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1. Introduction

When a vehicle moves over road irregularities, the appearing os-
cillations of sprung and unsprung masses negatively affect the driving 
dynamics and safety [29]. Seeking to improve road holding and nor-
mal component of the tire/ground contact forces during various ma-
noeuvres, acceleration and braking, it is necessary to determine pre-
cisely the damping characteristics of the modified shock absorber and 
to control them. It is practically impossible to experimentally evaluate 
the damping characteristics of shock absorbers, which are obtained 
upon applying various combinations of a modified shim valve and its 
shims, due to high costs and considerable time input [1]. It is an ac-
tual problem faced while designing shock absorbers for sports cars, so 
mathematical modelling is an alternative to experimental tests. Taking 
into account the above-described reasons, the aim of this paper is to 
develop a mathematical model of a monotube shock absorber with a 
shim valve, which can be applied in practical activities. 

2. Background

Research works on the interaction between a shock absorber and a 
suspension [4, 5, 9, 12, 20, 24] prove it to be a relevant problem which 
has great influence on the dynamic stability of the vehicle. Neverthe-

less, the literature [7, 8, 25] point out that researches on the functional 
dependencies of damping characteristics on shock absorber and its 
shim valve properties are highly limited, i.e. the mentioned researches 
are focused on the impact of the absorber’s properties on the suspen-
sion of the car and movement of the car and not on the influence of 
structural elements of the shock absorber on its damping properties.

The first mathematical model of a shock absorber based on exper-
imental researches was presented by H. Lang in 1977 [14]. H. Lang 
used an 82-parameter analogue computer model that provided good 
realistic results; however, the designed model was insufficiently de-
veloped for investigation of functional dependences of various input 
parameters. In 1994, K. Reybrouck presented a simplified model of 
a shock absorber formed of 20 variables. The proposed model was 
based on the method of semi-empirical coefficients, so it did not con-
sider the effect of internal modifications on shock absorber perform-
ance [1, 21]. In 1997, K. Lee presented a mathematical model of a 
monotube shock absorber. Accurate agreement between the model 
results and test data were achieved for shock absorber rod velocities 
up to ± 1 m/s. In the work presented by K. Lee, the impact of a disc 
valve on damping characteristics is discussed and the finite element 
method is applied to obtain solutions for the disk valve; however, a 
shim valve is not analysed [15]. M.S. Talbott designed a mathemati-
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cal model of a monotube shock absorber for sports cars that includes 
a detailed model of a disk valve and a partial discussion of a shim 
valve [26]. The model proposed by M.S Talbott is used and improved 
in the literature [22]; however, a specific model of a shim valve is 
not provided. Nevertheless, in both above-mentioned works, it is pro-
posed to apply Roark’s formulas for stress and strain for calculation of 
deformation of a shim valve; in addition, an application of the super-
position principle in the process of shim valve modelling is discussed. 
Linear and nonlinear models of a shim valve based on the principles 
of the finite element method, which evaluate the geometrical dimen-
sions of the shims and the properties of the material, are presented 
in [6]. In this source, the results obtained on applying a linear model 
and a nonlinear model are compared between each other, their differ-
ences, complexity, variables of models are discussed; however, the 
results obtained on applying the mentioned models are not compared 
to the results obtained during experimental tests. It is indicated that 
the simulation time while applying the designed advanced model may 
take up to 16 hours. In [8], it is proposed to apply the principle of 
minimum potential energy and Rayleight-Ritz method for modelling 
a shim valve. Nevertheless, it is pointed out that a large amount of 
computation must be performed that is not necessary; however, there 
is no way to find the shim stack tip deflection without solving for 
all the unknown coefficients. This takes a long time and reduces the 
overall speed of the shock absorber model code. Y. Ping also designed 
mathematical models of monotube shock absorbers and examined the 
influence of the structures of absorbers on their damping characteris-
tics. However, the problems dealt with by the author are not related 
to the structure of the valves [18, 19], and discrepancies, which were 
explained by the ignorance of physical properties of the oil (Oil Bulk 
modulus), were noticed during the model validation. The influence of 
the technical condition of structural elements of the shock absorber on 
its exploitation and damping characteristics is examined in literature 
[2, 3, 4, 11, 13, 28] as well. It can be seen from the provided examples 
that various research works, where the influence of the structure of a 
shock absorber on its damping characteristics is discussed, are pub-
lished; however, in such works, including the reviewed ones, seek-
ing to simplify the process of modelling, various simplifications are 
made and they predetermine inexact results of modelling or the mod-
els becomes too complicated and not ready for practical application. 
Because of these reasons, the designing of new more accurate math-
ematical models developed for practical application is a relevant task. 
The model presented in this paper distinguishes itself from other shim 
valve mathematical models by the principle of its developing upon 
applying the force method based on the examination of the interaction 
between shims and the appearing contact forces.

3. Mathematical model

3.1.	 Monotube shock absorber mathematical model

The scheme, based on which the general mathematical model of 
the monotube shock absorber is designed, is presented in Fig. 1.

In literature [8, 15, 18, 26], it has been shown that the chambers 
pressures depend on numerous parameters, including the shock ab-
sorber stroke and velocity. Under isothermal conditions, the pressure 

changes in the rebound chamber (the chamber 1 (Fig. 1)) and the com-
pression chamber (the chamber 2 (Fig. 1)) are found from the continu-
ity equations:

	
dp
dt

E
V S x

Q Q Q Q S x1

10 1 1
1 2 3 4 1 1=

+
+ + +( ) − ( )( ) ,	 (1)

dp
dt

E
V S x S x

Q Q Q Q S x S x2

20 3 2 2 1
1 2 3 4 3 2 2 1=

+ −
− − − −( ) − −( )( )  .  (2)

where E is Oil Bulk modulus, MPa; V10 and V20 are the initial volumes 
of the rebound and compression chambers, m3; Qi is the oil flow rate 
of corresponding orifices, m3/s (the amount of orifices depends on the 
construction of the shock absorber, their indexes are explained further 
in this section (Fig. 1)); Si is the cross-section area of the relevant 
chamber, m2; 1x  is the velocity of the main piston, m/s; 2x  is the 
velocity of floating piston, m/s; x1 is the displacement of the main 
piston, m; x2 is the displacement of the floating piston, m.

Assuming the adiabatic process, the pressure change in the gas 
chamber (the chamber 3 (Fig. 1)) is expressed as follows:

	 dp
dt

p S x
V S x

3 3 3 2

30 3 2
= −

⋅ −( )
−

γ 

,	 (3)

where V30 is the initial volume of the gas chamber, m3; x2 is the dis-
placement of the floating piston, m; S3 is the cross-section area of the 
gas chamber, m2; γ is the gas adiabatic constant; p3 is the gas chamber 
pressure, Pa.

Eq. 1–3 are the first order coupled ordinary differential equations 
for p1, p2, p3 and the Dormand-Prince integration method was used 
to solve these equations. The oil flow rate through the main orifices 
of the main piston (Q1), the additional orifices of the piston (Q2) and 
the variable orifices (Q3), is determined by applying the following 
expression:

	 Q C A p p p pi di i= ⋅ ⋅ −( ) ⋅ −( )sign 2 1 2 1
1
ρ

,	 (4)

where Cdi is the discharge coefficient; Ai is the cross-section areas of 
the orifices intended for compression or rebound strokes, respectively, 
m2; ρ is the density of oil, kg/m3.  

Eq. 4 is not suitable for discharge calculation when the oil leaks 
between the piston Teflon band and the cylinder of the shock absorber. 
According to the literature [14, 26], the leakage between the piston 
Teflon band and the cylinder wall (Q4) can be modelled as a flow 
between two parallel plates. The equation for the flow between two 
parallel plates is derived from the Navier-Stokes equations:

	 Q
p p b

l
x b Dp4

2 1
3

1
12 2

=
−( )

+











⋅ ⋅

η
π



,	 (5)

where b is the width of the gap between the piston Teflon band and 
the cylinder of the shock absorber, m; l is the length of the gap be-
tween the piston Teflon band and the cylinder of the shock absorber, 
m; Dp is the diameter of the piston, m; η is the dynamic viscosity of 
oil, mPa·s.

The discharge coefficient is strictly a function of Reynolds number, 
piston acceleration and the geometry [7, 8, 15]. In this study, the dis-Fig. 1.	 The scheme of the modelled monotube shock absorber presenting its 

structure and main parameters
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section, m2; S2 is the area of the compression chamber cross-section, 
m2; Ff1 is the friction force appearing between the piston and the body 
of the shock absorber, N; F is the damping force created by the shock 
absorber, N.

Eq. 10 is used for expressing the damping force  created by the 
shock absorber as a function of the shock absorber motion:

	 F m x S p S p F x m gf= − + + ( ) +1 1 1 1 2 2 1 1 1 sign 	 (11)

During the compression and rebound, the damping force formed 
by the shock absorber consists of resistance forces, affecting the main 
piston in a longitudinal direction. Due to this reason, in order to obtain 
the expression of the damping force, firstly the equation of motion of 
the main piston is formed (Eq. 10). The equation of the main piston’s 
motion on the longitudinal axis is formed by projecting the forces in 
corresponding directions. The directions of the operating forces de-
pend on whether the compression or the rebound process is occurring. 
The mass m1 and the acceleration 1x  of the main piston are put on the 
left side of the equation, and on the right side – the sum of all the pro-
jections of the operating forces (Eq. 10). By putting all the projections 
of the forces operating in the corresponding directions in the equation, 
and reorganising Eq. 10, the sum of all the projections of the operat-
ing forces around the main piston is obtained, which is named as the 
damping force formed by the shock absorber (Eq. 11).

3.2.	 Shim valve mathematical model

The shim valve model is necessary to model the oil flow rate by 
the orifice, which allows estimating the theoretical area for oil flow-
ing through the piston formed by the valve deformation. In this paper, 
while applying the force method for shim valve modelling, it is as-
sumed that, because of deformation of the valve during operation of 
the shock absorber, gaps appear between shims and the shims contact 
in the external radii only (Fig. 2a).

It may be seen from the scheme presented in (Fig. 2b) that two 
main cases of the operating loads may be singled out:

Deformation of a shim is caused by the pressure difference 1.	
(uniform load)  appearing between the compression chamber 
and the rebound chamber during the operation of the shock 
absorber. This type of load is valid only for the first shim of 
the valve situated on the piston;
The shims of the valve are deformed by contact forces  in the 2.	
contact radii of the shims.

On the basis of the above-mentioned assumption and upon ap-
plying the force method, the shim valve is analysed as a statically 
indeterminate beam system (structure). Also the modelling is based 
on determining the degree of static indeterminacy and the formation 
of the system of the principal compatibility equations that expresses 
the conditions of deformation of the beam structure:

charge coefficients are assumed to be geometry dependent only. In ad-
dition, it is assumed that the discharge coefficient is constant and was 
chosen such that the maximum agreement between the experimental 
tests’ data and the mathematical model is achieved. However, differ-
ent values were used for compression and rebound since the geometry 
around orifices is not symmetric. The optimum value of the discharge 
coefficient for variable diameter orifices during compression is 0.65, 
during rebound – 0.48. The tested shock absorbers are in excellent 
working condition, so the oil loss discharge is not modelled.

The dependence of the dynamic viscosity of oil on temperature is 
evaluated by applying Vogel-Tamman-Fulcher type equation [10]:

	 η η η=
−( )

0

0

e

E
R T T ,	 (6)

where η0 is the constant dynamic viscosity of oil determined at certain 
temperature Tη, mPa·s; e is Euler’s number; E0 is the oil molecules 
activation energy, J/mol; Tη is the oil temperature at which the con-
stant dynamic viscosity η0 of oil was fixed, K; T is the oil temperature 
during the experiment, K; R is the ideal gas constant, J/mol·K.

The functional dependence of density on temperature is expressed 
as follows [7]:

	 ρ
ρ

α
=

+ −( )
0

1 T Tt
,	 (7)

where ρ0 is the constant density of oil determined at certain tempera-
ture Tt, kg/m3; Tt is the oil temperature at which the constant density 
of oil ρ0 was fixed, K; α is the coefficient of volumetric thermal ex-
pansion, K-1. For the oils usable in shock absorbers, the approximate 
value of the said coefficient is 0.001 K-1 [7].

If a variable orifice with a blunt needle is provided in the shock 
absorber (Fig. 1), the opened area of the said orifice for oil flowing 
during the compression and rebound strokes at a certain position of 
the needle shall be calculated as follows [23]:

	 A d n
Mb

c

c
3

2
2

4
1 1

2
= − −

























π ,	 (8)

where db is the diameter of the additional orifice, m; nc is the click 
number of the variable diameter needle; Mc is the maximum possible 
number of the needle clicks.

Summing forces on the floating piston, the equation of motion for 
the floating piston can be written as (Fig. 1):

	 m x S p S p F x x m gf2 2 3 2 3 3 2 2 1 2  = − − −( ) −sign ,	 (9)

where m2 is the mass of the floating piston, kg; 2x  is the acceleration 
of the floating piston, m/s2; S3 is the cross-section area of the gas 
chamber, m2; g is the standard acceleration due to gravity, m/s2; Ff 2 is 
the friction force appearing between the floating piston and the body 
of the shock absorber, N.

Equation of motion for the main piston can be written as (Fig. 1):

	 m x S p S p F x m g Ff1 1 1 1 2 2 1 1 1 = − − ( ) − +sign ,	 (10)

where m1 is the mass of the main piston, kg; 1x  is the acceleration of 
the piston motion, m/s2; S1 is the area of the rebound chamber cross-

Fig. 2.	 The scheme of a shim valve when the shims contact in the external 
radii only: a) the forming gaps between the shims during deformation; 
b) the computational scheme of the shim valve

a) b)
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where δni is the displacement of the beam structure in the direction 
of the released relationship in the shim contact radius caused by the 
additional unit force, m; ∆i is the displacement of the beam structure 
in the direction of the released relationship in the shim contact radius 
caused by the pressure difference between the working chambers of 
the shock absorber, m; wi is the support reaction (the contact force) 
acting in the shim contact radius, N; di is the deformability coefficient 
of the deformed basis (a relevant shim), m/N.

The solutions of the formed compatibility equations are the values 
of support reactions wi of the released relationship, i.e. contact forces 
between shims of the valve that are considered unknown. Because 
only the first shim of the valve is deformed by the uniform load q and 
other shims do not directly interact with the said load, the value ∆i is 
also evaluated only in the first equation of the system (Eq. 12) that 
describes deformations of the first shim in the direction of the axis y. 
In the case of the first shim deformation, the deformed basis is the 
second shim; in the case of the second shim deformation – the third 
shim is deformed basis and so on. The deformability coefficient of a 
shim that is a deformed basis is determined in the contact radius of the 
shims. If the last shim of the valve is rigid, in such case a presump-
tion that displacements of the next-to-last shim in the directions of 
released relationships are impossible, i.e. equal to zero (the n-th equa-
tion of the system (Eq. 12)) is accepted. If the n-th shim of the valve 
is movable, its deformability coefficient is determined by applying a 
unit force in the contact radius of shims and evaluating the deflections 
of the shim caused by the said force. The deformability coefficients of 
other shims and their combinations are determined by evaluating the 
relative position of the shims and their number as well as formation 
and application of a subsidiary system of equations (the additional 
forces are shown in Fig. 3): 
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,	 (13)

where '
niδ  is the displacement of the beam structure in the direction 

of the released relationship in the contact radius of relevant shims 
caused by the additional unit force ′wi , m; Δp, Δp−1 is the displacement 
of a shim in shim contact radius caused by the additional unit force 

1iw −′  applied to the external radius of the relevant shim, m; dn-1 is the 
known (found) deformability coefficient of the shim, m/N; ′wi  is the 
support reaction caused by the additional unit force iw′  , N.

Based on the system of equations (Eq. 13), the deformability coef-
ficients for each part of the shim stack are determined progressively 
(Fig. 4). The deformability coefficients for each part of the shim stack 
are expressed by the following equation:

	 d
y

wn
w p

i
±

−=
+

′1
1∆

,	 (14)

where yw is the displacement of a relevant shim caused by the support 
reaction ′wi , m.

The interdependence between the cross-section area of principal 
orifices of the shock absorber’s piston and the radius r0 of applying the 
uniform load to the first shim of the valve is expressed as follows:

	 r
A as

0
1
2

=
− −( )π π

π
,	 (15)

where As is the total cross-section area of orifices of the piston in-
tended for compression or rebound stroke, m2; a1 is the external radius 
of the first shim of the valve, m.

Eq. 15 is obtained by equating the cross-section area  formed by 

all of the orifices of the main piston with the area π a r1
2

0
2−( )  of the 

shim of a certain size, and in this way expressing the value  from the 
obtained expression. 

During the shock absorber’s operation, the shims of the valve at 
any moment are affected simultaneously by more than one load (Fig. 
2b). Consequently, the superposition principle is applied to determine 
the deflections of the shims and the following system of equations is 
formed [26]:

	

( ) ( )
( ) ( ) ( ) ( )

( ) ( ) ( )

1 1 1 12

2 2 2 1 112 23 12

3 3 2 212 2323

q

q

y y y

y y y z z

y y z z

 = +
 = + = +


= = +

,	 (16)

where y1 is the deflection of the first shim of the valve in its external 
radius, m; y2 is the deflection of the second shim of the valve in its 
external radius, m; y3 is the deflection of the third shim of the valve in 
its external radius, m; z1 is the deflection of the first shim of the valve 
in the radius of the contact of the shims, m; z2 is the deflection of the 
second shim of the valve in the radius of the contact of the shims, m; 
z3 is the deflection of the third shim of the valve in the radius of the 
contact of the shims, m.

If a shim valve consists of more than three shims, the system of 
equations (Eq. 16) is supplemented with equations analogous to the 
second equation of this system. Application of the system of equations 
(Eq. 16) is described in detail in literature [26]. The theoretical area 

Fig. 3. The scheme for explanation of the system of equations (Eq. 13)

Fig. 4.	 The scheme for progressive determining of the deformability coeffi-
cients for each shim of the valve
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A1 for oil flowing through the piston formed by the valve deforma-
tion is estimated as circumference 2πa1 multiplied by valve opening 
height y1 [8]:

	 A a y1 1 12= ⋅ ⋅π ,	 (17)

If the initial deflection of the shim stack occurs, then, according 
to literature [15]: 

	 A a y y1 1 1 02= ⋅ ⋅ −( )π ,	 (18)

where y0 is the initial deflection of the shim stack in the fully closed 
position, m.

It is accepted that thermal deformations of the shims do not exist. 
Based on the literature [6, 8, 28], deformations of the valve shims 
are solved by choosing relevant algorithms from Roark’s formulas for 
stress and strain described in the literature [27].

The described mathematical model of monotube shock absorber 
and its shim valve was implemented in the environment of software 
package MATLAB/Simulink by dividing it into interrelated subsys-
tems. During the modelling, the unknowns are the chamber pressures, 
oil flow rates, the deflection of the shim stack and the damping force, 
so, at each time step, the said parameters are solved by applying the 
Eq. 4, 5, 11 and 16. Based on the literature [16], the possible value of 
the friction force is 30 N.

4. Experimental procedure

The designed mathematical model was validated by comparison 
with the experimental tests results carried out on two different modi-
fied monotube shock absorbers. During the experimental tests, the 
damping characteristics of the shock absorbers were measured by a 
special electromechanical stand (Fig. 5a) that forms sinusoidal charac-
teristics of the compression and rebound strokes of a shock absorber. 
Experimental tests of the modified shock absorbers were carried out 
at 0.03 m amplitude of compression/rebound strokes. The duration of 
a shock absorber’s test was 80 s; the maximum frequency of compres-
sions and rebounds of the shaft of a shock absorber was 4.25 Hz.

The nominal parameters of the tested shock absorbers and their 
modified shim valves used for the modelling are provided in Table 1 
and Table 2, respectively. In Table 1 the symbol “*” points out that the 
shim is rigid in the valve and its thickness is 3.5 mm. The Poisson’s 
ratio (0.28) and the elasticity modulus (210 GPa) of the shim material 
were determined by optical emission spectrometer PMI Master Pro; 
the material of the valve shims is C55E carbon steel.

During modification of the shock absorbers, only new parts of 
good technical condition and high quality engineering maintenance 
materials (sealants, oil rings, oil, valve shims and so on) were used. 
The experimental tests of the monotube shock absorber 1 by the elec-
tromechanical stand were repeated twice, when the orifice with the 
blunt needle is fully opened (to fully open the orifice, 30 clicks are 
needed) and when the orifice with the blunt needle is fully closed (0 
clicks) (Fig. 1). Monotube shock absorber 2 was tested when the said 
orifice with the blunt needle was only fully opened. In the both above-
mentioned shock absorbers, a symmetric piston was used (Fig. 5b).

At the initial time moment, the value of pressure in chambers of 
the shock absorber is 1.5 MPa. The shim clamping radius of valve 
shims is 8.4 mm (shim clamping radius is marked by symbol b in 
Fig. 2b) in monotube shock absorber 1 and 7 mm – in monotube shock 
absorber 2. The diameter of the variable orifice with the blunt needle 
is 2 mm when it is fully opened. All experimental tests were carried 
out at the temperature of 293 K.

Fig. 5.	 The equipment used during tests: a) The shock absorber test 
stand used for experimental tests and the monotube shock 
absorber 1 mounted in it, 1 – Load cell; 2 – The upper 
mounting point; 3 – Monotube shock absorber 1; 4 – The 
lower mounting point; 5 – electromechanical test stand; b) 
The side of the piston of the monotube shock absorber 1 
intended for the compression stroke

b)

a)
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5. Results and discussion

The results of the damping force modelling 
were compared with the data of the damping 
force of the tested shock absorbers determined 
during the experimental tests and a good level 
of agreement was obtained. The value of the 
total relative error between the results of the 
mathematical modelling and the results of the 
experimental tests does not exceed 3 % both 
for compression and rebound strokes. The 
types of the characteristics obtained by math-

ematical modelling and experimental 
tests coincide: all the characteristics are 
of a linear type.

In this section, the impact of the 
structures of the variable orifice with a 
blunt needle and the shim valve on the 
value of the damping force is analysed. 
The diagrams, reflecting the dependence 
of the damping force vs. piston velocity 
(F-v), that were formed based on the ex-
perimental and the mathematical model-
ling results, are presented for monotube 
shock absorber 2 in Fig. 6 and for mono-
tube shock absorber 1 – in Fig. 7.

5.1.   Low velocity phase 

The value of the damping force 
generated in the low velocity phase 

1( 0.05)x ≤  and the position of the knee 
point directly depend on the position of 
the needle in the variable orifice. When 
the variable orifice is closed, a resistance 
to oil flowing through the said orifice 
appears. Consequently, the generated 
damping force increases and the knee 
point, i.e. the moment when the shim 
valve opens is clearly visible (Fig. 7a). At 
higher values of the pressure difference 
between the compression chamber and 
the rebound chamber required for open-
ing the shim valve, the knee point is more 
clearly visible. The value of the pressure 
difference required for opening the shim 
valve depends on the properties of the 

shims that are in the positions 1 and 2 (Table 1.). At higher values of 
stiffness of the shims that are in the positions 1 and 2, the value of the 
damping force generated in the low speed phase is higher and the knee 
point is more clearly visible. A higher stiffness of a shim causes an 
increased preload for the shim stack and a larger pressure difference 
is needed across the shim stack to deflect it. When the variable orifice 
is open, no additional resistance to oil flowing through the said orifice 
is formed; in such a case, the growing of the damping force generated 
in the low velocity phase is linear and the knee point is not visibly ex-
pressed (Fig. 6; Fig. 7b); however, the value of the generated damping 
force is lower as compared to the closed orifice. For example, when 
the variable orifice of the monotube shock absorber 1 is closed, the 
maximum value of its damping force generated in the low velocity 
phase that was found in the experiments equals to 369 N and when 
the orifice is open – the said force equals to 128 N (Fig. 7). Neverthe-
less, an evaluation of the values of the damping force generated in the 
low velocity phase discloses discrepancies between the experimental 

Fig. 6.	 The damping characteristics of the monotube shock absorber 2, when 
the variable orifice with the blunt needle is open

Fig. 7.	 The damping characteristics of the monotube shock absorber 1: a) when the variable orifice with 
blunt needle is closed; b) when the variable orifice with blunt needle is open

Table 1.	 The nominal parameters of shim valve structures in the researched shock absorbers

Monotube shock 
absorber 1

Position of the 
shim 1 2 3 4 5 6 7 8 9

External radius of the shim, mm

Compression 19 19 19 19 19 15 13 8.5 8.5

Rebound 17 17 17 15 12.5 8.5 8.5 8.5* -

Monotube shock 
absorber 2

Position of the 
shim 1 2 3 4 5 6 7 8 9

External radius of the shim, mm

Compression 17 15 12.5 11 9 7.5 7.5 - -

Rebound 15 15 13.75 11 9 8.5 8.5 - -

Table 2.	 The nominal parameters of the tested shock absorbers

Shock absorber

A parameter

Shim thickness, 
mm

The orifice cross-section 
area during compression/

rebound stroke, mm2
Oil The piston diameter, 

mm

Monotube shock 
absorber 1

0.3
325.5/102.4

Castrol Fork Oil 
10W

45

Monotube shock 
absorber 2 237.2/72.8 40

Shock absorber The shaft di-
ameter, mm

Heights of compression/
rebound/

gas chambers, mm

Adiabatic pro-
cess constant 
for Nitrogen

Oil Bulk modulus, 
MPa

Monotube shock 
absorber 1 20

105/105/50 1.4 1500
Monotube shock 

absorber 2 12.4

a) b)
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and modelling results that attain to 17.83 % in some time steps. The 
appeared errors may be explained by an observed formation of the 
damping force loop in the low velocity phase, the meaning of which 
is close to the phenomenon of formation of hysteresis loop. During 
mathematical modelling, the hysteresis loop is formed because of the 
accepted constant friction force between elements of the shock ab-
sorber.

5.2.	 Normal and high velocity phase 

During the experiment, it was found that oil flowing through the 
variable orifice influences also the maximum value of the damping 
force generated in normal 1( m / s0.05 0 ).2x< ≤  and high velocity 

10.2 0.4 m / s( )x< ≤  phase. It can be seen from Fig. 7 that when the 
structure of the valve is the same and the variable orifice is closed, the 
value of the generated damping force is 860 N during the compres-
sion stroke and 2890 N during the rebound stroke. When the orifice 
is open, the value of the generated damping force is 710 N during the 
compression stroke and 2050 N during the rebound stroke. It may be 
explained as follows: during damping the vibrations in the high veloc-
ity phase, the variable orifice is not closed or blocked, so the oil flow-
ing through it during the operation of the shock absorber is constant 
independently from the velocity of the piston’s compression/rebound. 
It is clear based on the obtained results that the maximum value of the 
generated damping force is higher when the variable orifice is closed 

and is lower when the orifice is open. The extent of the increase/de-
crease of the damping force on changing the position of the needle 
of the orifice during compression or rebound stroke depends on the 
diameter of the orifice on operation of the shock absorber and the 
accepted values of the discharge coefficient. A value of the damping 
force generated in normal/high velocity phase is influenced by the 
shims of the positions 3-9 (Table 1.) and their stiffness. At higher shim 
clamping radius (Fig. 2b), the stiffness of the shim valve is higher, so 
the generated damping force increases as well (Fig. 8).

During the mathematical modelling, it was also found that the 
shim thickness affected the stiffness of the valve and the value of the 
generated damping force. At higher values of the shim thickness, the 
generated damping force increases as well (Fig. 9).

However, the source of literature [17] points out that the stiffness 
of a shim is not linear in relation to its thickness. To calculate how 
many thin shims it takes to equal one thicker shim, the formula is 
approximately the same as for comparing the stiffness of dissimilar 
constant section beams [17]:

	
3

 s

p

xN
x

 
=  
 

	 (19)

where xs is the thickness of the thicker shim, m; xp is the thickness of 
the thinner shim, m.

Taking into account the obtained results as well as the Eq. 4 and 
17, it becomes clear that the valve y1 and the oil flow rate Q1 through 
the valve depend on the shim stack stiffness. For these reasons, it is 
obvious that the parameters of the shim valve and its stiffness impact 
considerably the damping force generated by the shock absorber.

6. Conclusion

This paper presents the variety of mathematical model types for 
monotube shock absorbers and the new method for modelling shim 
valves for shock absorbers is developed and proposed together with a 
discussion of this model performance.

Application of the force method (intended for analysing the stati-
cally indeterminate systems) allows determining the contact forces 
appearing between shims of the valve with a good adaptation to wide 
range of various parameters of shim valve. The algorithm for applying 
the suggested model has been clarified and detailed.

The effectiveness of the suggested model has been verified by ex-
perimental tests. The new model has demonstrated clear advantages, 
because the found values of the relative errors were ≤ 3 % both during 
the compression stroke and the rebound stroke. This fact attests the 
created mathematical model to be correct and applicable for seeking 
better vehicle road holding characteristics.

In addition, the influence of the shim valve construction and the 
variable orifice construction on the shock absorber damping charac-
teristics has been discussed. The obtained results confirm the relation-
ship between the properties of all shims of the valve and the damping 
force generated by the shock absorber. 
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Fig. 8.	 The damping characteristics of the monotube shock absorber 2 at dif-
ferent values of the shim clamping radius

Fig. 9.	 The damping characteristics of the monotube shock absorber 2 at dif-
ferent values of the shim thicknesses
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