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Abstract. Based on the bending deformation theory of cantilever beam, the mathematical model
of bending deformation of single valve slice under uniform load is proposed and deduced by using
the microbeam element method (MEM). The accuracy and reliability of the mathematical model
established by the MEM and the small deflection method (SDM) are verified through the finite
element simulation comparison. The results show that the valve slice deformation mathematical
model under uniform load established by using the deformation theory of the MEM is suitable not
only for the small deflection deformation (SDD) but also for the large deflection deformation
(LDD) of the valve slice, and can reflect the dynamic deformation characteristics of the valve slice
more truly than the SDM, which provides a certain theoretical basis for the deformation study of
single valve slice. At the same time, the mathematical model is used to simulate the deformation
law of the valve slice when the thickness, inner radius and outer radius change. The conclusion
provides technical support for the design and performance prediction of the shock absorber.

Keywords: single valve slice, microbeam element method (MEM), small deflection method
(SDM), finite element method (FEM), bending deformation, simulation.

1. Introduction

The shock absorber is used to absorb the vibration from the road, and its performance directly
affects the ride comfort and handling stability of the vehicle [1-5]. The vibration absorption
performance of a shock absorber is determined by its damping characteristics, which is closely
related to the deformation of the valve slice in the shock absorber valve system [6-7]. Therefore,
it is particularly important to study the bending deformation of the valve slice of the shock
absorber for the performance prediction and suspension damping matching [8-11].

How to accurately calculate the bending deformation of the valve slice will directly affect the
accuracy of damping characteristics in the simulation model of the shock absorber [12]. At present,
many scholars have carried out research on the deformation of shock absorber valve slices. For
example, Panthi et al. established a mathematical model of the valve slice bending deformation
by the energy method [13-14]. P. Czop et al. established a general solution expression for the
bending deformation of the valve slice at any radius according to the thin disc theory [15-16]. Xu
et al. obtained the analytical solution of the LDD of the annular valve based on Qian's perturbation
method, but its coefficients must be fitted by finite element experiments [17]. Relatively speaking,
the research on the bending deformation theory of the SDM is more in-depth, which has been
applied in the deformation solution of the valve slice, but its limitation is that it is only suitable
for the calculation of the small deflection deformation (SDD). In addition, there is no suitable
analytical formula for the LDD of the valve slice [17-18].

To solve the above problems, a method of “solving the deformation of the single valve slice
by microbeam element” is proposed based on the bending deformation theory of cantilever beam,
and the bending deformation expression of single valve slice of shock absorber is derived.
Comparing the MEM and SDM results with the finite element simulation results, the MEM which
is suitable for solving both the SDD and LDD is explored. At the same time, by using this
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expression, the deformation law of throttle valve slice is obtained when the thickness, inner radius
and outer radius change, which lays a theoretical foundation for the design and performance
prediction of shock absorber in engineering practice.

2. Shock absorber model
2.1. Damping characteristics of the shock absorber

Fig. 1 shows the structure of an ordinary twin-tube hydraulic shock absorber. The reciprocating
motion of the piston causes the oil to pass through the flow hole or throttling gap of the piston and
bottom valve system to generate the damping force [19-23]. During the operation of the shock
absorber, the suction valve 4 and the intake valve 9 can be opened only with a small oil pressure,
while the rebound valve 2 and the compression valve 5 can be opened when the fluid reaches a
certain pressure [24-25]. The opening of the rebound valve 2 and the compression valve 5 is
directly related to the vibration velocity of the piston and determines the damping force of the

shock absorber [2, 26-27].
Compression@ f Rebound
1 Stroke Stroke
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Fig. 1. Schematic diagram of the structure of the shock absorber valve system: 1 — rebound orifice,
2 —rebound valve, 3 — compression chamber, 4 — suction valve, 5 — compression valve,
6 — compression orifice, 7 — reservoir chamber, 8 — inner tube, 9 — intake valve,
10 — reservoir tube, 11 — rebound chamber, 12 — piston rod

Under different vibration velocities of the piston, the structural parameters of the shock
absorber valve systems have different effects on the damping force. Fig. 2 shows the influence
and interaction of the main components of the valve system when the shock absorber works,
including the degree of influence and contribution of each valve system component to the damping
force, and the conclusions are as follows [12, 28-32]:

(1) When the vibration velocity of the piston is at a low velocity as shown in Fig. 2, the valve
slice of the shock absorber valve system has not yet been opened, and the damping force of the
shock absorber mainly depends on the number of valve slice notches of the valve system. With
the increase of the piston vibration velocity, the influence of the number of valve slice notches on
the damping force gradually decreases. When the velocity increases to a certain value and the
valve slice gradually opens, the influence of the number of notches on the damping force tends to
Zero.

(2) When the vibration velocity of the piston is at a medium velocity as shown in Fig. 2, the
valve slice of the shock absorber valve system has opened, and the damping force mainly depends
on the valve opening. The valve opening point and the valve opening depend on the equivalent
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thickness of the valve slice. With the increase of the piston vibration velocity, the effect of the
equivalent thickness of the valve slice on the damping force gradually decreases. When the piston
vibration velocity is lower than the “valve opening point” velocity or higher than the “valve
opening maximum’ velocity, the change of the equivalent thickness of the valve slice has no effect
on the damping force.

(3) When the vibration velocity of the piston is at a high velocity as shown in Fig. 2, the shock
absorber valve system has opened to the maximum. The damping force mainly depends on the
circulation area of the rebound orifice 1 or the compression orifice 6. With the increase of the
piston vibration velocity, the influence of the circulation area of the rebound orifice 1 or the
compression orifice 6 on the damping force of the shock absorber increases, and the circulation
area also determines the slope of the damping characteristic curve in the high-velocity region.

—
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Fig. 2. Influence curve of valve system structural parameters on damping force

2.2. Determination of load range of the shock absorber valve slice

During the operation of the shock absorber, the internal oil pressure changes with the relative
movement of the piston, and the bending deformation of the valve slice is generated by the oil
pressure difference acting on the valve slice. Therefore, it is essential to determine the throttling
pressure differential range of the valve slice in the shock absorber for the deformation analysis of
the valve slice [33-35].

Fig. 3. Mechanical model of valve slice: 1 — valve slice, 2 — limit washer,
3 — limit retaining ring, 4 — valve rod
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Mechanical model of valve slice as shown in Fig. 3, the valve system is composed of several
valve slices superimposed, and a limit washer 2 is arranged between the superimposed valve slices
1 and the limit retaining ring 3. The function of the limit washer 2 is to support the valve slice
when it is deformed, and the other is to limit the deformation opening of the valve slice to prevent
the valve slice from being damaged by excessive deformation.

The thickness of the limit washer 2 is generally 0.3 mm, so the maximum deformation of the
valve slice will not exceed the thickness of the limit washer 2. The thickness of each valve slice
constituting the damper valve system is generally 0.2-0.3 mm. Therefore, the FEM is used to
simulate the equivalent maximum load when the deformation range of a single valve slice is
0.3 ~0.4 mm. The simulation cloud diagram is shown in Fig. 4 and Fig. 5, the parameters and the
simulation results are shown in Table 1.

A: Static Structural
Total Deformation
Type: Total Deformation

A: Static Structural
Total Deformation
Type: Total Deformation

Unit: mm Unit: mm
Time: 1 Time: 1
2022{10/18 23:50 2022/10/18 2348
0.95977 Max 0.28548 Max
0.85313 0.25376
0.74649 0.22204
0.63985 0.19032
053321 0.1586
042657 0.12688
0.31992 0.09516
0.21328 0.06344
0.10664 0.03172
0 Min 0 Min
Fig. 4. Maximum opening of the thickness Fig. 5. Maximum opening of the thickness
of valve slice is 0.2 mm of valve slice is 0.3 mm
Table 1. The parameters and maximum deformation of the valve slice
Inside Outer S . S Thickness Load Maximum
. . Young’s Poisson’s .
radius 7, radius 17, modulus (GPa) ratio h p deformation
(mm) (mm) H (mm) | (MPa) (mm)
6 10 200 0.3 0.2 4 0.95977
6 10 200 0.3 0.3 4 0.28548

As can be seen from Table 1, for a single valve slice of 0.2-0.3 mm, if it bears a load of 4 MPa,
its maximum opening is about 0.28548-0.95977 mm. Therefore, the load borne by a single valve
slice of 4 MPa is selected as the study load below.

3. Solving the deformation of a single valve slice with the MEM
3.1. Microbeam element deformation model

The annular valve slice of the shock absorber can be regarded as being surrounded by many
microbeam elements, as shown in Fig. 6 [17]. Its inner radius is 7, outer radius is 13, and the
thickness is h. Its length is the difference between the outer and inner radii, and the angle between
the two sides of the microbeam element is d6. When the valve slice is subjected to a uniform load,
each section of microbeam element is subjected to the same force, and the deformation of each
section of microbeam element in the radius direction is consistent. According to the theory of
elasticity, the side force between two adjacent beams can be ignored, and the deformation in the
radial direction is also the same. Therefore, the deflection deformation of the annular valve can be
transformed into solving the deformation of the microbeam element shown in Fig. 7.

3.2. Mathematical model of a single valve slice microbeam element deformation

Since the inner end of the valve slice is fixed and the outer end is freely constrained, the
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microbeam element in Fig. 7 can be equivalent to the micro cantilever beam in Fig. 8 [14]. During
the deformation of the shock absorber valve slice, its upper surface is subjected to a uniform load
p. Its inner radius is 7, the outer radius is 13, and the height is h.

The coordinate system as shown in Fig. 8 is established, which takes point O as the origin. The
distance from the origin O to the fixed end 4 is 7, and the length of the micro cantilever beam is [.

o

'\

Fig. 6. Taking microbeam element on the valve slice

Fig. 7. Microbeam element
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Fig. 8. Schematic diagram of the micro cantilever beam
3.2.1. Solving moment of the micro cantilever beam at any location x

The force F(x) on the micro cantilever beam at any position x is:

Fx)=p-(x+1r)-do-(l—x), (0<x<I). €))
The position of the force acting point ¢(x) is:

c(x)=(U—-x)/2. (2)
The moment of the force acting on the micro cantilever beam at the x position is:

M(x) = —F(x) - c(x). 3)

3.2.2. Listing and integrating the approximate differential equations of the deflection curve

According to the engineering mechanics, the approximate differential equation of the
deflection curve of the micro cantilever beam can be obtained [36], i.e.:

E-1(x) y" = M(x). 4
The inertia moment I (x) of the section at the location x is:
ds - h3
1(x) =
) == (5)

ds = (r, + x)dé.
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Combined Egs. (1-5), we can get:

" 6p(l — x)?
y — .

= 77 6
T (6)
Integrate both sides of the Eq. (6) with respect to x, so:
P2 2P (343l — x4 C )
Y = ( x4+ 3lx* —x3)+ (4,
where C; is the integral constant.
Integrate both sides of the Eq. (7) with respect to x and merge the similar terms, so:
_ P (X o 3 ) 4 x4 D 8
y= m — 7 + 20x° — X + 1X + 1, ( )

where D; is the integral constants.
3.2.3. Determining the integral constant

According to the actual constraints of the valve slice, the deflection and rotation angle of the
micro cantilever beam at the fixed end are zero, so:

Y'lx=0=0,

9

{yl x=0 = 0. ©)
Combined Eq. (7-9), so €; = 0 and D; = 0.

3.2.4. Determining the angle equation and deflection equation

Substituting C; and D, into Eq. (7) and Eq. (8), the angle equation and the deflection equation
of the micro cantilever beam are:

2
y = E—;(Slzx —31x? + x3), (10)
P (X s g

Sincel =1, — 1, x =1 — 1y, Eq. (11) can be transformed into:

(T - 7"a)él- (Ta - Tb)
y=_2P| 12 3
Eh3 + (ra - rb)z

2

(T - 7"a)'?’
(12)

(T' - Ta)z

Therefore, Eq. (12) is the annular valve slice bending deformation expression under the
uniform load.

4. Solving the deformation of a single valve slice with the SDM
4.1. Mechanical model of the SDD of the single valve slice
The valve system structure of the shock absorber mostly adopts the superposition form of
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multiple annular thin valve slices. After the valve slice is assembled with the piston or bottom
valve seat, the valve slice of the shock absorber can be simplified into an annular thin disc with a
fixed inner edge and a free outer edge, which is subjected to a uniform load. The valve slice of the
shock absorber can be simplified as shown in Fig. 3 if only the single valve slice is considered.
The uniform load on the valve slice is p, the thickness is h, the inner circle of the valve slice is
fixed, and the outer circle is free. The inner radius of the valve slice is 1, the outer radius is 73,
and r is the radius at any point between the inner and outer circles.

4.2. Mathematical model of the SDD of a single valve slice

Because the structure and the load of the annular valve slice shown in Fig. 3 are symmetrical
around the central axis, a polar coordinate system with the center of the valve slice as the pole was
established. According to the theory of elastic mechanics, the differential equation of the bending
deformation of the thin elastic valve slice can be obtained, as follows [15-16, 37]:

( d> 1d)\/[(d? 1d

p( L 1d)(dfr 1dir)_ D,

dr? rdr)\dr? rdr
D Eh3

S EFICE)

where E is the Young’s modulus of the valve slice, u is the Poisson’s ratio, h is the thickness, r

is theradius and r € [Tw  7].
The general solution expression of Eq. (13) is:

(13)

f = Alnr + Br2Inr + Cr2 + T + f*,
o= pr* (14)
64D’

where f* is the special solution of the differential equation, A, B, C, and T are constants,
depending on the boundary conditions.
When r € [Ta,  Tp], the boundary conditions are as follows.
The deformation of the inner circle is equal to zero, i.e. f;|=, = 0, so:
Py

Alnr, + Br2Inr, + Cr2 + T + iD= 0. (15)

. . . . . d
The deformation slope of the inner circle is equal to zero, i.e. d—’j lr=r, = 0, so0:

A pry
E+B(2ralnra+ra)+2Cra+16D =0. (16)

The bending moment expression at the outer circle is:

dr? ' rdr

The bending moment at the outer circle is zero, i.e. M|,—,, = 0, so:

Aw—1 3 + wpr
AG=D) | BlaGut Dinry + a4 3] + 20 + 1) + ST _

17
72 16D an

862 ISSN PRINT 1392-8716, ISSN ONLINE 2538-8460



RESEARCH ON DEFORMATION OF VALVE SLICE OF AUTOMOBILE SHOCK ABSORBER.
SHISHENG LI, QIONG YUAN

The shear force expression at the outer circle is:

Dd dzﬁ 1df,
dr\drz rdr)/)

Qr =

The shear force at the outer circle is equal to zero, i.e. Q|,=r, = 0, so:

4B pry,

= 0. 1
w2 (18)

According to Eq. (15-18), we can get:

rAlnr + Br2lnr, + Cr2 +T = — PTa
¢ e e 64D’
A BQrnr, +1,) + 201, = PrZ
T ,Inr, Ty Ty = 16D , (19)
Aw—1 3+ wprf
#Jf Bl2(u+ Dlnr, + u+ 3]+ 2C(u+ 1) = _%,
g 16D
4B pny
m 2D’
Eq. (19) can be deformed as follows:
v (20)
where:
[ In7, rZlnr, 72 17
1
- 2r,nr, + 1, 21, 0
ra
L=1(u—-1) ’
7 A Dl buk3 20+ 1) 0
4
0 _ 0 0
] ™ |
4 3 2 T
Y = [A B C T]T’ U=|—- pPry _ pPra _ (3 + ﬂ)p‘r’b _@ .
64D 16D 16D 2D

The Eq. (20) was solved using MATLAB software, and the value of 4, B, C, and T was
obtained. Substituting these parameters into Eq. (14), the bending deformation expression of the
valve slice can be obtained.

5. Stress mathematical model of a single valve slice

The internal moments of the annular valve slice in the shock absorber are mainly the radial
bending moment M, and circumferential bending moment My. According to the theory of elastic
mechanics, the internal moments M,. and My of the valve slice can be expressed as [38-39]:

M, = —D (der + ld_fr) @1

dr? #r dr
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L %) (22)

Me =—D<,u dr? +; dr

According to the theory of elastic mechanics, the stress on the upper and lower surfaces
(z = £h/2, z is the axial position coordinate of the valve slice) at the location r of the valve slice
is the largest. According to the relationship between stress and internal force, the radial stress o,
and circumferential stress gy of the upper and lower surfaces at the location r of the valve slice
can be obtained [39]:

12M 6M

o'rzi h3rZ=_ hZT’ (23)
12M 6M,

Op ==tz =t (24)

The valve slice is mainly subjected to the radial and circumferential stress, according to the
fourth strength theory, the compound stress o of the valve slice is [39]:

o= /092 + 02 — 040, (25)

6. Validation of the mathematical model of the valve slice

To verify the correctness of the above mathematical model, the deformation of the valve slice
is simulated by the FEM [1,14,17,33]. The finite element (FE) results are used to verify the results
of the MEM and SDM. A FE model of a single valve slice is developed with the Static Structural
of ANSYS Workbench. The inner radius end of the valve slice is fixed, and the outer radius end
is free, and the parameters of the valve slice are listed in Table 2.

Table 2. The parameters of the valve slice

Parameter Value (units) Parameter Value (units)
Inner radius 7, 6 mm Young’s modulus E 200 GPa
Outer radius 13 10 mm Poisson’s ratio y 0.3

thickness h 0.3 mm

6.1. Simulation and comparison of valve slice deformation along the radius direction

Uniform loads of 4 MPa, 1 MPa, and 0.5 MPa are applied to the valve slice, respectively, and
the mesh was divided on the model surface. The deformation of the valve slice along the radius
direction is analysed, and the simulation cloud diagram of the deformation and the stress of the

valve slice under a load of 4.0 MPa are shown in Fig. 5 and Fig. 9, respectively.

Table 3. Maximum deformation and error comparison of the outer end of the valve slice

Method

Load ftem FEM | MEM SDM
4 MPa Maximum deformations (mm) 0.2855 0.2844 0.2182
Error 0.39 % 23.57 %

| MPa Maximum deformations (mm) 0.0714 0.0711 0.0546
Error 0.42 % 23.53 %

0.5 MPa Maximum deformations (mm) 0.0357 0.0356 0.0273
’ Error 0.28 % 23.53 %

The radial deformation curves of the valve slice are shown in Fig. 10-Fig. 12, respectively,
and the stress change curve is shown in Fig. 13. The maximum deformations and error of the outer
end of the valve slice are calculated with the FEM, MEM, and SDM, as listed in Table 3.
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A: Static Structural
Equivalent Stress

Type: Equivalent (von-Mises)
Unit: MPa
Time: 1
2022/2/16 16:38

2271.9 Max
2048.8
18256
16025
13794
1156.3

9332

710.09
486.97
263.86 Min

Fig. 9. Stress simulation cloud diagram of valve slice
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Fig. 10. Radial deformation of the valve slice Fig. 12. Radial deformation of the valve slice
under load of 4.0 MPa under load of 0.5 MPa
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= = 30N ke 4.0MPa
1 \ —- = 1.0MPa
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>
6 65 7 75 8 85 9 95 10
Valve Radius/mm Valve Radius/mm
Fig. 11. Radial deformation of the valve slice Fig. 13. Radial stress of the valve slice

under load of 1.0 MPa

The following results can be obtained from Fig. 10 to Fig. 13 and Table 3.

(1) The deformation calculated with the FEM, MEM, and SDM have the same change trend
along the radius direction.

(2) Compared with the deformation of the three loads in Table 3, the maximum error between
the MEM and FEM is 0.42 %, while the maximum error between the SDM and FEM is 23.57 %.

(3) The maximum deformation in Fig. 10 is 0.2855 mm, and it is much greater than 1/5 of the
thickness of the valve slice. The maximum stress calculated with FEM in Fig. 13 is 2271.9 MPa,
so the valve slice is subject to the LDD under 4.0 MPa.

(4) When the load is 1.0 MPa and 0.5 MPa, the maximum deformation of the valve slice is
close to and less than 1/5 of the thickness, and the maximum stress of the valve slice is far less
than 1000 MPa. Hence, the valve slice belongs to the SDD.
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From the above calculation and simulation results, whether the valve slice belongs to the SDD
or not, the radial deformation of the valve slice calculated by the MEM is closer to the results of
the FEM than the SDM.

6.2. Law analysis of the maximum deformation of the valve slice with thickness change

Keeping the inner radius and outer radius of the valve slice unchanged, uniform loads of
4.0 MPa, 1.0 MPa, and 0.5 MPa are applied on the valve slice. The variation trend curve of the
maximum deformation at the outer end of the valve slice is simulated by FEM, MEM, and SDM
when the thickness changes between 0.1-0.5 mm, as shown in Fig. 14 to Fig. 16. The curve of
maximum stress calculated with the FEM changes with the thickness is shown in Fig. 17. The
maximum deformations of the valve slice when the thickness is 0.1 mm are calculated with the
FEM, MEM, and SDM, as listed in Table 4.

8 : . : , ‘ y ‘ 2
e SDM —SDM
. ssseses MEM | N e MEM
£ - = FEM £ = = FEM
E° E
c [
g5 8
z
s $
3 [}
(=3} [=]
2 s
g2 s
4
00.1 0.15 0:2 0.‘25 0.‘3 035 04 045 05 %.1 015 0.2 0.‘25 03 035 04 045 05
Valve Thicknesses/mm Valve Thicknesses/mm
Fig. 14. Maximum deformation of the valve slice Fig. 15. Maximum deformation of the valve slice
at different thicknesses (load: 4.0 MPa) at different thicknesses (load: 1.0 MPa)
1 \ —‘SDM 28 I
i e MEM -~ 4MPa
£os i == - \ ket X
E 1 .k i
g \ c |3
B o8 1Y) % 150 \‘-\‘
s =
- w \
A s —
: g | N
>o0z2:
91 o015 02 025 03 035 04 045 05 04 015 02 025 03 035 04 045 05
Valve Thicknesses/mm Valve Thicknesses/mm
Fig. 16. Maximum deformation of the valve slice Fig. 17. Maximum stress of the valve slice
at different thicknesses (load: 0.5 MPa) at different thicknesses
Table 4. The maximum deformation and error of the valve slice with the thickness of 0.1 mm
Load Item Method
FEM MEM SDM
4 MPa Maximum deformations (mm) 7.6603 7.6800 5.8927
Error 0.26 % 23.07 %
1 MPa Maximum deformations (mm) 1.9151 1.9200 1.4732
Error 0.26 % 23.07 %
0.5 MPa Maximum deformations (mm) 0.9575 0.9600 0.7366
) Error 0.26 % 23.07 %

From Fig. 14 to Fig. 17 and Table 4, the following conclusions can be drawn:

866 ISSN PRINT 1392-8716, ISSN ONLINE 2538-8460



RESEARCH ON DEFORMATION OF VALVE SLICE OF AUTOMOBILE SHOCK ABSORBER.
SHISHENG LI, QIONG YUAN

(1) The deformation calculated with the FEM, MEM, and SDM have the same change trend
when the thickness of the valve slice changes.

(2) Comparing the deformations under the three loads in Table 3, the maximum error between
the MEM and FEM is 0.26 %, while the maximum error between the SDM and FEM is 23.07 %.

(3) When the thickness of the valve slice is 0.1 mm, the maximum deformation is much greater
than 1/5 of the thickness and even reaches 6-8 mm, which is out of the engineering practice. The
maximum stress of the valve slice calculated with the FEM in Fig. 17 is much greater than
1000 MPa, so the valve slice has LDD at this thickness.

From the above calculation and simulation results, whether the valve slice belongs to the SDD
or not, the maximum deformation of the valve slice at different thicknesses calculated with the
MEM is closer to the results of the FEM than the SDM.

6.3. Law analysis of the maximum deformation of the valve slice change with the load

The inner radius and outer radius of the valve slice are not changed, and the thickness of the
valve slice is 0.3 mm. The FEM, MEM, and SDM are used to calculate the variation trend curve
of the valve slice deformation when the load changes between 0-4.0 MPa, as shown in Fig. 18.
The stress of the valve slice calculated with FEM is shown in Fig. 19.

0.3 ‘ ‘ 2500
— DM #°|
MEM -
. 025 O L rem 7 ! —
E &
g 9= =
3 7 1500
@
§ 0.15 %
a @ 1000
g s
3
0.05 500 ¢
" ‘ i | i | 0 ) ) i i ‘ ‘
0 05 1 1.5 2 23 3 35 4 0 0.5 1 1.5 2 2.5 3 3.5 4
Valve Load/MPa Valve Load/MPa
Fig. 18. Influence of the valve load on the Fig. 19. Influence of the valve load on the
maximum deformation of the valve slice maximum stress of the valve slice

From Fig. 18-Fig. 19, the maximum deformation and maximum stress of the valve slice
increase linearly with the increase of the load when the thickness is constant. No matter whether
the valve deformation is the SDD or LDD, the deformation calculated with the MEM is basically
the same as that of the FEM, while the deformation of the SDM has a larger error with that of the
FEM.

7. Effect of the inner and outer radii of the valve slice on the deformation

To better provide theoretical support for shock absorber design and performance prediction,
the law of maximum deformation and stress of the valve slice changes with the inner and outer
radii is studied with the above-mentioned mathematical models of the MEM and SDM, and the
results were compared with those of the FEM when the load is constant.

7.1. Effect of the outer radius on the deformation

When the thickness of the valve slice is 0.3 mm, the load is 4.0 MPa, the inner radius is
constant, and the outer radius varies from 10 mm to 15 mm, the deformations are shown in Fig. 20
and Fig. 21. The following results can be obtained:

(1) The maximum deformation increases exponentially with the increase of the outer radius.

(2) The deformation calculated by the MEM is in good agreement with the simulation results
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of the FEM, while the absolute difference between the deformation of the SDM and FEM increases
with the increase of the outer radius.
(3) The maximum stress also increases with the increase of the outer radius.
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Fig. 20. Influence of the outer radius on the Fig. 21. Influence of the outer radius on the

maximum deformation of the valve slice maximum stress of the valve slice

7.2. Effect of the inner radius on the deformation

When the outer radius is constant and the inner radius varies from 3 mm to 8 mm, the
deformations are shown in Fig. 22 and Fig. 23. It can be seen that:

(1) The maximum deformation decreases exponentially with the increase of the inner radius.

(2) The deformation calculated by the MEM is in good agreement with the simulation results
of the FEM, while the absolute difference between the deformation of the SDM and FEM
decreases with the increase of the inner radius.

(3) The maximum stress decreases with the increase of the inner radius.
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8. Discussion

Factors such as oil temperature, oil viscosity, oil flow characteristics, internal wear of the shock
absorber, parts manufacturing accuracy and assembly accuracy will affect the deformation of the
valve slice. In order to reduce the complexity of the mathematical model, this paper assumes that
the above factors remain unchanged when the valve slice is deformed, while the changes of the
above factors are inevitable when the shock absorber is working. In particular, the single valve
slice is more susceptible to the above factors than the superimposed valve slice. Although the
calculation results of the mathematical model established under the premise of assumptions in this
paper are in good agreement with the simulation results of the FEM, for academic rigor, the
mathematical model in this paper needs to be tested continuously in future practical applications,
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and the influence degree of the assumed constant factors on the calculation results is summarized.
9. Conclusions

Based on the structure and working principle of the shock absorber valve system, the damping
characteristics of the shock absorber are analysed and the pressure differential range of the valve
slice is determined. The theoretical mathematical models of the SDM and MEM are developed,
and the accuracy of the theoretical mathematical models are verified with FEM. The main
conclusions are summarized as follows:

1) The change trend of the deformation calculated by the SDM and MEM is consistent with
that of the FEM in the radius direction. The maximum error between the MEM and FEM is 0.42 %,
while the maximum error between the SDM and FEM is 23.57 %.

2) When the thickness of the valve slice changes, the change trend of the deformation
calculated with the SDM, MEM, and FEM is consistent. The maximum error between the MEM
and FEM is 0.26 % when the thickness of the valve slice is 0.1 mm, while the maximum error
between the SDM and FEM is 23.07 %.

3) When the load of the valve slice increases, the maximum deformation of the valve slice
increases linearly, the simulation results of the MEM and FEM are consistent, while the
deformation of the SDM is highly different from the deformation of the FEM.

4) The maximum deformation of the valve slice increases exponentially with the increase of
the outer radius. The absolute difference between the deformation of the SDM and FEM increases
with the increase of the outer radius, while the deformation calculated with the MEM coincides
well with the FE result.

5) The maximum deformation of the valve slice decreases exponentially with the increase of
the inner radius. The absolute difference between the deformation calculated with the SMD and
FEM decreases with the increase of the inner radius, while the deformation calculated with the
MEM is in good agreement with the FE result.

The above calculation and simulation results show that no matter whether the valve slice
belongs to the SDD or LDD, the radial deformation of the valve slice calculated with the MEM is
closer to the FEM than SDM, indicating that compared with the SDM, the mathematical model of
the MEM to solve the deformation of the valve slice is more accurate and reliable, which provides
a theoretical basis and technical support for the design and performance prediction of the shock
absorber.

The above calculation and simulation results show that no matter the valve slice belongs to a
SDD or LDD, the radial deformation calculated by MEM is closer to the FEM than SDM,
indicating that compared with SDM, the mathematical model of solving valve slice deformation
by MEM is more accurate and reliable, which provides a certain theoretical basis for the
deformation study of single valve slice, and also provides technical support for the design and
performance prediction of shock absorbers.
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