seycexdz,_sgxdz ,d1+d2C9xC9y]T

()
CO, S6,56, S6,CO,

RE=| 0 Co,  —S6 .. (3)
~S6, €6,S6, CH,CH,

PF and A; denotes the actuator attachment
locations at the end effector and base, which can be
computed based on the geometry.The actuator
displacement is calculated as in Eq. (4)

I7l; = qf = [d® + REPF — A;]"[d® + REPF — A}]
4

The manipulator's work envelope for the defined
range of motion —15 < 0, 8, < 15 is shown in Fig. 3.

The differential kinematic model and the
singularity analysis are derived by Pillai et al***°
based on the work of Gosselin et al.**

0 :
Y (cm) 1 1 -0.5

X (cm)

Fig. 3 — Work Envelope of the proposed manipulator
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Dynamic Model

The description of the dynamics of the proto-
Otypeincludesthe dynamics of the SMA spring actuator
and upper plate. The manipulator dynamics can be
described in general as in Eq. (5)."*%

()i +C(q,9)+G(q)+Bq+d=hi(q,q f)+
faixr (5)

where, 1(q) is the top plate inertia, including joint
mass,q = [l1, 15, 5] represents SMA spring
displacement, as in, C(q,q) denotes the vector of
nonlinear dynamic effects, including centrifugal and
coriolis terms. B(q) describes the manipulator's
frictional forces, while G(q) represents the gravity-
induced vector. The disturbance vector d accounts for
both internal effects — such as unmodeled dynamics and
actuator parameter variations—and external influences
arising from payload changes and interactions with the
environment. The h;(q,q,f,) characterizes the
nonlinear hysteresis behaviour. The control input vector
fai = [f1, f2, f3] corresponds to the applied force by the
SMA spring actuators. Each actuator force can be
expressed as f,; = a;u; where, a; and u; are the input
coefficient and the applied current.

In the above equation, estimating the value of friction
B, hysteresis term h;(q,q, f) is difficult as they are
subjected to uncertainties. To note that this work has not
estimated any dynamic parameters rather has used the
dynamic equation to formulate and explain the control
law. The dynamic equation can be rewritten using a
constant diagonal matrix M; as in Eq. (6).

where,

hzcm

i

1
—M>éi +—(C@Q) +6@) +B@ +d
~ h(9,4.£2))

In the above Eq. (6), h is the total non-linearities,
including hysteresis, dynamic uncertainties and
external disturbance whose value is unknown but
bounded.

Controller Description

The inclusion of the SMA spring as an actuator brings
in control challenges because of its nonlinear behaviour,
high response time due to inductive effect and
hysteresis.The dynamics of shape memory alloy vary
with their fabrication process, environmental conditions
(temperature dependence), ageing, etc, which makes the
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prediction of the model very difficult due to the
parameter uncertainties.”” Many control strategies are
developed to compensate for the nonlinear effects like
hysteresis using mathematical models, but are found to
be very complex to estimate the parameters and to
implement. From an application point of view, less
complex and directly implementable with intuitive gain
tuning, like controllers, are preferred, which motivated
us to look for model-free nonlinear controllers.
Understanding the need to compensate for the nonlinear
effects for better tracking control, the choice of a
partition-based control law is preferred in this work. The
partitioned control strategy consists of two components:
a primary servo controller responsible for tracking the
position error, and a secondary controller that
compensates for hysteresis and other nonlinear effects.
The secondary control action in SMA systems is
intended to counteract nonlinear hysteresis, which is
commonly addressed using inverse hysteresis models
such as the Duhem, Liang, or empirical formulations. To
avoid reliance on these complex models—which require
difficult-to-estimate SMA parameters—aTDE approach
is incorporated alongside the servo control.

Controller Structure
The complete control law based on the dynamic
formulation as in Eq. (7) is chosen as

Ui = My; + h, (7

where, h, denotes the estimated value of h;(q,d, f,)
and y; denotes the servo part of the control.

The value of A, is estimated using TDE in this
work™ % which does not involve any complex
model. In TDE,it is assumed that h, at any instant,
corresponds to an earlier value of the same quantity
after a small delay, mathematically represented as

hi(t) = hi(t —T) .. (8)

where, T defines the time delay or simply the sampling
time of the controller as used in this work. For an SMA
spring kind of a system, which is dynamically slow due
to its temperature and inductive characteristics, the TDE
assumption holds good. The choice of sampling time is
very important for the accurate estimation of the
nonlinear terms. For a sample time of 0.0ls, the
estimation error is considered to be negligible.**
Therefore, the value of h; (t — T) can be estimated from
Eq. (9) as
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Combining Eq. (7) and Eq. (9), the final control
law can be written as

Ui(®) = Mi(y) + U;(t = T) — My (¢ = T) ... (10)

The servo control used in the work is explained
below.

Servo Control

Sliding mode control is a popular control strategy to
deal with parameter variation, nonlinearities and external
disturbances in a plant. There are many applications of
Sliding Mode Control (SMC) available in
literature' #2272 for SMA, especially wires, but
most are dependent on the mathematical model for
control parameter tuning. There is a need to evaluate the
performance of SMC when applied to SMA springs.
SMC with linear and nonlinear sliding surface is chosen
as the servo control for the study based on the work of
Maolin Jin ef al.* and Jinoh Lee ef al.” The Linear and
nonlinear SMC are described in Eq.(11) and Eq. (12),
respectively. The detailed stability proof of the
controllers can be found in the literature.***

vy, =G, +24é+ e (1)

Vi=4s+ (4 +1,)é+ A A, tanh(ke) --- (12)

cosh * (ke)

In the above Eq. (11), 4 is a design parameter which
defines the slope of the sliding surface, and in Eq. (12),
Ay defines the velocity limit of the actuator, 1, and k
defines the dynamics of the reaching and sliding phase,
respectively.

Conventional industrial PID control, as given in
Eq. (13), popular for its simplicity and model-free
characteristics, is also implemented and compared for
performance.

U () =K ,e(t) +K, j e(t)dt + K ,é(t) - (13)
0
Experimentation and Results

Real-time validation was conducted on the two
DoF parallel manipulator developed in the Motion
Analysis Laboratory at SRMIST, Chennai (Fig. 4).
These experiments aimed to assess and compare the
trajectory-tracking capabilities of the three control
strategies under multiple input conditions, with and
without external disturbances. The test scenarios
included step inputs, sinusoidal references, and a
smooth circular path of the end-effector center,
enabling evaluation of tracking performance,
disturbance rejection, and mitigation of cross-axis
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coupling. Tracking accuracy was quantified using the
Root Mean Square Error (RMSE) and Average Error
(AE) metrics, as in Eq. (14).

21 (Bai=0ai)?

" ... (14)
where, N define samples,f; and 8, define the
desired and actual value of the i" sampling point,
respectively.

RMSE =

Controller Setting and Implementation

The control scheme is implemented in
MATLAB/Simulink and executed on a workstation
interfaced with an NI c¢DAQ four-slot chassis
equipped with a National Instruments 9264 (Analog
Output) and 9219 (Analog Input) module. The NI
9264 module delivers the Simulink-generated control
commands to the current driver, which actuates the
SMA springs. To avoid contact-based position
sensing—unsuitable due to actuator compliance—the
end-effect or IMU is interfaced through an Arduino
via serial communication, and its orientation data are
used in the kinematic model to estimate spring
displacement. Since the SMA springs employed are
unidirectional, negative position errors are corrected

| ocpower [ Universal -

H Source Joint

‘\ SMA Spring

Actuator

Robot End Effector
i

Soa
u..)u

Current
Sensor

. Current - B\ %\ Controller
driver -

Data Acquisition
Analog Output
Module

Arduino
Board

Fig. 4 — Experimental Robot prototype along with hardware set-up

User Input
Trajectory
9.9 ,q
Planner
A A,
User Input ((nvecse g ‘
Kinematics)

.99

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Control block
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by driving the antagonistic spring, resulting in only
positive control effort being applied to each actuator.
A sampling interval of 1 ms is adopted to facilitate
accurate estimation of nonlinearities through TDE.***
Proper implementation of mapping and saturation
functions is required to prevent excessive
accumulation of control effort due to the infinite loop
gain inherent to TDE. For safety, the SMA actuation
current is limited to a maximum of 2.5 A. The
controller structure also requires the spring
acceleration, which is obtained through numerical
differentiation of the estimated position, as expressed
in Eq. (15).

(CIt —2q¢-1m) + Q(t—zT))/TZ . (15)

q t-7) =
where, T is the sample time

As the acceleration data is prone to noise, the use
of a low-pass filter is necessary. The low value of M;
which is the only tuning parameter for both the
controller equation, acts as the low-pass filter here.”
The parameter M; is tuned experimentally, beginning
from a small initial value and incrementally
increasing it until satisfactory trajectory tracking
performance is obtained. The overall control
framework is illustrated in Fig. 5. The PID gains are
tuned experimentally by the trial-and-error method to
achieve the best trajectory tracking characteristics.
The other control design parameters are tuned
experimentally, whose value and the effects on the
output is given in Table 2

Step Response Tracking Performance

A step input is useful for examining how the
closed-loop system responds to an abrupt transition
between two predefined reference values. In this

i Robot system with
E hardware set up
Disturbance

LinearSMC/  vi Q ! Robot %xO
Nonlinear SMC 1" Manipulator !
Inverse
DE Kinematic
“'i model
q
Numerical

Differentiator

Fig. 5 — Implemented control architecture
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Table 2 — Controller gains
Controller Controller parameter Comments
Linear SMC =10 A -Design value for slope of sliding surface.
M;=0.25 High value will lead to overshoot and oscillations
M;-Low value to act as low pass filter. Decide the responsiveness to the input. Higher
value may lead to chattering effect
Nonlinear SMC A1 =12 A4-Design parameter to limit the velocity of actuator
k=2 k- Dynamics of sliding phase. Decides the fast convergence
A,=12 A,- Dynamics of reaching phase. High value may lead to overshoot
M;=0.1 M; - Low value to act as low pass filter. Decide the responsiveness to the input
PID K,=12 K,- Improves rise time
K=0.6 K;_Improves steady state error. High value can lead to overshoot
Kp=0.01 Kp. Decreases overshoot

work, the step input is used to study the coupling
effects between the robot’s axes when one axis
undergoes a sudden change. Specifically, one axis is
commanded to move from 0° to 10° at 2 seconds,
while the second axis is held at a constant 0°
throughout the experiment. The dynamic step
response for the X axis is shown in Fig. 6(a). From
the step response plot, the rise time is found to be
2.643 sec for the Linear SMC, 2.688 sec for
Nonlinear SMC and 2.506 sec for PID control. The
PID control has considerable overshoot compared to
the other two controllers, which settle around 2.8 sec.
The intention of this experiment is to evaluate the
cross-axis error rejection when one of the axes is
subjected to a sudden disturbance. It is evident from
Fig. 6(b) that the nonlinear SMC has shown better
performance in minimizing the cross-axis error
compared to the other two controllers. The Maximum
error (ME) for nonlinear SMC is 0.32 degrees
compared to 0.51 degrees and 1.4 degrees for Linear
SMC and PID control. PID control failed to minimize
the coupling effect, which is vital for the trajectory
tracking of the proposed manipulator.

Sinusoidal Signal Tracking Performance

A sinusoidal reference signal of 10° amplitude was
applied separately to each robot axis at frequencies of
0.05 Hz, 0.1 Hz, and 0.2 Hz. This experiment
evaluates the system’s behaviour over different
frequency conditions and offers insight into the
achievable bandwidth. It also facilitates fine
adjustment of the individual actuators to obtain
comparable tracking performance on both axes. For
input frequencies above 0.2 Hz, all controllers showed
reduced accuracy, largely due to insufficient cooling
of the SMA springs, which led to increased stiffness
under repeated cycling. The corresponding system
responses for both X and Y axes are illustrated in

- i
o N
—
D
~

.......... W

o o
—~
‘\

- Reference Step Input :

Step orientation in X axis (deg)

4+ -—Linear SMC ! ”
Nonlinear SMC /

2 -=PID {

i
0 T T |
rr T
-2
2

-

=-=Linear SMC
-—Nonlinear SMC
PID

Y axis orientation (deg)
N o
f,.....

2y 05 1 15 2 25 3 35 4

Time (sec)

Fig. 6 — (a) Step response plot about X axis (b) Cross-axis
orientation (Y axis) during step trajectory about X axis

Figs 7(a—d), and the RMSE and AE metrics
summarizing tracking performance are reported in Table
3. The results indicate that the nonlinear SMC achieved
the lowest tracking error for all three input frequencies
on both axes. The RMSE, as well as AE, was found to
be large for frequency 0.2 Hz for all the controllers. This
is because of the initial poor tracking due to insufficient
heating time for the SMA spring. Therefore, it is also
found that preheating the SMA spring improved the
initial tracking characteristics for higher frequency input,
thereby improving the bandwidth of operation.
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* Desired

- Linear SMC
Nonlinear SMC
- PID

X orientation (deg)
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(b) === Desired
=== Linear SMC
Nonlinear SMC

--=PID

Y orientation (deg)

-15
15 .
- Desired (d) === Desired

__10 - Linear SMC R === Linear SMC
8 Nonlinear SMC g Nonlinear SMC
T 5 - PID S --=PID
c c
K] o
5 0 8
c c
0 o
s -5 6
X >

-10

-15 '

0 5 10 15 20 O 5 10 15 20
Time (sec) Time (sec)

Fig. 7 — Sinusoidal trajectory response plot at various frequencies (a) X orientation response at 0.2 Hz, (b) Y orientation response at 0.20
Hz, (c¢) X orientation response at 0.01 Hz, (d) Y orientation response at 0.01 Hz

Table 3 — Quantitative analysis for trajectory tracking

Control Scheme Frequency X Orientation Y Orientation
RMSE AE RMSE AE
Linear SMC Sinsoidal trajectory at 0.2 Hz 0.7147 0.19 0.4597 0.11
Nonlinear SMC 0.6813 0.18 0.3464 0.02
PID 0.8332 0.23 0.5500 0.12
Linear SMC Sinsoidal trajectory at 0.1 Hz 0.2760 0.04 0.2428 0.01
Nonlinear SMC 0.2241 0.01 0.2138 0.01
PID 0.3132 0.06 0.3412 0.04
Linear SMC Sinsoidal trajectory at 0.01 Hz 0.1501 0.02 0.1344 0.01
Nonlinear SMC 0.1211 0.02 0.1006 0.003
PID 0.2033 0.03 0.2140 0.03
Linear SMC Dual Axis Sinusoidal Trajectory Tracking 0.3524 0.10 0.2228 0.01
Nonlinear SMC 0.2422 0.07 0.1485 0.01
PID 0.5147 0.33 0.4146 0.26
Dual Axis Sinusoidal Trajectory Tracking with  carried out under two conditions: without

Payload

The parallel mechanism is driven to follow
sinusoidal commands on the two axes with a 90°
phase shift, generating a circular path of the end
effector, as illustrated in Fig. 8(a). The circle is
centred at the end-effector origin, with both
orientation angles initially set to zero. Circular
tracking is used to assess the robot’s orientation
precision and its ability to maintain coordinated,
smooth motion across both axes. The evaluation is

disturbances and with disturbances. Disturbances are
introduced by attaching an external payload and by
operating the setup at a temperature lower than
ambient using an air-conditioning system, as SMA
performance is temperature-dependent. Although the
mechanism is intended for light-duty tasks (<100 g),
an off-centre mass of 150 g is applied at 7.4
seconds—coinciding with the Y-axis passing through
zero—to impose a significant perturbation on the end
effector.
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Fig. 8 — (a) Dual-axis end effector trajectory tracking response with disturbance; (b), (c), (d) Joint position error during the trajectory

tracking for joint 1, 2 & 3 respectively

The responses of the three controllers during circular
tracking are presented in Fig. 8(a). Nonlinear SMC
provides the smoothest and most accurate trajectory in
both disturbed and undisturbed cases. During the initial
segment without load, PID and linear SMC exhibit
oscillations near the axis crossover at approximately 5
seconds, whereas nonlinear SMC maintains a smoother
path  with minimal fluctuations. The imposed
disturbance at 7.4 seconds generates notable oscillations,
particularly for PID, leading to degraded performance.
Both linear and nonlinear SMC manage the disturbance
more effectively and return to the desired trajectory
quickly. The joint-space tracking errors are illustrated in
Figs 8(b—d), where nonlinear SMC achieves the smallest
error bounds. Its RMSE and AE values are 0.2422 and
0.07 for the X-axis, and 0.1485 and 0.01 for the Y-axis,
outperforming the other methods. The task-space
orientation errors for the circular path are shown in Fig 9.
All controllers experience higher errors in Regions 1 and
2. The increased error in Region 1 arises from the delay
in reaching the SMA activation temperature, influenced
by the system’s thermal dynamics and the deliberately
lowered ambient temperature used to emulate thermal
disturbances. The summary of the responses for all
the trajectories is given in Table 3.
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Therefore, preheating of SMA springs can minimize
the error in Region 1. The error in Region 2 above 7.4
sec is due to the sudden addition of payload. In both
regions, the PID controller exhibited a very poor
response compared to the nonlinear and linear SMC.
The linear SMC is found to have high switching
oscillations in the control input more than the nonlinear
SMC due to the chattering, which could have led to
poorer performance than the nonlinear SMC. The errors
in the tracking also depend on the symmetry of the
actuator arrangement, structural joint coupling error. The
symmetrical arrangement of actuators helps in the
cocontraction of antagonistic actuators and reduces
stress among actuators due to the coupling forces.
Therefore, the results have shown the possibility of
using 3 SMA actuators in symmetry to design a
manipulator rather than four with a square plate
arrangement, which has reduced the controller effort. In
addition, the hysterisis plot is shown in Fig. 10. The
nonlinear SMC, along with TDE, almost linearizes the
system and was capable of compensating for the
nonlinear effect through the use of TDE.

Based on the obtained results, the following
conclusions can be drawn.

(i) The mathematical description of the redundant robot
is studied
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(i1) Both linear and nonlinear SMC performed better in
the individual axis tracking for the SMA springs in
the parallel manipulator compared to the PID
controller. But nonlinear SMC proved superior
to linear SMC in terms of cross-axis error
compensation and disturbance compensation, which
is very important for the end effector tracking

(iii) The trajectory tracking results have shown the
possibility of designing of manipulator using only 3
SMA actuators in symmetry with less coupling
effects and good tracking characteristics.

(iv) Preheating of the SMA spring helps in improving
the bandwidth and the initial tracking error in the
high-frequency signal tracking

(v) The implementation of TDE, along with servo
control, was able to compensate for the nonlinear
hysteretic effect of SMA springs

Conclusions

In this paper, the effect of different types of
controllers in improving the position tracking of SMA
springs coupled to the 2 DoF parallel robot is studied
experimentally. The mathematical description of the
redundant robot is also briefed in the paper. The
universal joint coupling, symmetrical arrangement of the
actuator, influences the trajectory characteristics of the

proposed robot with SMA springs. The choice of a

model-free controller was made for the experimental

study because of SMA modelling challenges due to
nonlinearity. Real-time experiments were conducted,
and the results demonstrated the efficiency of nonlinear

SMC in the position control of SMA springs, leading to

better trajectory tracking of the end effector with

minimal cross-axis and disturbance effects. The
advantage of model model-free structure and intuitive
gain tuning makes the controller easily implementable
for highly nonlinear systems like SMA springs. The
proposed parallel robot is designed to be used as an
additional wrist mechanism for orienting applications.

The proposed parallel manipulator can be an excellent

test bed for testing various other control schemes.
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