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Abstract: The idle air control actuator is an important device in automotive engine management
systems to reduce fuel consumption by controlling the engine’s idling operation. This research
proposes an innovative idle air control (IAC) actuator for vehicle applications utilizing shape memory
alloy (SMA) technology. The proposed actuator leverages the unique properties of SMAs, such as the
ability to undergo large deformations upon thermal activation, to achieve precise and rapid controls
in the air intake of automotive engines during idle conditions. The actuator structure mechanism
consists of an SMA spring and an antagonistic spring made from steel. The design process utilizes
both numerical and analytical approaches. The SMA spring is electrically supplied to activate the
opening process of the actuator, and its closing state does not need electricity. However, the PID
controller is used to control the applied current, which reduces the time taken by the actuator to
achieve the actuation strokes. It shows good operability within multiple numbers of operation cycles.
Additionally, the performance of the designed actuator is evaluated through mathematical algorithms
by integrating it into the engine’s air intake system during idle operating conditions. The results
demonstrate the effectiveness of the SMA-based actuator in achieving rapid control of the air intake
through bypass, thereby improving engine idle conditions.

Keywords: shape memory alloy; automotive engine; actuator; phase transformation; idle speed

1. Introduction

Internal combustion engines (ICEs) have been the dominant power source for automo-
tive applications over the centuries. A relentless pursuit of efficiency and performance has
marked the evolution of ICEs over the years [1]. One critical component in optimizing the
performance of an internal combustion engine is the idle air control device/actuator, which
controls the engine’s air inlet and maintains optimal combustion characteristics during
idle conditions. A well-performed idle air control actuator contributes to smoother idling
and plays a significant role in fuel economy, emission reduction, and overall engine idling
performance. Nowadays, researchers are interested in developing automotive engine actu-
ators using quick response, weightless, and controlled materials like shape memory alloy
(SMA) materials to offer a potential solution to the challenges associated with mechanical
or traditional actuators. Traditional idle air control valves utilize electromagnetic actuators
or stepper motors. They have served their purpose well but face limitations of response
time, complexity, and electric energy consumption.

Shape memory alloys (SMAs) are unique smart materials that can regain their original
shape when subjected to a specific thermal stimulus, such as heat [2,3]. This property
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has been harnessed in various engineering applications, from biomedical to aerospace
actuators. SMAs are classified into different categories based on the alloying types but the
most widely known and used is Nickel Titanium (NiTi) Shape Memory Alloy, known as
Nitinol. Its shape memory effect (SME) and superelasticity make it suitable for various
applications, including in the automotive sector. NiTi shape memory alloys are available on
the market in different forms including cold-rolled strips and tubes [4–6], wires [7,8], sheets
or plates [9,10], foils [11,12], and springs [10,13,14]. In different complicated actuators that
use composite materials, shape memory alloy wires are embedded in the composite to
improve their working ability, such as fast response in shape-changing of the structure,
mechanical behaviour, and impactful actuation [15,16]. They are used in automotive
applications but many are also widely applied in robotic systems [17,18]. The shape memory
alloys in the tube form operate at higher temperatures than their wired counterparts [19].
The hollow form of the tube provides the cooling channel of these shape memory alloy-
based actuators [19,20]. The cooling time of SMA is reduced and the life span of the
actuators increases. Plate-based shape memory alloys are used in aerospace actuators for
the vibration and stiffness control of flexible structures [21]. In the automotive industry,
they are applied in adaptive shock control actuators [22,23]. The actuators with improved
stroke and fast actuation responses use spring-based shape memory alloys [13,24]. SMA
spring actuators are mostly applied in the automotive sector. They perform at the constant
strain within many actuation cycles and can be deformed up to 200% of their length with
low mechanical loads [25,26]. Moreover, the coil spring increases the amount of restoring
energy to reduce the consumed energy during actuator operation. An actuator can have
two SMA springs or a wire and spring combination, but one element serves as a biasing
material [27].

Several researchers are interested in working on SMAs for automotive applications
to modernise actuators in this sector. They are used to simulate or experiment to find the
results of a proposed designed actuator. None have been used to evaluate their operability
in the complete system, which represents the innovation of this work. Song et al. [28] used
a shape memory alloy with a Nitinol type to design and control a variable exhaust nozzle
actuator. The configuration has SMA wire and a bias spring, but the area is reduced by
40% from the existing mechanical one. Fawcett et al. [29] proposed an emergency brake
using an SMA material in its operation. They performed only an experimentation approach
during the design. The brake generates high torque and does not require electricity in
off-mode conditions. Sathish et al. [30] introduced the two-way SMA spring applied in
passenger vehicle suspension to replace the traditional one by improving vehicle comfort
and performance. Their experiment results show a significant reduction in the sprung
mass displacement from various excitation frequencies. Nissele et al. [31] designed and
manufactured an SMA-based active aerodynamic for automotive applications. The surface
is smooth and self-controlled with a good arrangement compared to the traditional ones.
Pedro et al. [32] performed both theoretical simulations and experiments for designing an
SMA wire-based mechanism for aeronautical applications. They investigated the generated
torque used for flap actuation. Venkata et al. [33] conducted a research study to morph
automotive fender skirts that use composite material embedded with SMA wires. The
design process includes mathematical modelling and experiments. The findings describe
the reduction in the actuation time of 95% with a 62% weight reduction compared to the
dome-shaped steel fender skirt. Pacifique et al. [13] proposed an active thermostat that
uses an SMA spring to activate its operations. The design covers mathematical modelling
and simulation, which show an engine overheating reduction and low-pressure fluctuation
in the cooling system. Tiegang et al. [34] proposed a novel non-embedded, adjustable,
and flexible SMA actuator to be applied in the exhaust nozzle to vary its area. The study
includes both theoretical and experimental approaches.

This research aims to design the SMA-based Idle Air Control (IAC) actuator for
vehicle application. The IAC actuator closes or opens the air path through the bypass for
engine idling conditions from its pintle’s stroke. The design process includes numerical
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analysis with COMSOL Multiphysics software and analytical methods with mathematical
modelling and simulation using MATLAB software (R2023b). The SMA spring activates
the actuator from its phase transformations using electric current. A PID controller and
limiters are used for the output responses to reduce the time taken for thermal stimuli.
The actuator’s operations are evaluated based on the practical spark ignition engine idle-
condition input parameters using MATLAB Simulink software (R2023b). The model is
simple and weightless, with the rapid opening of the idle air path at a low consumed
electric current of only 2 A.

2. Materials and Methods
2.1. Structural Configuration of Proposed IAC Actuator

The structure of the idle air control (IAC) actuator identifies the external physical
appearance and internal parts arrangement with their shapes. Figure 1a shows a completely
assembled actuator. It has three main parts with different shapes and colours. The bottom
part is in rubber colour and the middle part with chromate colour are fixed parts to hold
the internal components. The remaining one is a part of the IAC actuator to be fixed into
the throttle body. Figure 1b shows the 14 components of a shape memory alloy-based idle
air control actuator. Each one has its role in the operation of the actuator. The pintle and
rod are the moving components based on the state of the actuator. The stability of the rod
holder comes from the vertical support, which assembles it with the outer housing and the
fixture plate.

Appl. Sci. 2024, 14, x FOR PEER REVIEW 3 of 23 
 

This research aims to design the SMA-based Idle Air Control (IAC) actuator for vehicle 
application. The IAC actuator closes or opens the air path through the bypass for engine idling 
conditions from its pintle’s stroke. The design process includes numerical analysis with COM-
SOL Multiphysics software and analytical methods with mathematical modelling and simu-
lation using MATLAB software (R2023b). The SMA spring activates the actuator from its 
phase transformations using electric current. A PID controller and limiters are used for the 
output responses to reduce the time taken for thermal stimuli. The actuator’s operations are 
evaluated based on the practical spark ignition engine idle-condition input parameters using 
MATLAB Simulink software (R2023b). The model is simple and weightless, with the rapid 
opening of the idle air path at a low consumed electric current of only 2 A. 

2. Materials and Methods 
2.1. Structural Configuration of Proposed IAC Actuator 

The structure of the idle air control (IAC) actuator identifies the external physical appear-
ance and internal parts arrangement with their shapes. Figure 1a shows a completely assem-
bled actuator. It has three main parts with different shapes and colours. The bottom part is in 
rubber colour and the middle part with chromate colour are fixed parts to hold the internal 
components. The remaining one is a part of the IAC actuator to be fixed into the throttle body. 
Figure 1b shows the 14 components of a shape memory alloy-based idle air control actuator. 
Each one has its role in the operation of the actuator. The pintle and rod are the moving com-
ponents based on the state of the actuator. The stability of the rod holder comes from the ver-
tical support, which assembles it with the outer housing and the fixture plate. 

  
(a) (b) 

Figure 1. Structure of proposed idle air control actuator. (a) Complete 3D assembled model of the 
actuator; (b) sectioned actuator with all main components (1. Pintle, 2. Rod, 3. Inner housing, 4. Bias 
spring, 5. O ring, 6. Fixture plate, 7. Bolts-holder, 8. Rod holder, 9. SMA spring, 10. Outer housing, 
11. Connecting box, 12. Electric connectors, 13. Vertical support, and 14. Cooling slot). 

The fixture plate supports the actuator onto the throttle body through the bolt holder 
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connectors in the connecting box relate to the electric wires from the engine electronic 
control module and supply the electric current to the SMA spring. This spring is made 
from a Nickel-and-Titanium (NiTi) alloy with 52% of Ni and 48% of Ti. The reference 
specifications of the SMA spring are from the released datasheet of Nexmetal Corporation, 
Sheridan, WY, USA, for the NiTi SMA coil spring [35]. The rod holder, bias spring, and 
rod are made from stainless steel. The fixture plate and vertical support are made of low-

Figure 1. Structure of proposed idle air control actuator. (a) Complete 3D assembled model of the
actuator; (b) sectioned actuator with all main components (1. Pintle, 2. Rod, 3. Inner housing, 4. Bias
spring, 5. O ring, 6. Fixture plate, 7. Bolts-holder, 8. Rod holder, 9. SMA spring, 10. Outer housing,
11. Connecting box, 12. Electric connectors, 13. Vertical support, and 14. Cooling slot).

The fixture plate supports the actuator onto the throttle body through the bolt holder
and bolts with nuts. O ring protects the actuator from leakage of air in the bypass. Electric
connectors in the connecting box relate to the electric wires from the engine electronic
control module and supply the electric current to the SMA spring. This spring is made
from a Nickel-and-Titanium (NiTi) alloy with 52% of Ni and 48% of Ti. The reference
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specifications of the SMA spring are from the released datasheet of Nexmetal Corporation,
Sheridan, WY, USA, for the NiTi SMA coil spring [35]. The rod holder, bias spring, and rod
are made from stainless steel. The fixture plate and vertical support are made of low-carbon
steel. Inner and outer housings are made from grey cast iron. Together with the cooling
slot, they facilitate a high rate of heat transferred to the ambient from the SMA spring
during cooling time. The connecting box is made of ductile cast iron. Using cast iron in
these components increases their ability to work outside with different temperatures and
vibrations from the engine. Apart from the simple structure of the actuator, it has a low
weight of 17.46 g. However, two springs (SMA spring and Bias spring) shown in Figure 2
are the main components to manage this IAC actuator’s operation.
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The bias spring, shown in Figure 2a, is designed to work under compression. Its
parameters are indicated by a subscript b (.b). Figure 2b illustrates an SMA spring. It is
designed to work under mechanical extension. Its parameters have a subscript s (.s) to
differentiate them from those of a bias spring. The wire diameter (db) was selected from the
stainless steel wire available on the market. It is the basic element used to calculate other
spring parameters as expressed in Equation (1). It is an equation of modelling modified
from a study conducted by Turabimana et al. [13]. The parameters of the SMA spring were
identified based on force (Fb) that should extend to the full displacement of the SMA spring
at its martensite phase.

Fb =
8Db0

τmπd3
b

C f (1)

where Fb is a mechanical driving force to extend the SMA alloy spring, C f is a shear stress
correction factor of the spring and it is calculated based on the spring index (is) in Table 1.
τm is a maximum shear stress of the spring, which defines the spring’s working ability [36].
This stress for coil spring from stainless steel is 515 MPa. The two springs are designed
using the same theory of coil spring, but the working conditions and parametric relationship
are different. The parameters of an SMA spring stand to resist Fb and can generate the force
that compresses the bias spring during the austenite phase. The parameters of both springs
are listed in Table 1.
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Table 1. Specifications of the spring.

Parameter
Value

Bias Spring (.b) SMA Spring (.s)

Wire diameter (d) 2 mm 1.7 mm
Free length of coil (L f ) 23 mm 15.5 mm
Coil diameter (D0) 16 mm 10.2 mm
Spring index (is) 8 6
Generated force (F) 2.25 N 2.416 N
Number of active coils (Nc) 7 5

2.2. Actuation Mechanism of SMA-Based IAC Actuator
2.2.1. Actuation Requirements of Proposed Actuator

The actuation mechanism of the proposed SMA-based IAC actuator starts with setting
the operational requirements. Those requirements are constraints and specifications related
to the environmental and working conditions of the actuator to achieve its final purpose.
The constraints are within the bounds of the characteristics of the SMA spring listed in
Table 2. The specifications are settled based on the existing idle air control valves of the
internal combustion engine. The SMA spring is the operational active component of the
actuator and activates its operating states. The specifications include power that allows
for heating the SMA spring in a reasonable time, actuation time that defines the heating
and cooling cycles, working stroke and temperature to the full opening of the actuator, and
repeatability to confirm many possible operating numbers of cycles. Each specification or
constraint has its function in the actuator’s operation to keep its life span long with good
operability.

Table 2. Properties of SMA spring.

Property Value

Maximum allowable stress (σ0) 690 Nmm−2

Minimum allowable stress (σi) 70 Nmm−2

Operating number of cycles (Ncy) 105

Operating temperature 0–60 ◦C
Ambient temperature (Te) 25 ◦C

Density (ρs) 6.45 gmm−6

Poison’s ratio (rs) 0.33
Electric resistivity_Martensite (ρeM) 8.7 × 10−4 Ωmm
Electric resistivity_Austenite (ρeA) 7.2 × 10−4 Ωmm

Specific heat (cp) 0.2 Cal(goC)−1

Martensite young’s modulus (EM) 33,500 Nmm−2

Austenite young’s modulus (EA) 62,500 Nmm−2

Coefficient of thermal expansion (Cth) 11 × 10−6 K−1

Maximum pulling force ( Fsmax) 4 N

2.2.2. Working Principle of SMA-Based Actuator

The operating principle of the proposed IAC actuator is to close and open the idle
air path (bypass) in the throttle body. The SMA spring manages the operation mechanism
through its phases such as the martensite and austenite phases. The martensite phase plays
a role in the closing state and the austenite phase acts in the opening state of the actuator.

In the closing state, the bias spring extends the SMA spring mechanically with its
force (Fb), as shown in Figure 3a. The force (Fb) expressed in Equation (1) is transformed
according to the operating principle of the SMA-based IAC actuator and expressed by
Equation (2). This is a pseudo-elastic phenomenon of SMA spring. Then, the rod assembled
with the SMA spring moves into the rod holder and causes the pintle to displace. Within
this state, environmental air passes through the throttle valve from entering the engine
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intake manifold. The stress of the SMA spring induced by mechanical force (Fb) should
be less than the maximum allowable working stress (σ0) in Table 2. However, the contrary
operation is the opening state of the actuator, as shown in Figure 3b.
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In the opening state of the IAC actuator, the SMA spring should return to its original
position, but generate force (Fs) to compress the bias spring. The generated force Fs is
expressed by Equation (2). It depends on the fraction volume (ϑ) and the SMA spring
displacement (S). This force should be able to suppress the mechanical driving force from
the bias spring (Fb). The process is a pseudoplastic phenomenon of the SMA spring. With
a compressed bias spring, the pintle with the rod follows the motion of the SMA spring
and moves in the opposite direction to open the air flows into the bypass of the throttle
body. The thermal mechanical behaviour of the SMA alloy spring is the key parameter to
activate the opening state, which will be defined in the phase transformations and control
techniques in the next sections.

Fb = Fp + Ft + Ksx

Fs =
πd3

s
6Ds

{(
ds

πD2
s Nsc

Gs

)
xs + (
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= Fp + Ft + Kbx
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1,2, are the parameters associated with the stress–strain curve. ϑM,A, stands for
the martensite fraction volume and Austenite fraction volume. ds, Ds, Nsc, Gs, Ks, are the
SMA spring’s wire diameter, coil mean diameter, number of active coils, shear modulus,
and spring constant, respectively. Kb is a bias spring constant, x represents spring the
displacement or stroke achieved by the pintle, and Fp stands for the force that comes from
the pressure difference between the inlet and outlet of the bypass. Ft represents the transient
flow force. Ft is in the function of pintle dimensions and air characteristics, as expressed in
Equation (3):

Ft = LCAπDpsinφc

√
2ρA∆p

dx
dt

(3)

where, L, CA, Dp, φc, ρA, ∆p stand for the flowing length, air flow coefficient, pintle
diameter, pintle’s conic angle, intake air density, and air pressure difference (pressure of air
into the intake manifold and pressure entering the bypass idle air path).

2.3. Analytical Modelling of the Proposed IAC Actuator

Mathematical modelling of the SMA spring is necessary to describe two operability
states of the proposed actuator using scientific expressions. From the closing to opening
state, the shape memory effect (SME) acts undergo the converted current and SMA models
to fulfil the actuation of the IAC actuator, as shown in Figure 4. The function that defines the
electric current (I) in the converter is dependent on the SMA spring’s size (A) and holding
temperature circulating into the spring (Tw) [37]. This function is expressed as follows:

I = F(Tw, A) (4)
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Figure 4. Shape memory effect (SME) analytical model to operate the actuator.

The desired temperature of the actuator’s pseudo-plasticity is the final austenite
temperature of the SMA spring (AF). The converter uses this temperature as the input of
the current function to predict the required electric current to supply the SMA spring. The
system uses a proportional integrated derivative (PID) controller to achieve fast smooth
current output responses. However, the controller input is the output signal from the
current function. The scientific behind of this controller is the tuning technique of its
gains to the significant values. In this work, the parameterisation of the PID controller
is performed with a genetic algorithm (GA) method to obtain the preference controller
gains (KP,I,D). The objective function to give the optimum gain is a function of the length
of the integrated time absolute error (ITAE). The variables are three, the lower boundaries
are [0 0 0], and the upper boundaries are [50 50 50]. The system output displays K and
fitness values. After using the optimum gains, the output signals from PID pass through
the current limiter. To prevent saturation output current signals, we opt to use a saturation
limiter with upper and lower boundaries [38]. The output signals of the current converter
are shown in Figure 5.
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Figure 5. Current converter’s characteristics. (a) PID optimization fitness values (Best: 504.366,
Mean: 1.8951 × 1015); (b) power spectrum of integrated time absolute error (ITAE); and (c) output
current response.

Figure 5a shows the best fitness value of the PID controller’s optimization process
achieved within 25 generations. The best fitness value and the last minimum length value
of the integrated time absolute error (ITAE) are the key parameters to confirm the optimum
gains of the PID controller. Figure 5b shows the frequency of ITAE during controller
optimization. The recorded optimum controller gains (K) are [1.03 0.64 0.31]. The controller
gain values are important in the controller outputs, accuracy, and time response. Figure 5c
shows the electric current output response. The electric current of 2 A is achieved after
700 ms from multiple simulation duty cycles. This current is enough to heat the SMA spring
and becomes the input of the SMA models to activate the operation of the SMA-based
actuator. The required SMA models to determine the appropriate responses of the actuator
include thermal, constitutive, and kinetic models. The models are arranged consecutively
to use controlled electric current as the principal input [7,39]. The SME links the models
to operate. However, SME is activated by heating the SMA spring at the final required
temperature, as described by the thermal model. The thermal model is expressed by
Equation (5). For the actuator to perform those two antagonistic states, the heat transfer of
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the SMA spring is followed by a heating cycle (Thc) for opening and a cooling cycle (Tcc)
for the actuator’s closing process. The temperature response (Tw) from this model becomes
the input of the phase transformation model. The temperature (Tw) should be between the
final martensite temperature (M F) and the final austenite temperature (AF) in Table 3.

ρsVscp
dTw
dt = I2R − hs

πD2
s

4 (Tw − Te) (Heat transfer in SMA spring)

Thc = Te +
I2R

hs
πD2

s
4

(
1 − e

−( 4hs
Dsρscp )t

)
(Heating cycle)

Tcc = Te + (Tw − Te)e
−( 4hs

Dsρscp )t (Cooling cycle)

(5)

where ρs, Vs, cp, I, R, hs, t, Te stand for the SMA spring’s density, total volume, specific
heat, electric current, electric resistance, convection coefficient, operational time, and
ambient temperature, respectively.

Table 3. Phase transformation characteristics.

Parameter Value Reference

Martensite starting temperature (MS) 38 ◦C

[40]
Martensite final temperature (MF) 26.5 ◦C

Austenite starting temperature (AS) 42 ◦C
Austenite final temperature (AF) 50.5 ◦C

Slope of Austenite limit curve ( βA) 7.2 Nmm−2K−1

Slope of martensite limit curve (βM) 6.92 Nmm−2K−1

Maximum transformation strain ( εtr) 2.3% [41]

The volume fraction (ϑ) defines the process of the transformation model. From the
volume fraction, this model is divided into three classes such as the martensite (M) to the
austenite (A) phase, clarifying the austenite fraction volume (ϑA), austenite (A) to martensite
(M) phase to define the martensite fraction volume (ϑM), and twinned (Mtw) to detwinned
(Mdt) martensite phase to derive the detwinned martensite fraction volume (ϑdt). During
the phase transformation process, we set the transformation boundaries of martensite (ϑM)
and austenite fraction volume (ϑA), with a maximum (ϑM) of 1 and 0 for (ϑA), as shown
in Figure 6. Equations (6) and (7) express the phase transformation processes of volume
fraction (ϑ). This equation is established based on the phase transformation equation
model of the SMA-driven compliant rotary actuator demonstrated by M. Daisuke et al. in
2018 [42] and the operating condition of the proposed actuator. The induced stress during
the austenite fraction should be less than the stress of the martensite fraction. However,
both stresses could cause the operational strain below the transformation strain (ϵtr).

ϑM = ϑAi

(
1
2

(
cos π(δTM−δσM)

MS−MF
+ 1

))za
(A to M transformation process)

ϑA = (ϑMi − 1)
(

1
2

(
cos π(δTA−δσA)

AS−AF
+ 1

))zb
+ 1 (M to A transformation process)

ϑdt = (1 − ϑA)(ϑdti − 1)
(

1
2

(
cos πδσ

∇σ + 1
))zc

+ (1 − ϑA) (Mtw to Mdt trans f ormation process)

(6)

where,

za =
(

1 +
(

δTM−δσM
MS−MF

)(
α1−1

α1

))
α1,

zb =
(

1 −
(

δTA−δσA
AF−AS

)(
α2−1

α2

))
α2,

zc =
(

1 − δσ(α3−1)
∇σα3

)
α3,

∇σ = σ0 − σi , δσ = σw − σi, δσM = σw
βM

, δσA = σw
βA

,

δTM = Tw − Ms, δTA = Tw − AS

(7)
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where AS, AF, MS, MF are the starting austenite temperature, final austenite temperature,
starting martensite temperature, and final martensite temperature. These parameters are
listed in Table 3. α1,2,3 represent the crystal variable speed coefficients of nitinol, βA, βM
are slope limit curves of austenite and martensite, and the other mathematical symbols
are defined in Tables 2 and 3. The twinned crystals’ components are separated during
detwinned martensite. However, introducing the stresses in the transformation process
of the Mtw to Mdt defines the deformation of the SMA spring in the martensitic condition.
The kinetic model is used to find the total stroke that is moved by the pintle. It is defined
by the displacement of the SMA spring from the axial pitch. This displacement includes
both the change in the axial pitch of the coils (∆P) and the initial pitch (Ps) of the SMA
spring. Hence, this kinetic model determines the change in vertical pitch (∆P) of each coil
in a reasonable working strain of spring wire. The product of (∆P) with the number of
active coils (Nsc) results in the total displacement of the spring if it is added or deducted
from the original vertical pitch of the SMA spring. The change in axial pitch of the coils
(∆P) is a function of working stress, working strain, SMA spring size and the SMA spring’s
generated force, as expressed by the first term of Equation (8):

S =

(
Ps +

(
4

FsPsεw

πD2
s σw

))
Nsc (8)

where S represents the total stroke moved by the actuator’s pintle, εw stands for the
working strain, and σw is the working stress. Other variables were defined in the previous
paragraphs or in Appendix A at the end part of the article. The working strain (εw) used
in this model is from the strain due to elasticity, strain induced by thermal, and induced
strain by phase transformation. It is expressed as follows:

εw = εi
σw

E(ϑA ,ϑdt)
− σi

E(ϑAi ,ϑdti)
+ ξ(ϑdt − ϑdti) + ∅(ϑA)Tw − ∅(ϑAi)Te

E(ϑA, ϑdt) = Etw + (EA − Etw)ϑA + (Edt − Etw)ϑdt

∅(ϑA) = ∅M + (∅A − ∅M)ϑA

(9)
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In the above, ξ, ∅, εi are the transformation modulus, temperature coefficient from the
material’s resistance, and initial strain of the SMA spring, respectively. EA, Etw, Edt, E(ϑA, ϑdt)
represent the austenite young’s modulus, twinned young’s modulus, detwinned young’s
modulus, and young’s modulus in austenite and detwinned martensite phase transforma-
tions, respectively. Equations (4)–(9) were used to develop the MATLAB algorithms that
define the operation of the actuator in the analytical mean. The model-based system design
approach (Simulink (R2023b)) was adopted and linked with those algorithms because of
the multidomain models of the proposed actuator. Simulation outputs are presented in the
results section.
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2.4. Numerical Analysis of SMA-Based IAC Actuator

The design process of the actuator requires different verification, evaluation, and
validation from one analysis approach to another to obtain a well-operating actuator at the
final stage [43]. In this section, we used finite element analysis to validate the analytical
simulations in the previous section. Both approaches were performed to open and close
the air flowing in the bypass of the throttle body for idle engine speed. The numerical
analysis uses COMSOL Multiphysics software (R2023b) to parameterise, geometrise, and
simulate the IAC actuator. The analysis was arranged to fulfil the opening and closing
operations of the actuator described in Figure 3. Table 4 identifies the numerical simulation
workflow from the start to the computation of the outputs but highlights the different
settings between the closing and opening state of the actuator.

Table 4. Numerical simulation workflow in COMSOL Multiphysics.

Model Builder and Setting
IAC Actuator’s Operating Mode

Closing State Opening State

Physics interface Structure Mechanics/Multibody dynamics Structure Mechanics/Joule Heating and
Thermal Expansion

Study Stationary Stationary

Physics constraints

Rigid fixed domain (supports), Prescribed
displacement, (Assigned on the Pintle as the

desired displacement), and
Boundary load (Fb used as pressure and assigned

on the bias spring)

Fixed constraint (supports), Temperature
(Te), Ground (negative connector),

Electric terminal (positive connector
linked with the SMA spring).

Meshing Free tetrahedral extra fine Free tetrahedral extra fine

Solver configurations Stationary nonlinear solver with segregated steps Stationary nonlinear solver with
segregated steps

The model builder uses different physics due to the two operating modes of the actua-
tor. Multibody dynamics is used for the mechanical constraints to simulate the actuator in
the closing state while the opening state uses joule heating and thermal expansion physics.
After confirming the geometry component with full physics settings, the materials are
assigned to the concerned actuator components, as identified in Section 2.1. Table 5 lists
the properties of materials assigned to the model, excluding the NiTi properties, which are
listed in Tables 2 and 3. When inserting the NiTi input parameters/properties, the basic
and phase transformation properties were separated from the martensite and austenite
properties.

Table 5. Materials and their properties for the model.

Property

Material

Stainless Steel 405
(Bias Spring, Rod
Holder, and Rod)

Low Carbon Steel
1008 (Fixture Plate

and Vertical
Support)

Grey Cast Iron
(Housings)

Ductile Cast iron
(Connection Box)

Nitrile Rubber
(O Ring)

Young’s modulus 190 Gpa 200 Gpa 124 Gpa 172 Gpa 0.855 MPa
Poison’s ratio 0.3 0.29 0.26 0.26 0.43

Density 7800 kg/m3 7872 kg/m3 7150 kg/m3 7200 kg/m3 1000 kg/m3

Thermal conductivity 16.2 W/mK 16.2 W/mK 53.3 W/mK 32.3 W/mK 0.33 W/mK
Specific heat capacity 500 J/kgK 450 J/kgK 490 J/kgK 506 J/kgK 1900 J/kgK

Coefficient of thermal expansion 9.9 × 10−6/K 1.32 × 10−5/K 9 × 10−6/◦C 11.6 × 10−6/◦C 0.48/◦C

In the meshing process of the model, the mesh element size was 0.005 mm, with a free
tetrahedral extra fine that uses a geometric shape order of quadratic serendipity, as shown
in Figure 7a. The electric current uses a terminal type of current with 2 A. It is assigned
on a positive connector to supply the SMA spring for the thermal effect of the actuator
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operation. Figure 7b shows how the current input causes the electric potential induced
into the actuator’s components during the computation of the actuator’s opening state
solutions. The SMA spring experienced a greater electric potential of 5.12 V and crossed
close to the positive connector. The induced temperature to initiate the shape memory
effect in the actuator is shown in Figure 7c. In the SMA spring also, the highest temperature
of 54.9 ◦C was recorded. Numerical solutions will be presented in the Results section.
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2.5. Performance Evaluation of the Proposed IAC Actuator

In this section, we will evaluate the operability of the designed SMA-based IAC actua-
tor through MATLAB (R2023b) simulation using mathematical algorithms and Simulink.
We do not conduct experiments for the proposed actuator at this phase. Still, the same
examinations will be performed in this section by integrating the designed actuator into
the intake manifold and comparing the engine outputs with the real practical operated
engines and literature experimental results. The proposed IAC actuator is assembled into
the structure of the throttle body to control the flow of bypass air to the intake manifold
through the displacement of its pintle, as shown in Figure 8.
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Figure 8. Simplified structural representation of engine intake manifold with throttle body holding
an SMA-based IAC actuator. (a) Air flowing in the main path with the opening throttle valve and
bypass closed by the SMA-based IAC actuator; (b) air passes through the bypass path opened by the
SMA-based IAC actuator and full closed throttle valve. (1. Throttle body, 2. Bypass, 3. Throttle valve
butterfly, 4. SMA-based IAC actuator).

The SMA-based actuator closes the bypass, and fresh air from the environment enters
the intake manifold through the throttle valve, as shown in Figure 8a. The actuator is in
a closed state, and there is no supply of electric current to the SMA spring. This state of
the actuator always occurs whenever the engine is turned off, or the driver presses the
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accelerator pedal. Figure 8b shows the fresh air flowing through the bypass to enter the
intake manifold with an opening actuator. The throttle valve butterfly is in full close with
an angle of 90◦. This state of the actuator always occurs during engine idling conditions.
The dynamic characteristics of air through the bypass and their corresponding engine
idling characteristics are expressed in Equations (10)–(13). The main inputs of the equations
forming the algorithms in this section include the actual parameters for the spark ignition
engine from previous research with experiments [44–46] and practical engines [47,48]. The
triggering signal from the SMA-based IAC actuator is the opening and closing strokes that
vary with time (S).

.
mA(t) = Dpsin(φc)S(t)

Patm(t)

(RTatm(t))
1
2

(
2Pin(t)
Patm(t)

(
1 − Pin(t)

Patm(t)

)) 1
2

(10)

where
.

mA, Tatm, Patm, Pin, R are the air mass flow rate through the pintle of the SMA-
based IAC actuator, ambient temperature, atmospheric pressure, air pressure in the intake
manifold, and air constant with a value of 287.05 (J/kg◦C). The opening or closing stroke
(S(t)) of the actuator describes the air mass flow rate through the bypass (

.
mA) before

reaching the intake manifold. The longer the opening stroke of the actuator, the more
flowing air enters the intake manifold. This air mass flow rate was used to define the other
characteristics of the engine in idle mode.

d
dt

Pin(t) =
RTin(t)

Vin

 .
mA(t)−

.
men(t)

1 + 1
λ(t)st

 (11)

In the above, Tin, Vin,
.

men, λ represent the temperature in the intake manifold, the
volume of the intake manifold, the air mass flow rate that passes through and induced by
the engine, and the air–fuel ratio. st is the stochiometric air–fuel ratio, with a value of 14.7
for the spark ignition engine.

.
men(t) =

Pin(t)
2RTin(t)

νe(Pin(t), ωen(t))Vp
ωen(t)

2π
(12)

where νe, Vp, ωen are the volumetric efficiency, piston displacement volume, and engine speed.

Ten(t) =

η
Hl
Vp

4π

λst

.
men

1+ 1
λ(t)st

(
t − 2π

ωen(t)

)
ωen

(
t − 2π

ωen(t)

)
−

(
η f 4π

Vp

)
− (Pen(t)− Pin(t))

Vp

4π
(13)

where Ten, η, η f , Hl stand for the torque produced by the engine during the idle operating
mode, ignition parameter, piston’s friction coefficient, and heating due to ignition. The
engine modelling equation completed by Gharib et al. [47] and the input parameters form
the basis of the equation used to compute the idle engine torque output. Then, we simulated
the idle engine speed in revolutions per minute using the generated engine torque and
the engine’s load torque. The product of the idle engine speed in radians per second and
torque gives the total power output of the engine in watts [49].

3. Results and Discussion

This section presents the findings obtained from the methods discussed in the previous
section. It includes the results of analytical analysis, numerical simulations, and integration
of the SMA-based IAC actuator into the automotive engine’s intake manifold. Therefore,
the discussions will bear the results in line with the IAC actuator’s operations.

3.1. Analytical Results

Analytical simulation results were obtained based on the equations in the analytical
method. Figure 9a shows the extension displacement of the shape memory alloy spring
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from the input mechanical driving force (Fb). The extension displacement of the SMA
spring can be the same as the closing stroke moved by the pintle of the IAC actuator during
the closing state. The SMA spring keeps stretching as the input force increases. With the
maximum force of 2.39 N, the displacement reached 6.26 mm. However, a coil spring (bias
spring) pulled another coil spring (SMA spring), and the displacement curve became rough
because the coils were not stretching equally.
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Figure 9. Shape memory effect outputs in the operating mechanism of the proposed IAC actuator.
(a) Mechanical force versus the extension displacement of proposed actuator caused by bias spring;
(b) heating and cooling cycles with used time to the final stage; (c) generated force of SMA spring to
pull the bias spring with heating temperature; (d) output generated force of SMA spring produced by
different supplied electric current; (e) displacement of SMA spring to regain its normal position.

The heating and cooling cycles of the SMA spring are shown in Figure 9b. Before 1 s,
the heating cycle curve rises from the ambient temperature (25 ◦C) to the final austenite
temperature (50.5 ◦C), but the final one was achieved at 3.8 s. The main input here was
the controlled current (I) from the current converter. The heating cycle remained active
when the actuator opened until the SMA spring’s current supply stopped. The choice of a
maximum heating temperature of 50.5 ◦C prevents an actuator from overheating and high
electricity consumption. It reduces the time needed to cool it down for another operational
state. However, the cooling cycle curve starts to fall after 1.2 s of off-current supply. It takes
4.75 s to complete cooling the SMA spring from the maximum heating temperature to the
ambient temperature of 25 ◦C. It implies that the time required to cool the SMA spring is
more than its heating time. Figure 9c shows the generated force of the SMA spring used
to compress the bias spring and regain its position. The generated force is zero when the
temperature of the heating cycle is between 25 ◦C and 30 ◦C. The increasing temperature
provides the rise of the generated force. With maximum heating temperature, the spring
generates its maximum force of 2.46 N. However, the variation in output force generated
by the SMA spring depends on the supplied current, as shown in Figure 9d. This force
increases proportionally with the electric current supplied to the SMA spring increases.
The current of 2 A provides the highest generated force of 2.46 N. The rising curve of force
is active every time the current is on and starts descending directly after the supply current
is off for all force curves. Figure 9e shows the displacement of the SMA spring under the
electrical supply. The extended coils of the SMA spring return to their original positions
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when it heats up, causing the spring to regain its original length. In 3.8 s, the maximum
settling displacement of 6.5 mm is reached. This displacement of the SMA spring from the
input current can be the same as the opening stroke moved by the actuator’s pintle.

The fraction volume curve that defines the transformation of the SMA spring is shown
in Figure 10a. According to this curve, the SMA spring’s operability ranges from 0.01 to 0.14
for the austenite fraction volume and 1 to 0.5 for the martensite fraction volume. However,
no fraction volume curve passes the settled maximum fraction volume of martensite and
austenite. With more repeating cycles, the required temperature for phase transformation
is lower. The applied maximum temperature is 54 ◦C instead of the 50.5 ◦C to test the
performance ability of the SMA spring in the actuator. However, the fraction volume curve
confirms the ability of this SMA spring to perform well at such applied temperature without
fail. Figure 10b shows the hysteresis curves of stress and strain for both extension and SMA
regaining its initial position. The maximum mechanical stress with the SMA spring under
extension is 452 Mpa. It is below the maximum allowable working stress (σ0) of 690 Mpa.
The corresponding extension strain to complete the cycle is 0.0219. The regaining process of
the SMA spring pulls the bias spring, which causes it to have a maximum stress of 347 Mpa
with a strain of 0.016 from the thermal effect. The strength operation of the SMA spring
in this actuator is advantageous to the design to prevent overstressing and overstraining
of the actuator to increase its life span. The operating with repeatability of the actuator
is shown in Figure 10c,d. The actuator performs 100 operating cycles in 5 s with a time
interval of 0.0001. They are very congested but indicate that the stress and strain curves
of the 1st cycle are the same as the ones recorded in the 100th cycle. The recorded strain
from multiple cycles is below the transformation strain in the material properties. The
output stress at the 100th cycle is also less than the maximum allowable stress of the SMA
spring. They designate the high repeatability and long-life operation of the SMA-based
actuator [50].
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Figure 10. Effect of shape memory alloy in actuation mechanism of the proposed actuator. (a) Fraction
volume of SMA spring concerning temperature taken during phase transformation; (b) hysteresis
curve of stress–strain from the mechanical extension of SMA spring and stress–strain curve during
spring regains its initial position; (c) stress of SMA within multiple numbers of operating cycles;
(d) operating strain of SMA spring from a multiple number of cycles; (e) the change in vertical pith to
the extension and regaining position of the SMA spring for closing and opening states of the actuator;
(f) closing and opening strokes of the proposed IAC actuator.
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Figure 10e shows the change in vertical pitches of the coils of the SMA spring. The
vertical pitch of each coil changes to extend during the closing state of the actuator. It
starts from the initial pitch and extends until the final displacement of the SMA spring.
The displacement from a coil covers the initial vertical pitch and its change. The extension
starts from the initial pitch of 2.23 mm and ends at 3.5 mm. Regaining axial pitch starts and
the SME boosts to activate the SMA spring to the opening state of the actuator. The pitch is
changed in the opposite direction from the extension but does not reach the starting point
of the extension stage, because of the residual resistance from the bias spring. The final
extension pitch becomes the starting point of the regaining pitch, and the final regaining
pitch is 2.3 mm. The change in vertical pitch for extension is 1.27 mm, while the vertical
pitch for regaining is 1.2 mm. Figure 10f shows the IAC actuator’s closing and opening
strokes. The maximum stroke of both states is 6.5 mm, but achieved at different times. The
closing stroke curve is not smooth and takes a full simulation time of 5 s to complete. The
opening curve from zero to the maximum stroke is smooth and was achieved in 3 s of
simulation. The maximum closing stroke is the sum of the total changes of axial pitches and
the initial pitch, and the maximum opening stroke is the total change in the axial pitches
for regaining. The maximum stroke was settled based on the existing operating space of
the pintle from previous research on idle engine speed [51–53]. The quick opening of the
actuator is required to facilitate the idle speed activation in a short time.

3.2. Numerical Simulations

The numerical simulation results were recorded when the convergence plot was fully
generated with the final minimum estimation error of the solution process for the selected
nonlinear solver, as shown in Figure 11. It includes both physical interfaces in Table 4 that
identify the operational states of the proposed actuator. Although the starting and ending
iteration numbers for the operational states differ, they both end with the same estimation
error of 10−3. The opening state ends at the 186th iteration number and the closing state
starts at the previous state’s last iteration number and ends at the 489th iteration number.
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Figure 12 shows the numerical results of both the actuator’s opening and closing
operation states. They use the internal structure of the actuator that defines its operational
mechanism in Figure 3. The external structure is hidden to prevent the use of results
with multi-sliced graphs of results to present the internal structure, which can cause some
confusion in analysis.
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Figure 12. Numerical analysis results of the SMA-based IAC actuator’s closing and opening operating
mechanisms. (a) Induced stress of the actuator during closing state; (b) induced strain of the actuator
during closing state; (c) closing displacement of the actuator; (d) stress induced by the actuator during
opening state; (e) induced strain of the actuator during opening state; and (f) the actuator opening
displacement.

The extension of the SMA spring activates the closing position of the actuator. It
allows the rod and pintle to move in a downward position. However, the stretching of
the SMA spring experiences a maximum stress of 461 MPa, while the other parts of the
actuator are less stressed, as shown in Figure 12a. It is noticed that there is a difference of
9 MPa between the numerical and analytical maximum stresses. The difference between
the numerical output stress and allowable maximum stress of the SMA spring is 229 MPa.
It defines the operability of the actuator for a long time without overstressing. Figure 12b
shows the strain of the actuator during the closing state with a maximum strain of the
actuator that is recorded on the SMA spring. This strain was below the transformation
train prescribed in the SMA properties, with a strain difference of 0.3% between them.
Figure 12c shows the displacement that is moved by the pintle to close the IAC actuator.
The red colour that indicates the maximum displacement appears on the parts which play
a role in the pintle’s movements. The red colour on the bias spring comes from the settings
chosen to keep the axial pitch of this spring and this spring is identified as the force Fb
during simulation. The maximum closing displacement of the actuator is 6.48 mm, which
indicates a difference of 0.02 mm from the analytical simulation. Figure 12d shows the
stress of the actuator during the opening process. The maximum stress is 359 MPa, which
appears in the springs. The SMA spring compresses the bias spring to regain its initial
position and pulls the rod with a pintle to move upward, which leads to high stress like a
bias spring. The color bar of stress clearly shows the bias spring as a part of the actuator
that experiences stress. This stress is the lowest compared to the closing stress and the
permissible working stress of the SMA spring. The strain from the actuator’s opening state
is shown in Figure 12e. Based on a predefined colourmap of the actuator’s strain for the
opening state, the bias spring shows the highest strain, and the SMA spring follows it.
However, the recorded maximum strain of 2% is lower than the allowable working strain of
the spring made from steel, which is between 15% and 20% [54,55]. This strain is also below
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the maximum strain transformation of the SMA spring. Figure 12f shows the displacement
of the actuator to the opening state. The maximum displacement is 6.42 mm, defined by
the SMA spring moving upward with the rod and pintle to regain its initial position after
compressing the bias spring. There is a difference of 0.06 mm between the closing and
opening displacements from the residual energy of the SMA spring after mechanical force
application. The coils’ axial pitches of the bias spring were changed, which caused the
bias spring to be recorded as the highly displaced part of the actuator. The moving parts,
like the rod and pintle in this position, move back to their initial positions. During the
design, the desired actuator’s stroke was 6 mm. The decimal values outside of the desired
stroke are the operation tolerance. The nature of each analysis method causes apparent
differences between numerical and analytical results [56,57]. In the analytical analysis, the
solutions were exact based on the inputs we inserted into the equations for forming and
material properties. However, numerical analysis provides approximate solutions based
on the inputs, material properties assigned, and others already in COMSOL Multiphysics,
as well as a nonlinear solver with high computing capability.

3.3. Performance Evaluation Outputs

The results from the performance ability of the designed IAC actuator in the engine’s
air intake system are presented here. They are compared to previous studies with exper-
iments and practical engines operating in idle mode. This section also verifies the key
parameters and inputs from the practical engines, which may reduce the cost of exper-
iments and manufacturing the proposed IAC actuator. The air mass flow rate through
the bypass when the IAC actuator opens is shown in Figure 13a. It describes the amount
of air that flows into the intake manifold per defined time. The air mass flow rate in a
steady state is 2.76× 10−3 kg/s after 6 s of simulation. The air mass flow rate is a triggering
characteristic of idle engine operation. The IAC actuator’s stroke defines the amount of
this air mass flow rate. Figure 13b shows the air pressure through the intake manifold. It
is a critical parameter after the air mass flow rate to characterise the intake manifold of
an engine operating in idling mode. It is steadily sated after 6 s with an air pressure of
6.06 × 104 Pa. The air mass flow rate variation determines how air pressure changes in the
intake manifold. The intake manifold’s air pressure is higher with the SMA-based IAC
actuator than in the literature study from reference [53], and the air pressure difference in
these results is 1.56 × 104 Pa.
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Figure 13. Intake manifold characteristics of idling engine. (a) Air mass flow rate through the bypass
to the intake manifold; (b) pressure of air flows in the intake manifold during engine operation in
idle mode.

Figure 14a shows the output torque and power of an engine that operates in idling
mode. Engine torque is the first output performance characteristic to measure in the
simulation. The maximum idling torque is 31.08 Nm. This torque response is steadily
stated at 5.3 s with 25 Nm. However, the steady state of output power is 16.5 Kw at the
same time as the torque. The maximum simulated idle engine power is 19.78 Kw. The
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results demonstrate an improvement in engine idle torque of 1.24% and power of 1.236%
compare with the experimental results from the previous works in the literature [48,51].
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Figure 14. Performance characteristics of an engine running in idle mode. (a) Idling engine torque
and power output; (b) output idling engine speed.

Figure 14b shows the speed of the running engine in idle mode. The output speed
curve after 5.3 s of simulation is in a steady state with 650 RPM, and the maximum
idling speed is 743.8 RPM. All simulated steady-state values are between the maximum
and minimum idle performance output characteristics of the practical operated engine.
Furthermore, the enhancement of engine idling speed is also shown by comparing with
the experimental results from previous research, as cited in references [47,48,51,52,58]. This
means the performance improvement of the engine during idling conditions with the
designed IAC actuator is achieved. The engine idling characteristics concerning the IAC
actuator’s performance are shown in Figure 15. As the actuator’s opening stroke increases,
the engine’s idling torque and speed increase, but in different ways. The maximum
idling torque of 31.08 Nm is attained with an opening stroke level of 3.8–4.1 mm and a
corresponding idling speed of 540.6 RPM. At an opening stroke level of 5.975 mm, the
engine reaches its maximum idling speed of 743.8 RPM, and its corresponding idling torque
of 24.7 Nm. With this IAC actuator, the engine cannot stall from the torque disturbance
or speed variations. Thus, the operating performance of the proposed SMA actuator
contributes to the engine’s good idling characteristics.
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4. Conclusions

In this study, a novel SMA-based idle air control actuator for automotive engines
was proposed to improve the engine’s idling conditions. The innovative idle air control
actuator uses shape memory alloy (SMA) smart material as a new technology to activate
and control the idling mode of the engine. The inherent characteristics of SMAs, particularly
reversible phase transformations in response to thermal changes, were harnessed to create
an IAC actuator that is not only simple in structure and compactness but also possesses
energy efficiency actuation capabilities with only 2 A of supplied electric current. Through
mathematical modelling in analytical analysis and numerical analysis using COMSOL
Multiphysics software (R2023b), it was demonstrated that the SMA-based IAC actuator
effectively modulates air intake during engine idle mode. This level of idling control
contributes significantly to the overall idling efficiency of the engine, addressing key
challenges in achieving good performance during idling conditions. The successful control
strategy with the PID controller in SMA spring models further enhances the adaptability of
the SMA-based IAC actuator’s full opening state in 3 s and attaining the engine’s idling
speed of 743.8 RPM. The operability of the actuator at low stress within multiple cycles
permits SMA material to be a viable and robust solution for the demanding conditions of
real-world vehicle applications. Finally, the looking forward ongoing research will focus on
refining the actuator’s design with optimizing control not based on the existing actuators
but on the engine’s idling conditions, multiple experiments, and practical implementation
of this actuator in a real spark ignition engine to validate the simulation results and address
any potential challenges associated with its integration into diverse vehicle platforms.
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Appendix A. Mathematical Variables and Their Descriptions

Variable Description Variable Description
.b Indication of Bias spring A SMA spring’s area
.s Indication of SMA spring ρs Density of SMA spring
Cf Shear stress correction factor Vs The total volume of SMA spring

Db0 The outer coil diameter of the bias spring cp Specific heat
Tcc Cooling cycle R The electric resistance of the SMA spring
db The wire diameter of the bias spring hs Convective coefficient
is Spring index t Operational time
τm Spring’s maximum shear stress Te Ambient temperature

Fp
Force from the pressure difference between the inlet and
outlet of the bypass

Fb A mechanical driving force to extend the SMA spring

Ks Spring constant of SMA spring Thc Heating cycle
Kb Spring constant of bias spring AF Austenite final temperature
Fs Generated force by SMA spring to compress the bias spring AS Austenite starting temperature
ds SMA spring’s wire diameter MF Martensite final temperature
Ds SMA spring’s coil mean diameter MS Martensite stating temperature
Nsc SMA spring’s number of active coils ϑA Austenite fraction volume
Ft Transient flow force ϑM Martensite fraction volume
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x Spring displacement ϑdt Detwinned martensite fraction volume
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Appendix A. Mathematical Variables and Their Descriptions 

Variable Description Variable Description .𝒃 Indication of Bias spring  𝑨  SMA spring’s area  .𝒔 Indication of SMA spring  𝝆𝒔 Density of SMA spring  𝑪𝒇 Shear stress correction factor  𝑽𝒔 The total volume of SMA spring 𝑫𝒃𝟎  The outer coil diameter of the bias spring  𝒄𝒑 Specific heat  𝑻𝒄𝒄 Cooling cycle  𝑹 The electric resistance of the SMA spring  𝒅𝒃 The wire diameter of the bias spring  𝒉𝒔 Convective coefficient  𝒊𝒔 Spring index  𝒕 Operational time  𝝉𝒎 Spring’s maximum shear stress  𝑻𝒆 Ambient temperature  𝐅𝐩 Force from the pressure difference between the 
inlet and outlet of the bypass 

𝑭𝒃 A mechanical driving force to extend the SMA spring 𝑲𝒔 Spring constant of SMA spring  𝑻𝒉𝒄 Heating cycle  𝑲𝒃 Spring constant of bias spring 𝑨𝑭 Austenite final temperature  𝑭𝒔 Generated force by SMA spring to compress the 
bias spring  

𝑨𝑺 Austenite starting temperature  𝒅𝒔 SMA spring’s wire diameter 𝑴𝑭 Martensite final temperature  𝑫𝒔 SMA spring’s coil mean diameter 𝑴𝑺 Martensite stating temperature  𝑵𝒔𝒄 SMA spring’s number of active coils 𝝑𝑨 Austenite fraction volume 𝑭𝒕 Transient flow force  𝝑𝑴 Martensite fraction volume  𝒙 Spring displacement  𝝑𝒅𝒕 Detwinned martensite fraction volume  ŋ𝟏,𝟐 Parameters associated with the stress–strain 
curve 

∅ Temperature coefficient from material’s resistance  𝜺𝒘 SMA spring working strain  𝑮𝒔 SMA spring’s shear modulus 𝝑𝟏 Tensile detwinned martensite ∆𝑷 Change in vertical pitch for spring  𝝑𝟐 Compressive detwinned martensite 𝜶𝟏,𝟐,𝟑  Cristal variable speed coefficients of Nitinol 𝝐𝒕𝒓 Transformation strain  𝝆𝑨 Density of air to flow in the intake manifold  ∆𝒑 Air pressure difference  𝜷𝑨 Slope of Austenite limit curve 𝑳 Air Flowing length  𝜷𝑴 Slope of martensite limit curve 𝑪𝑨 Air flow coefficient  𝝑𝑴𝒊 Initial martensite fraction volume  𝑫𝒑 Pintle diameter  𝝑𝑨𝒊 Initial austenite fraction volume  𝝋𝒄 Pintle’s conic angle  𝝑𝒅𝒕𝒊 Initial detwinned fraction volume  𝛏 Transformation modulus  𝝈𝒊 Minimum allowable stress  𝑰 Electric current  𝝈𝟎 Maximum allowable stress  𝐓𝐰 Temperature in the SMA spring  𝜺𝒊 Minimum strain  𝑺 Actuator’s defined stroke  𝑷𝒔 Initial vertical pitch of the coil spring  𝒎ሶ 𝐀 Air mass flow through pintle of SMA-based IAC 
actuator 

𝒎ሶ 𝒆𝒏 Air mass flow rate passes through the IAC actuator and 
induced by the engine 

1,2 Parameters associated with the stress–strain curve ∅ Temperature coefficient from material’s resistance
εw SMA spring working strain Gs SMA spring’s shear modulus
ϑ1 Tensile detwinned martensite ∆P Change in vertical pitch for spring
ϑ2 Compressive detwinned martensite α1,2,3 Cristal variable speed coefficients of Nitinol
ϵtr Transformation strain ρA Density of air to flow in the intake manifold
∆p Air pressure difference βA Slope of Austenite limit curve
L Air Flowing length βM Slope of martensite limit curve

CA Air flow coefficient ϑMi Initial martensite fraction volume
Dp Pintle diameter ϑAi Initial austenite fraction volume
φc Pintle’s conic angle ϑdti Initial detwinned fraction volume
ξ Transformation modulus σi Minimum allowable stress
I Electric current σ0 Maximum allowable stress

Tw Temperature in the SMA spring εi Minimum strain
S Actuator’s defined stroke Ps Initial vertical pitch of the coil spring
.

mA Air mass flow through pintle of SMA-based IAC actuator
.

men
Air mass flow rate passes through the IAC actuator and
induced by the engine

Tatm Ambient temperature Vin Volume of the intake manifold
Patm Atmospheric pressure Tin Temperature in the intake manifold
Pin Air pressure in the intake manifold λ Air fuel ratio
R Air constant st Stochiometric air-fuel ratio

Ten Engine torque νe Volumetric efficiency
η Ignition parameter Vp Piston displacement volume
ηf Piston’s friction coefficient ωen Engine speed
Hl Heating due to ignition EA Austenite young’s modulus
Etw Twinned young’s modulus Edt Detwinned young’s modulus
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