
J. Electrical Systems 20-2 (2024): 441-459

441

1, 3Xingjian Jia
2Changlin Run
2, 3, * Changbao Chu

Magneto-Mechanical Coupling
Analysis of Automobile Brake by
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Magnetostrictive Actuator

Abstract: - Addressing the drawbacks of traditional automotive braking systems, including long hydraulic lines, heavy weight, and
slow response speed, a new type brake by wire system based on giant-magnetostrictive material is proposed, which consists of giant-
magnetostrictive actuator module and mechanical drive module. In this paper, CATIA software is used to establish a three-
dimensional model of the brake. In order to verify the reliability of the model, giant-magnetostrictive actuator is taken as the
research object, and COMSOL software is used to simulate different working conditions of automobile braking. A Magneto-
mechanical coupling model was established and Magneto-mechanical coupling analysis of the actuator was carried out. The
simulation results show that the aluminum shell material is superior to the 45 steel shell material. The inductance direction of the
actuator is approximately elliptical from top to bottom, with uniform distribution of magnetic flux density and stress. The output
stress is 5e4N/m2, and the maximum elongation is 0.1071mm. Finally, the driving efficiency of GMA was verified on an optical
isolation platform, and comparative experiments were conducted before and after optimization using instruments such as laser
displacement samplers, Tesla meters, and force sensors. The experimental results indicate that by optimizing the housing material
and structure of the actuator, the displacement increased from 0.05188mm to 0.1003mm, magnetic induction increased from 42.9mT
to 79.9mT, resulting in an increase of 41.6% and 42.7% respectively, and the maximum output force was 4752.3N. It makes a
certain contribution to the application of GMA to automotive braking field and further proves the effectiveness of GMA in the
application of automobile brake by wire system.
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I. INTRODUCTION

With the continuous increase of automobile ownership in the world, vehicle safety has become a widespread
concern. The performance of the braking system directly affects the working performance and driving safety of
the whole vehicle, and is an important factor affecting traffic safety [1]. In view of the shortcomings of the
traditional disc brake, such as untimely response and complex oil circuit, a new disc brake based on giant-
magnetostrictive material (abbreviation, GMM) is designed in combination with new materials, and the magneto-
mechanical coupling characteristics of the brake are analyzed.

GMM is a new functional material with fast response, mutual conversion of mechanical energy and
electromagnetic energy, good heat resistance, high efficiency, low driving voltage, high conversion efficiency,
stability and reliability [2]. GMM not only has an accurate output displacement, but also has good uniform output
force. It has been widely used in the military, aviation, automation, instrumentation and other fields [3]. In the
giant-magnetostrictive actuator (abbreviation, GMA) multi-field coupling model, a large number of magneto-
mechanical coupling analysis was experimented by researchers[4-5]. Jiles-Atherton hysteresis nonlinear intrinsic
model (J-A model) was proposed by Jiles and Atherton[6] . Jiles and Ablik optimize the model by introducing
hysteresis loss and eddy current loss, enabling the improved J-A model to describe the hysteresis effects of
materials in low-frequency alternating magnetic fields[7]. In order to improve the output performance in
precision machining of non-circular holes based on GMM and to describe the transient nonlinear hysteresis
behavior of GMM, Peng H. developed a transient multi-field coupled model of GMM considering eddy current
effect, dynamic stress and ΔE effect[8]. Xiao mei, et al. proposed a step-by-step finite element model of the
electric-magnetic-mechanical three-field coupling of magnetostrictive material actuator [9]. Yu Z et al.
demonstrated the nonlinear magneto-mechanical coupling characteristics of GMA established based on the
hysteresis characteristics of free energy, indicating that the magnetic circuit design of the magnetostrictive
actuator is correct[10]. In summary, the above references analyzed the performance of components and verified
that the finite element model was beneficial to GMM application design. However, dynamic analysis has not
been experimented in practical scenarios. In the field of application, Shi et al. designed a force sensor based on
GMM as a sensing element and verified the magnetization process of the material using finite element analysis
software. They deduced the magnetization equation of GMM by combining the traditional J-A model and
magneto-mechanical coupling model, and conducted experimental validation[11]. Nevertheless, the actual
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magnetic flux was not experimentally verified in this study, and the actual magnetic field strength could not be
obtained. Finite element analysis and experimental studies on giant-magnetostrictive motor converters have been
carried out by Stachowiak et al. They coupled and carried out an experimental study of the displacement and
mechanical fields through nonlinear magnetomechanical intrinsic law and the simulation results are in general
agreement with the experimental results[12]. However, this research only verified the typical structure of GMA
and did not optimize its structural design. Chang bao et al. designed a new type of disc brake based on GMM[13].
While the braking efficiency of automotive disc brakes can be achieved in theory, the transmission mechanism
has disadvantages such as complex transmission and easy imbalance of braking on both sides of the friction
lining block alone. These studies involved the design and simulation of GMM in the field of small mechanism
and precise drive, with less research in automotive applications. The team verified the feasibility and
effectiveness of the application of GMA in automotive braking system in the preliminary research[17]. In this
paper, the structure of the previous design is optimized and experimentally compared, and the experimental
results show that the optimized working performance is improved by 45.59%. Through the actual calculation of
the automobile braking process, and the magneto-mechanical coupling analysis and simulation verification
experiment of GMA, the actual working environment of GMA in the automobile braking system was clarified.
The outcomes further demonstrated the effectiveness of GMA for automotive brake by wire system.

In the field of vehicle braking, Wang Zheng Kun and others believe that brake response speed and lightweight
brake design are the current research direction in brake system [14]. Gong X et al. believe that further
electrification and intelligentization of brakes require higher control precision, increased robustness, and
enhanced adaptability [15]. Accuracy, response speed, reliability and lightweight are important indexes to
evaluate brake performance.

In order to solve the disadvantages of the slow response, low precision and heavy weight of traditional disc
brake, three-dimensional entity modelling is carried out by the CATIA software.

Based on this, Magneto-mechanical coupling analysis of GMA under different real operating conditions and
structures was conducted using COMSOL software. Experimental studies were also carried out to analyze the
magnetic force coupling under different physical properties. It realizes the verification of the magneto-
mechanical coupling analysis under real operating conditions and meets the braking requirements of the mini-
vehicles. It paves a new path for GMM to be applied in automobiles and is of practical importance to improve the
safety and reliability of automotive brakes.

The main structure of the article is as follows: In the first part, the GMA and mechanical drive mechanism are
designed using the whole vehicle parameters, and specific values and material properties are given. In the second
part, based on the material properties, the output displacement and force of the actuator are calculated under the
actual braking conditions of the vehicle, and the boundary conditions of the magneto-mechanical coupling
analysis are set. In the third part, the mathematical model of GMA magneto-mechanical coupling is built based
on the relevant parameters of GMM, and the magneto-mechanical coupling simulation analysis is carried out
based on COMSOL software for the actual working conditions. In the fourth section, experimental studies were
conducted on the displacement and output force of GMA. Based on the identified issues, optimization design was
performed, and a comparison between the performance before and after optimization was carried out through
experiments. In summary, the overall flow chart of the research conducted in this paper is shown in Figure1.

Figure 1 Overall flow chart of research
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II. STRUCTURAL DIMENSIONS AND MATERIAL CHARACTERISTICS OF THE NEW GMM DISC BRAKES

A. Parameters of the main components of the brake by wire
(1) Vehicle parameters: Combined with the material properties and engineering practice of GMM, Juedi

automobiles were selected, and the main parameters of the vehicle are shown in Table 1.
Table 1 Vehicle parameter

project Vehicle parameters
Automobile quality ma (kg) 790
Front axle load m1 (kg) 434
Rear axle load m2 (kg) 356
Centroid height hg (mm) 610
Wheelbase L (mm) 2020
Tire specifications 160/75/R14

Front Axle wheelbase L1 (mm) 1111
Rear axle wheelbase L2 (mm) 909

Rolling radius R(mm) 300
Rim diameterD1 (mm) 355.6
Braking strength Z 0.68

（2）The basic dimensions of the brakes Using the whole vehicle parameters, the main dimensions were
obtained, as shown in Table 2.

Table 2 Main structural dimensions of brakes

parts Inner radius
r1/mm

Outer
radiusr2/mm thickness Wrap corners

Brake discs 60 125 15 360
lining pad 85 125 12.5 60

B. Maximum braking torque for a single wheel and maximum pressing force on a disc by a single sided brake
pad

According to the knowledge of automobile theory, the car in the emergency braking z = , the front wheels
of the automobile, for example, the ground by the maximum normal reaction force can be derived from the
formula 1, that is, FZ1= 5073.69N

 1 2
790 9.8  0.909 0.61 0.68 5073.69
2.02


     Z g
GF L h N
L

 (1)

From the above, when performing emergency braking on a road with a coefficient of friction of φ=0.68 and
reaching the critical threshold for wheel lock-up on both front and rear wheels, FZ1 will be influenced by the
ground adhesion conditions. In the ideal scenario, it satisfies Equation 2.

1 1 ZF F (2)

In the equation, ��1 represents the braking force on the front wheels.
Assuming that the ground level has no side slip, and the braking force of the two rear wheels is equal, without

considering other factors, the maximum braking torque maxM of a single wheel can be found by Formula 3,

resulting in maxM =517.5N m .

5073.69 0.68 0.3
2 2

 
  Zmax

max
F RM 

517.5N m (3)

Using fan-shaped friction surface lining block, Rm lining block average radius can be derived from the
Formula 4, letting R1 (inner radius of the lining block) be 85mm and R2 (outer radius of the lining block) be
125mm, by substituting these values into equation 4, we obtain Rm as 105mm.

1 2 125 0.085 105
2 2
 

  m
R RR mm (4)

The effective radius   eR is calculated from Formula 5, and the ratio of the inner and outer diameters

2 1/R R =0.68 so that 106eR mm .

   2 2
4 4 0.681 1 105 106mm
3 31 1 0.68

   
       

       
e m

mR R
m

(5)
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The braking torque of the wheel comes from the friction between the friction pad and the plate, Assuming
that the pad surface is in full contact with the brake disc and the unit pressure is evenly distributed everywhere,
the maximum pressing force of the brake pad on the brake disc on one side F0max is shown in Formula 6.In the
formula, the friction factor of f=0.5, and the maximum compression force of the brake pad on the brake disc on
one side can be obtained by substituting the data, which is F0max= 2441.11N.

0
517.5 2441.11

4 4 0.5 0.106
  

 
max

max
e

MF N
fR

(6)

C. Basic structure and material parameters of the new GMM disc brake
(1) New GMM disc brake mechanical transmission mechanism
After the previous calculation, the required braking force was determined. According to the design principle

of brake by wire transmission mechanism, a new type of GMM brake by wire mechanical transmission
mechanism is designed and innovated. The specific structure is shown in Figure 2.

1 Drive rod 2 Connecting rod 3 Pull rod 4 Movable parts 5 Brake pads 6 Pin
Figure 2 GMM disc brake transmission mechanism structure

In this study, the design scheme of the transmission mechanism is combined with brake by wire and
parameterized 3D modeling is carried out in CATIA software. Minimize the impact of mechanical design
tolerances on the system as much as possible, and obtain a brake by wire transmission mechanism as shown in
Figure 3.7. The transmission mechanism consists of six parts, which can achieve the purpose of transmitting
force and displacement through mutual cooperation. In practical application, the working principle is that the
transmission rod (1) receives output displacement and force from the driver, and then transmits the force and
displacement to the moving component (4) and the connecting rod (2). Finally, the brake pad (5) pushes the
friction plate for braking, causing the vehicle with braking intention to slow down or stop.

(2) The basic dimensions of the transmission mechanism
Based on GMM disc brakes, a transmission mechanism suitable for disc brakes is designed with its

characteristics, and the main component sizes are shown in Table 3.
Table 3 Dimensions of main components of driving mechanism

Main structure Drive Main
Component Main structure Bar

Body radius r1/mm 10 Upper pin hole radius r3/mm 5
Body length L3/mm 80 Length L5/mm 40
Pin Shaft Radius

r2/mm 5 Angle angle /° 120

Pin Shaft Length
L4/mm 60 Radius of lower pin hole r4/mm 5

（3）Material parameters
Because the heat generated during the braking process mainly comes from the friction lining and brake discs,

the thermophysical properties of its materials directly affect the stability of the brake, which is mainly composed
of three aspects. By consulting information[16],the thermophysical performance parameters of brake discs at
some temperatures are shown in Table 4.

Table 4 Material parameters of main components
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parts density[kg/m^3] Young's
modulus[Pa] Poissonbee

Brake discs (HT300) 7300 130e9 0.25

lining pad (organic resin composites) 1550 6e8 0.33

Transmission mechanism (45 steel) 7850 210e9 0.31

III. GMA DISPLACEMENT AND OUTPUT FORCE

A. Transmission calculation of transmission mechanism
When the automobile brakes urgently, the transmission mechanism acts quickly, the brake pad is clamped,

and the wheel reaches the critical point of locking. Both ends of the brake pad reach the maximum force, and at
the same time, the transmission displacement of the transmission mechanism force reaches the maximum value,
and the GMA force output reaches the minimum value, and the static equilibrium state is reached at this time.
Regardless of the friction and gravity of the mechanism, it is known that the angle between one side of the
transmission mechanism and the horizontal is 60 degrees, and the angle with the vertical is 30 degrees. When
friction and autogravity are not taken into account, the contact surface is constrained by smooth contact surface.
The force acting on the contact surface runs along the standard common line of the contact surface and points
towards the constrained object. The mechanism has two-force members and the pressure is pointing outwards
along the bar. The force analysis of the mechanism is carried out, with Fa to represent its resultant force, Fb to
represent the other side of the resultant force, at this time the static linkage mechanism of the transmission
mechanism is shown in Figure3.From the figure, it can be seen that Fa=Fcos30°

Figure 3 Simplified diagram of the connecting rod mechanism of the transmission mechanism

The maximum one-sided compression force known above is 2441.11N, and regardless of friction and gravity,
and the force diagram is shown in Figure 4. From the figure, it can be seen that F=Facos30°, that is, F1=3300N.
The known clearance between the friction lining and the brake disc is x=0.0554mm, the same reason can be
found up to the brake displacement x=x1tan60°, the minimum displacement of x1=0.096mm.

Figure 4 Schematic diagram of the second linkage
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B. GMM bar parameter calculation
The maximum elongation of the GMM rod is related to its own length and can be found from Formula 7

 max

s

lL


= max

s

x


(7)

In the Formula L is the GMM rod length, maxl is the saturation elongation,  s is the saturation

magnetostrictive rate, and  is the mathematical factor. The GMM rod is simplified as a linear elastic body with
a stiffness of kT, The relationship between output force and output displacement for the ideal GMM and GMA is
shown in Figure 5. x is the displacement, F is the force, F0 is the pre-pressure, and the relationship is shown in
Formula 8.

 c TF F k x (8)
where kT is the stiffness of the GMM rod, it can be calculated in Formula 9:


B
y

T

E A
k

L
(9)

In the formula: A is the cross-sectional area of the GMM rod. When the GMM rod reaches saturation
magnetostriction, its output force is 0, as shown in Figure5.

Figure 5 Diagram of output force and output displacement of GMM rod and GMA
In the Figure 5, xS is the saturated elongation, and Fmin and Fmax are the corresponding output forces,

respectively. The output force of the driver decreases as the output displacement increases. The pre-pressure

0 0F A ， by the GMM rod, σ0 is the preload stress. When the driver does not output displacement, the
maximum output force is Fb, which can be deduced as follows:

0



b

B
y s

FA
E  

(10)

According to formula 7-9, when the output force requirement of the actuator at the maximum working
displacement is Fmin, the relationship is given in Formula 11:

 
4 2

0

1.4 10
1

  
 
min

B
y s

FA m
E   

(11)

According to the design requirements of this paper, take δ=0.7，λs=2，��
�=5×1010MPa[17]，σ0=6.5MPa，

xmin=0.115mm, From Formulas 7 and 9, the minimum rod length is 68.57mm and the minimum cross-sectional
area is 1.4×10-4m2, that is, r=6.7mm.In order to meet the design requirements and retain the margin, the length
of the selection parameter of the GMM rod L=70mm, the theoretical saturation elongation lmax=0.14mm. The
maximum elongation is 0.098mm>0.096mm, the diameter of the cross-section circle Ø=20mm, and the minimum
output force at the maximum displacement is 5497.78N>3300N, which meets the design requirements.

C. GMA structural design
(1) Basic structure of GMA
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Based on the calculation of the basic size of GMA given above[18], and combining the basic theory of GMA
design with the performance of GMA, the design scheme of GMA is given. Its structure diagram is shown in
Figure 6.

1 Pre-tensioner 2 Pure Iron 3 Push rod 4 Winding frame 5 GMM 6 Guide rails 7 Lower end cap
Figure 6 sketch of GMA structure

The GMA have different driving forms [19]. This paper is based on an innovative structural design of the
driving circuit. Compared with conventional GMA, (1) pre-tensioner and (6) guide rails are added to make GMA
basically free from lateral displacement, thus extending the service life of GMM. The working principle of this
device is that the driving coil is energized when it receives the braking signal from the brake pedal. (its range is
1-4A, the greater the current the greater the displacement [20]). Because the magnetic field is constrained within
the GMA housing by 2 armco-iron, the (5) GMM responds quickly and produces a telescopic effect. the (6) track
guide device has no lateral displacement, then, the displacement and force are transmitted to the mechanical
transmission mechanism through the (3) push rod finally.

(2) GMA Basic Size
The collected data for the designed GMA is summarized in Table 5.

Table 5 GMA basic dimensions
Parts Specification

Pre-tensioner Ra50/Rb12.5/Rc10
Pure Iron R470/H170
Push rod R520/H240

Winding frame R670/H370
GMM R710/H370

Guide rails R84/H435
Lower end cap R950

(3) GMA housing material properties
GMA shell machining and other parts machining are processed using aluminum alloy , and the basic material

parameters are shown in Table 6.
Table 6 GMM basic material parameters

parts density[kg/m^3] Young's
modulus[Pa] Poissonbee

GMM housing (aluminum alloy) 2850 72e9 0.3

D. Braking condition of brake
According to the national standard QC/T 564-2018 Performance Requirements and Bench Test Methods for

Passenger Automobile Service Brakes ,the vehicle moment of inertia can be calculated from Formula12. Rolling
radius of wheel is 300mm, thus I=20.83kg.m2。

  2
2

0.45
20.83

2


  gm b h R
I kg m

L
(12)

According to the above data, maximum braking torque of single wheel Mmax=517.5 N m , the braking torque
during braking can be calculated from Formula13.
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m

t
t
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(13)

tm is the braking time, the parameter related to the friction pair structure of  is 10. The brake specific
pressure of lining pad can be calculated from Formula14.

   
2 2

0 1
2


 

r

r

M t
P t

f d r dr



(14)

 is the wrap angle of lining pad, r1 and r2 are the inner radius and outer radius of the structural dimension of
the lining pad respectively. When the maximum brake pressure is reached, t=tm is substituted into the data. It can
be seen that the maximum brake pressure on one side P0=1.8MPa, the relationship between pressure and time can
be obtained as shown in Formula15.

( ) 1.8 1
 

  
  

m

t
tP t e


(15)

The relationship between time and specific pressure can be obtained by determining the boundary loading
conditions of brake specific pressure. It can be seen from the Figure that the brake specific pressure increases
with time until the maximum value 1.8MPa.

Figure 7 Relationship between brake specific pressure and time
According to the relevant regulations, it is assumed that the initial speed of the bus is V0=50km/h when the

emergency braking is performed. It can be obtained from Formula16 that the angular velocity of the vehicle
during emergency braking 0w =46.26rad/s.

0
0 

vw
R

(16)

According to Formula 13 and 16, the angular velocity of the brake disc is:

 

M t
I

 (17)

By integrating the time in Formula15, the relationship between angular velocity and time can be obtained.
When braking stops, the actual braking time mt =2.15s can be obtained by substituting t= mt ,  w t =0, 10 into

Formula18.

  0

 
    

  

m

t
tmax m mM t tw t w t e

I



 
(18)

According to the data selected above, the curve diagram of vehicle braking speed and acceleration shown in
Figure 8 can be obtained by importing the finite element analysis software and loading the boundary conditions.
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a Acceleration curve b Velocity curve
Figure 8 Curve of Vehicle Braking Velocity and Acceleration

Figure8 shows the velocity and acceleration curves under the actual working conditions as the boundary
conditions of the Magneto-mechanical coupling analysis, which simulates the actual environment when the
vehicle is braking and lays the foundation for finite element analysis.

IV. MAGNETO-MECHANICAL COUPLING ANALYSIS OF GMA

GMM are affected by external magnetic fields and mechanical forces during operation, while strong magnetic
coupling effects occur internally. According to the basic theory of ferromagnetism[21], on the macro level, under
the action of external magnetic field, it shows the change of magnetization direction and volume. On the micro
level, this change is closely related to the magnetic domain wall shift and magnetic moment rotation. Based on
the characteristics of GMM, it has the advantages of fast response, good heat resistance, high efficiency, low
driving voltage, high conversion efficiency, stability and reliability[22], and is widely used in precision
instruments. In this paper, mainly based on the change characteristics of its stress and displacement, it can drive
the disc brake to achieve the goal of braking. In order to achieve theoretical verification, COMSOL software is
used to establish a finite element analysis model to verify the stress change, magnetic field direction and B-H
curve of GMM under the magneto-mechanical coupling.

A. GMM related parameters
(1) Relevant parameters of GMM rod
By reviewing the relevant literature [23,24], the GMM parameters based on the actual requirements of this

paper are shown in Table 7.

Table 7 GMM parameters
Parameter / Unit Numerical value
Height /mm 70
Diameter /mm 20

Conductivity /S·m-1 5.96×106
Relative permittivity 1
Density /kg·m-3 9200

Young's modulus /Pa 50×109
Poisson ratio 0.45

Saturated magnetization /A·m-1 2×106
Initial susceptibility 200

Saturated magnetostriction coefficient 20×10-4

Relevant parameters of drive coil
The drive coil is the core device to drive GMM with magnetic field strength, and its selection determines the

magnetic field strength. In the selection process, the relevant parameters of the wire are firstly determined, and
the wire diameter can be obtained from Formula 19:

1.13 /w m id I J (19)

In the Formula, Im is the maximum effective current, iJ is the current density, and the minimum wire

diameter can be obtained as 0.869mm. According to the experimental requirements, the wire diameter is 1mm.
According to the literature[25], the unit winding parameters of the conductor are shown in Table 8.

Table 8 Unit Arrangement Parameters Table for Lines
Conductor diameter (mm) Arrangement factor (KL) Coefficient of
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superposition(KR)
<0.5 1.1 1.15

0.51-1.08 1.05 1.15
1.2-2.44 1.05 1.20

Then the number of layers n1 per unit thickness is:

1
10 10 8.69

1.15 1
  

R

n
K d

(20)

The number of turns n2 per unit length is:

2
10 10 9.52

1.05 1
  

L

n
K d

(21)

The thickness value e of the coil is:

1 2

100 18.11 
He mm

n n I
(22)

It is known that the thickness of the winding frame is 4mm and the radius of GMM is 10mm, then the inner
diameter of the coil r1=14mm and the outer diameter of the coil can be found by Formula 23.

 2 1 10.05 1 40    r r e n e mm (23)
The number of winding turns of the driving coil is related to factors such as the current flowing into the wire,

magnetic field strength, and wire thickness, which can be determined by equations 24.
 i mN I K HL (24)

In equation 24, iN and L respectively represent the number of coil turns and the length of the entire drive coil;

K is the compensation coefficient and equals 1.11; H represents the magnetic field strength, as can be seen
from the previous text, the maximum effective current is 4A, and the maximum driving magnetic field is
60KA/m. The length of the drive coil is related to the length of the GMM rod, and its relationship expression is
shown in equations 25.

lnL K (25)
In equation 25, K is the length coefficient, with a value of 1.06, which can be obtained by substituting the data.

Ln=74.2mm.Therefore, the number of winding turns of the drive coil is 1165, but there is a leakage phenomenon
in actual verification, so the value of the number of turns of the drive coil is 1200.

In summary, the drive coil related parameters are shown in Table 9.
Table 9 drive coil related parameters

Parameter / Company Numerical value
Driving magnetic field (kA/m) 60

Operating current (A) 4
turns 1200

Coil inner diameter (mm) 14
Coil outer diameter (mm) 40

B. Analysis of magneto- mechanical coupling of GMA
Because of the symmetry of the geometric structure, this paper discusses the brake drive source as a two-

dimensional axisymmetric problem, solves the problem and then rotates around the axis to obtain a three-
dimensional model, which can improve the efficiency of solving the problem.

In the above, the actual working conditions of vehicle braking have been calculated and the loading
conditions of COMSOL software working conditions have been determined, but the magneto-mechanical
coupling analysis loading model has not been given. Magnetic field intensity effH in GMM consists of source

magnetic field H generated by coil and magnetic field HMgenerated by magnetization, namely.

eff   MH H H (26)
Assuming that the driving coil is a homogeneous carrier basin and other losses are ignored, in a static

magnetic field, the magnetic field strength can be obtained using Maxwell's equation effH .

eff

0
  
  

H J
B

(27)
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[ ]  
 

  
T

x y z
(28)

In formula (27), B and J are magnetic induction intensity and current density respectively. GMM magneto-
mechanical coupling has linear constitutive equation, namely:

 
  

H
T m

T C S eH
B e H

(29)

In the formula, T and S are the stress tensor and strain tensor in the GMM axis, CH,μm respectively It is the
elastic modulus under a certain bias magnetic field and the magnetic permeability under a certain strain; e is the
coupling coefficient.

According to Newton's second law, the stress tensor and strain tensor of GMM can be obtained from
equations 30 and 31, namely:

¨
  T b u (30)

ε  elS  (31)
In this formula, b and u represent body force and displacement, respectively, and ε and εel represent total

strain and elastic strain, respectively.
By analyzing the GMM using the Hamiltonian principle, it can be concluded that:

2

1

0
t

t
Ldt (32)

  kin eL E E W (33)
In the equation,t1——Starting time;
t2——End time;
L——Internal energy of GMM rod;
Ekin——GMM rod kinetic energy;
Ee——Work done with other forces;
W——GMM rod potential energy;
δ——First order differential operator
Among them, Ekin, Ee, and W are:

1
2

 kin v
E udV (34)

 1
2

  T T
e effv
E S T H B dV (35)

1 2
1 2

    T T
b g gv g g

W u f dV u f dg B dg (36)

In the equation, ρ——Material density;
U——GMM rod displacement vector;
Fb——external volumetric force;
Fg1—— surface action external force;
Bg2——Apply a magnetic field on the surface.
The magnetic field intensity and magnetic induction intensity are interrelated, and the B-H curve can be

obtained, which is:
μ effB H (37)

The magneto-mechanical coupling equation obtained by combining (26-37) is:

1
1

¨
1 0
2

 
    
 
 

 T T T T
gv g

u u u b S b dV u f dg    (38)

Equation 38 reveals the relationship between magnetic induction intensity, stress, and strain of GMA during
the driving process. By using this finite element equation and finite element analysis software, the coupling
results of the three can be obtained.
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In summary, using the structural mechanics interface and magnetic field interface of COMSOL software, a
mathematical model for magneto-mechanical coupling analysis was established, and boundary conditions and
multi-physics coupling characteristics were loaded to determine the influence of magnetic flux density on the
operation of GMA. Starting from the GMA shell material, keeping other conditions unchanged, two shell
materials were applied. It is 45-gauge steel and aluminum alloy, and the magnetic flux density modes were
obtained as shown in Figure 9.

a b
Figure 9 Magnetic flux density mode of GMA

The simulation results show that the flux density mode of 45-gauge steel is smaller than that of aluminum
alloy under the same conditions. It can be seen from the figure that the a-plot loses magnetic induction lines. The
lines of flux do not pass through the GMM, causing the magnetic flux density pattern in Figure 9(a) to drop. Thus,
it is necessary to optimize the driver at the material level for the actual process. In Figure9(b）, the direction of
magnetic inductance forms an approximate ellipse from top to bottom. The flux density in the GMM is mostly
uniform, edge effects can be seen at the ends of the rods, and most of the flux is forced back into the shell,
allowing the GMM to elongate and output force uniformly in the axial direction. The coil is energized to generate
an induced magnetic field and the current passes through the spiral coil from bottom to top. According to the
right-hand spiral rule (Ampere's rule), the coil is held in the right hand with the four fingers pointing in the
direction of the current, the direction of the thumb being the N pole of the energized coil. Due to the opposite
polarity of the adjacent turns and the use of the same coil gauge and material properties, the magnetic fields of
adjacent coils will cancel each other out. However, inside the coil, and at the same time outside the coil, the
generated magnetic fields add to each other to form a magnetic field shape. The external magnetic field interacts
with the internal magnetic field, resulting in a closed magnetic field line to drive the GMM. The simulation
analysis is consistent with the actual situation, and the magnetic flux density mode strength meets the
requirements of the GMM, which can effectively drive the GMM to output theoretical displacement and force.

The drive coil and the bias magnetic field provide a maximum magnetic field of 60kA/m for the GMM rod,
and through the magnetic flux density mode shown in Figure 8, the generated magnetic field can be used to drive
the GMM to obtain the stress map shown in Figure 10:

Figure 10 Stress Change Diagram of Magnetostrictive Actuator
In order to visually observe the stress change of GMM rod, it is necessary to set boundary conditions, fix

constraints at the bottom, so that it does not produce displacement, and set paths at the top to produce
displacement. Loading the magnetic field, the stress diagram of Figure 9 is generated. It can be seen that the
stress distribution is relatively uniform and concentrated at the fixed end. The force field is evenly distributed, but
the output force is mainly concentrated at the bottom of the edge, and there is a maximum point at the bottom
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corner. It can be seen in the Figure that the output stress is concentrated in the vicinity of 5e4N/m2.The
theoretical and simulation results are basically consistent, and the minimum output force reaches the minimum
required force for mechanism operation, which is in line with the actual situation. The simulation results indicate
that the output force of GMA meets the design conditions of the brake.

Through the finite element mathematical model, it is known that there is a relationship between strain and
stress, so the stress variation diagram under GMA transient conditions can be obtained, as shown in Figure 11.

Figure 11 GMA stress change diagram under aluminum alloy shell
In the strain diagram, it can be seen that except for the uneven distribution of strain at the bottom, it is

uniformly distributed in the region. When conducting finite element analysis on GMA, fixed constraints were set
at the bottom of the GMM rod, resulting in strain concentration at the bottom and localized strain concentration,
which is consistent with the stress simulation results.

Under saturation magnetic field intensity, the giant-magnetostrictive material reaches saturation stretching
displacement. By using the finite element model, the saturation displacement diagram of the GMM rod under a
saturated magnetic field can be obtained as shown in Figure 12.

Figure 12 Saturation displacement under saturated magnetic field intensity
From the figure, it can be seen that under saturated magnetic field intensity, the magnetostrictive

displacement reaches the maximum value of 0.142mm. The simulation results are basically consistent with
theoretical calculations, with a maximum elongation of 0.0994mm. The simulation results indicate that the giant-
magnetostrictive material meets the braking requirements of the new GMM disc brake at the displacement level.

Through the parametric study of the quasi-static increase of current density in the simulated coil, the
magnetostrictive curve of the material is obtained. The corresponding B-H curve is shown in Figure 13. Because
the magnetic field direction is mainly along the axial direction, only the Z component of the corresponding vector
is drawn.
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a B-H curve b Magnetostriction curve
Figure 13 Parametric curve of quasi-static increase of current density in analog coil

From Figure 13, it can be seen that the two curves exhibit an increasing smooth curve, and exhibit an overall
posture of increasing signal speed in the early stage and gentle in the later stage. The magnetic field intensity H
exhibits obvious nonlinear characteristics in the range of 5 to 20kA/m, which is in line with the actual situation of
GMM. The simulation results are basically consistent with the theoretical calculation results, and can meet the
design requirements of the new disc brake.

V. MAGNETO-MECHANICAL COUPLING ANALYSIS EXPERIMENT OF GMA

The established control drive circuit and the finished actuator have conduct test experiment. Optical vibration
isolation platform and laser displacement sampler are used for numerical displacement measuring.IMS-C20A
pressure sensor is used to measure the output force.So in order to measure the driving efficiency of GMA, the
displacement, output force and magnetic induction intensity of the actuator were measured.

(1) Measurement of displacement
Two different GMM driving mechanisms are adopted, the outer shell is 45 steel with magnetic field restraint

and the outer shell is aluminum alloy with magnetic field restraint. On this basis, comparative verification is
carried out to find the optimal working environment and achieve the best output displacement. The instantaneous
and rapid braking of automobile is simulated, and the experimental verification is carried out on the optical
vibration isolation platform by using the existing experimental conditions.SS-L3010SP, as a DC power supply,
provides 0-4A current for GMA, generates a magnetic field through the coil and drives the GMM to produce a
stretching displacement. In order to detect the real-time displacement, the LTS-5020 Hall displacement sensor
was used for displacement monitoring and transmitted to the computer. The MicroTrak 3 Basic Support Program
software was used for data processing and real-time display to verify the displacement effect. The specific
experimental process is shown in Figure 14

Figure 14 Flow chart of GMA displacement experiment
The final experimental platform is shown in Figure 15.
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1 LTS-5020 Hall displacement 2 Magnetostrictive actuator 3 Data display 4 Switching Mode Power Supply
Figure 15 GMA Experimental Environment

In this process, the displacement effect of different drivers was verified to determine the optimal working
environment of GMA. The displacement experimental results of the two structures are shown in Figure 16.

Figure. 16 Displacement results before and after optimization
It can be seen from the figure that the displacement of two different driving mechanisms. The magnetic field

constraint of aluminum alloy shell is greater than that of 45 steel. After optimization, the displacement is
improved by 41.6% compared with that before optimization, and the optimization effect is good. During the
experiment, it was found that when 45 steel was used as the driving shell, the shell would be magnetized during
the energization process, which had a certain gravitational force. The results showed that 45 steel could not well
constrain the magnetic field inside, and the magnetic flux leakage was serious, resulting in small expansion
displacement and failing to meet the braking performance. In the aluminum alloy shell with magnetic field
constraint environment, the external monitoring of the magnetic field changes, the magnetic field can be well
constrained to the inside of the shell, the GMA expansion displacement reached 0.1003mm, and the theoretical
calculation value of 0.1071mm is basically the same, to achieve the minimum displacement of 0.96mm required
for braking. In summary, the change of the magnetic field of the actuator is an important factor affecting the
expansion of the GMA. In the case of the magnetic field constraint on the aluminum alloy shell, the optimal
displacement output can be achieved to realize the displacement effect required for braking. It shows that
optimizing the magnetic field constraint is the key direction to optimize the performance of the actuator, which is
of great significance for the future continuous optimization design.

(2) Measurement of magnetic flux density
The flux density is a vector quantity that describes the intensity and direction of the magnetic field. The most

intuitive expression of GMA performance indicators, its size ultimately determines the output force and
displacement of GMM. In order to study the relationship between magnetic flux density and current, the
experimental measurement of magnetic flux density was carried out with SS-L3010SP DC power supply and PF-
035 digital tesla meter as the main devices. The specific experimental flow chart is shown in Figure 17.
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Figure 17 Flow chart of GMA magnetic flux density experiment
Finally, the experimental platform was built, as shown in Figure 18.

1 GMA 2 PF-035 3 SS-L3010SP
Figure 18 Experimental environment for magnetic flux density measurement of GMA

The experimental research was carried out according to the established experimental platform. The magnetic
flux density of the two GMAs was measured with the interval of 0.5A as the standard. The experimental results
obtained are shown in Figure 19.

Figure 19 Experimental measurement of GMA magnetic flux density
It can be seen from Figure 19 that the magnetic flux density decreases with the increase of the current.

Compared with the optimized GMA, there is a significant gap in magnetic flux density, and the gap further
expands with the increase of current. The final optimization result is 42.7% higher than before optimization,
which reflects the scaling process of GMM. According to the finite element simulation of saturated magnetic flux
density in Figure 8, the final magnetic induction intensity passing through GMM is 700mT-800mT. The
experimental results show that the magnetic flux density measured by the optimized GMA is 749mT when the
current is 4A. The simulation results are basically consistent with the experimental results, which verifies the
accuracy of the simulation results.

(3) Determination of force
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According to the previous text, it can be seen that the output force of GMA decreases with the increase of
displacement, and there is a certain relationship between displacement and output force. In displacement
measurement, the displacement of the aluminum alloy shell with magnetic field constraints is less different from
the theoretical displacement, so the GMA output force of the aluminum alloy shell is directly measured. The
simulation and displacement measurement are the same actual working conditions, but accurate measurements
cannot be made in actual experiments. Therefore, the force sensor interface is fixed and an IMS-C20A pressure
sensor is installed below the push rod (5). Fix the push rod 5 so that it does not move, use the STM32
microcontroller to collect and process sensor information, and display it in real-time through Sscomv5 software,
ultimately obtaining the output force of GMA. The specific experimental process is shown in Figure 20.

Figure 20 Flow chart of GMA output force experiment
Finally, the experimental environment was built, as shown in Figure 21.

1 GMA 2 IMS-C20A pressure sensor 3 Data display 4 Switching Mode Power Supply
Figure 21 Experimental environment for force measurement of GMA

According to the experimental platform, the force of the GMA with good output displacement effect is
measured to obtain the relationship between the output force and current of the GMA. The experimental results
are shown in Figure 22.

Figure 22 Output force of GMA
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As shown in Figure 5.22, the output force gradually increases with the increase of current, showing a non-
linear curve, but overall showing an upward trend, with a maximum output force of 4752.3N.As can be seen from
the previous text, the maximum displacement measured in the experiment is 0.1003mm, and the actual required
displacement is 0.096mm.The experimental results indicate that GMA meets the maximum braking force
required for vehicle braking in terms of output force characteristics, and can achieve effective braking during the
braking process.

VI. CONCLUSIONS

1. Using the whole vehicle parameters, the GMA and mechanical transmission mechanism were designed in
combination with conventional disc brakes. The minimum extension displacement of GMA is 0.096mm and the
output force is 3300N obtained by theoretical calculation. Using COMSOL software to simulate vehicle actual
braking conditions, the magneto-mechanical coupling analysis of GMA was performed, and the output stress was
5e4N/m2and the maximum elongation was 0.1071mm.

2. The experimental results show that the Displacement of optimized GMA increased from 0.05188mm to
0.1003mm, magnetic induction increased from 42.9mT to 79.9mt. The displacement and magnetic field should
be increased by 41.6% and 42.7%, respectively, with a maximum output force of 4752.3N.

3. This research has laid the foundation for the team's development of automatic emergency braking systems
based on giant-magnetostrictive material in the future.
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