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Abstract

Compared with steel helical spring widely used in automobiles, composite helical springs with nonlinear stiffness (NS-
CHS) not only have obvious advantages such as significant lightweight effect and corrosion resistance, but also provide
the optimal stiffness according to the requirements of automobile suspension under different working conditions, which is
of great significance for the dynamic performance and comfort of automobiles. Therefore, its design method has gained
considerable attention in the application field of composite structures. In this work, a theoretical model used for stiffness
matching design and structure optimization of NS-CHS was established. Then, the key influencing factors of stiffness,
the FEM analysis method and the manufacturing process of NS-CHS are studied, and the model is verified by related test
results. The proposed theoretical model not only considers the main features of the composite structure and the anisotropy
of composite material, but also provides a new numerical method for the design and structure optimization of composite

elastic structures with helical shape.

Keywords Composite structures - Helical spring - Nonlinear stiffness - Matching design - Structure optimization

1 Introduction

Weight reduction of automobile is an important method to
achieve energy saving, decrease environmental pollution and
improve driving range. Helical spring is an elastic compo-
nent widely used in automobile suspension. For the purpose
of saving energy and improving the performance of vibration
isolation system, advanced springs with lightweight effect
and high performance have been widely used for today’s
automobiles and mechanical systems [1-3]. The replacement
of steel helical springs with composite helical springs can
bring at least 40% weight reduction. In addition, due to its
outstanding properties such as high specific strength, more
elastic strain energy storage capacity, no rusting, corrosion
resistance and the numerous possibilities of function inte-
gration, fiber-reinforced composites have gradually replaced
steels or traditional steels and become the key materials for
advanced springs recently [4—6]. The typical structure and
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installation environment of steel helical spring and compos-
ite helical spring are shown in Fig. 1.

Composite helical spring with nonlinear stiffness (NS-
CHSY) is a kind of advanced composite helical spring because
nonlinear stiffness characteristics is introduced to make
the spring have the optimal stiffness value under different
typical working conditions (such as no-load and full-load
conditions). The nonlinear stiffness studied in this paper
means when the automobile has not yet reaches the full-
load state, the stiffness of the spring is no-load stiffness.
Similarly, when the automobile reaches the full-load state
due to excessive passengers or goods, the helical spring
will show the full-load stiffness. Therefore, NS-CHS does
not have the function of active stiffness control, but has the
function of passive stiffness control under two typical work-
ing conditions of automobile, namely no load and full load.
Compared with air suspension with active stiffness control
function, NS-CHS can not only achieve a certain control
effect of nonlinear stiffness, but also achieve a far lower cost,
simpler structure and no energy consumption. As a result,
NS-CHS is a balance between performance and cost. The
replacement of steel helical springs with NS-CHS can not
only achieve the advantages of composite helical spring with
constant stiffness, but also can greatly improve the dynamic
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Fig. 1 Typical structures of
steel helical spring and compos-
ite helical spring
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performance of the automobile and passenger driving com-
fort. Therefore, NS-CHS has obvious performance advan-
tages and bright application prospects.

At present, many scholars have made research on com-
posite helical spring with constant stiffness. In terms of fea-
sibility, Budan and Manjunatha[7] have demonstrated the
feasibility of making helical springs from composite mate-
rials by, respectively, making three helical spring samples
with carbon fiber composite material (CFRP), glass fiber
composite material (GFRP) and carbon fiber/glass fiber (CF/
GF) mixed composite material. Oh and Choi[8] studied the
design parameters for application of composite helical spring
in a passenger automobile. Sequeira A A et al. [9] used finite
element method to prove that the weight of CFRP helical
spring could be reduced by about 80% on the premise of the
same strength and stiffness as the steel spring. In terms of
structure and performance matching design, Chang Hsuan
Chiu et al. [10] have found that adding rubber spindle to the
spring wire or wrapping a braided film tightly around the
outermost part of the spring wire can improve the mechani-
cal properties of composite helical springs such as stiffness.
Choi et al.[11] established a numerical method for optimiz-
ing the design nonlinears of composite coil springs. Zhiyuan
Xiong et al. [12] deduced the equivalent stiffness calculation
formula of composite helical spring and analyzed the influ-
encing factors of spring stiffness. In terms of optimization
design, Djomseu et al. [13] obtained the final optimization
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results by modifying the nonlinears and the cyclic process
of finite element simulation. Zebdi O et al. [14] adopted
a multi-objective optimization algorithm to coordinate the
two contradictory objectives of minimum spring mass and
maximum spring stiffness, and compared the effects of three
different fiber-reinforced materials, namely carbon, Kevlar
and glass, on the performance of composite helical spring. In
terms of manufacturing processes, Ying Miao[15] selected
the VARI process to fabricate composite helical springs and
explored the influence of wrapping method and twisting
method to form fiber reinforcement on the performance of
composite helical spring. Zhong Jilun[16] derived the cal-
culation formula for the stiffness of composite helical spring
with constant stiffness and analyzed the influence of molding
parameters on the performance of the spring.

At the same time, many scholars have studied the steel
helical spring with nonlinear stiffness. Vondracek H and
Nadorfr G[17] designed a steel helical spring with non-
linear stiffness and proved that the spring can improve the
dynamic performance of the automobile without changing
the spatial structure of the suspension through experimental
results. Watanabe K and Kunoh T[18] conducted a theoreti-
cal study on the stress distribution of a steel helical spring
with nonlinear stiffness, and verified the theoretical calcula-
tion results through finite element method. Ramezani A and
Shahriari S[19] established the mechanical equation of steel
helical spring with nonlinear stiffness by using discretization
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theory method, then they analyzed its stiffness characteris-
tics and predicted the fatigue life of the spring. Qi Hong-
zhong et al. [20] used the secondary development module
of UG software to establish the geometric model of the
steel helical spring with changing helical diameter and wire
diameter. Holanda S A et al. [21] studied the helical spring
made of shape memory alloy and found that the spring can
ensure the vibration frequency of the suspension within a
certain range. Some scholars also analyzed the advantages
of various structural types of spring with nonlinear stiffness
and verified the feasibility of nonlinear stiffness steel helical
springs through loading tests [22, 23]. Diao Zengxiang[24]
analyzed the nonlinear screw diameter and equal inner diam-
eter compression screw spring, and established a set of com-
plete design calculation method, which provided reference
for the research and the nonlinear stiffness screw spring.
Shi PC[25] proposed an optimal design method for two-
segment cylindrical helical springs with unequal pitches by
combining the design theory and method of helical springs
and using VC + + 6.0 programming language. Zhou Beiyue
[26] obtained the nonlinear stiffness characteristic curve of
screw spring based on ANSYS analysis of nonlinear diam-
eter, equal diameter compression screw spring.

Therefore, although there are many researches on the
composite helical spring with constant stiffness and the
steel helical spring with nonlinear stiffness, the research on
composite helical spring with nonlinear stiffness is still very
scarce. This paper integrates the mechanics of composite
materials and the design theory of helical spring and finally
puts forward a theoretical model used for stiffness matching
design and structure optimization of NS-CHS, especially
establishes the stiffness calculation model for nonlinear stift-
ness characteristic for the first time. The correctness of the
model was verified by the results obtained by theoretical cal-
culation, finite element simulation and bench test. This paper
also systematically studied the key problems that need to be
solved in the design process of NS-CHS and put forward a
complete design method include structural design, stiffness
matching design, layer design, optimization, FEA modeling
and manufacturing process of NS-CHS. Those models and
methods can provide theoretical and methodological support
for the application of NS-CHS in automobiles.

2 Material selection

Considering the cost, process operability and mechani-
cal properties, E-glass fiber/epoxy unidirectional prepreg
is selected to fabricate the composite helical spring with
nonlinear stiffness. The mechanical properties of the cor-
responding laminates are shown in Table 1. All the glass
fiber parameters in this table are measured experimentally.

Table 1 Mechanical properties of E-glass fiber/epoxy unidirectional
prepreg

Parameter Parameter value Parameter Parameter value
E, (Mpa) 42,000 p (g/em?) 2.54

E, (Mpa) 14,690 Xr (MPa) 950

G, (Mpa) 3640 Xc (MPa) 700

Vo 0.31 Y (MPa) 80

Vi3 0.31 Y. (MPa) 183

Va3 0.41 S, (MPa) 50

In the table, E; and E, are the longitudinal and transverse
elastic modulus of unidirectional glass fiber composites,
respectively, and G, is the longitudinal shear modulus. v ,,
Vi3, Vo3 Tepresent the Poisson’s ratio in each direction, and
p is the density of the material. X1, X¢, Y1, Y, S, are
the basic strength values of glass fiber unidirectional cloth
composites.

The stiffness of the top spring seat and the bottom spring
seat is much greater than that of the spring itself, the two
spring seats are treated as a rigid body during subsequent
calculations and simulations.

3 Structure design

Compared with the composite helical spring with constant
stiffness, the structure of composite helical spring with non-
linear stiffness is more complex and diversified. Different
types of spring structures can be designed according to dif-
ferent nonlinear stiffness principles, as shown in Fig. 2.
The stiffness of the helical spring is generally controlled
by changing the number of effective coils that involved in
deformation. There are three methods to change the number
of effective coils. The first method is changing the number
of self-contact pairs between the effective coils, such as type
(b), (c) and (g). The second method is changing the contact
area between the effective coils and the spring seat, such as
type (a), (d), (e) and (h). Type (a) is a symmetrical structure,
the middle part contains equal helical diameter structure,
the helical diameter of the upper and lower ends gradually
decreases from the middle to the two ends; in type (b), the
helical diameter increases gradually from the middle to both
ends; in type (c), the helical diameter of the bottom end is
the largest and gradually decreases to the top; in type (d),
the lower half part has equal helical diameter, and the helical
diameter of the upper half gradually reduced; the difference
between type (e) and type (a) is that the middle part of type
(a) contains an equal helical diameter part, while type (e)
does not; type (f) is a combined spring composed of two
springs; type (g) is an equal helical diameter spring with
varying pitch at both ends; type (h) is on the basis of type
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Fig.2 Typical structures of
helical spring with nonlinear
stiffness

(d)

(a); the difference between them is that the diameter of the
spring wire changes in type (h), while type (a) has constant
diameter of the spring wire.

The last method is combined application of helical
springs with different constant stiffness, such as type (f).
For composite helical spring, the first method will produce
compression stress concentration and impact load between
the self-contact pairs, and compression stress or impact load
will seriously threaten the reliability of composite spring.
The second method can reduce the impact load and con-
tact stress between the effective coil and the spring seat by
arranging a rubber cushion on the spring seat, which is ben-
eficial to spring reliability and the comfort of automobile.
The last method will not only greatly increase the weight
of the spring, but also lead to new problems of installation
and dynamic deformation interference. Therefore, changing
the contact area between the effective coils and the spring
seat is a more reasonable approach. In this structure type,
the whole deformation state of composite helical spring can
be further coordinated by adjusting the diameter of spring
wire, the diameter of coils and the pitch of the spring, so as
to achieve the purpose of nonlinear stiffness.

Therefore, the optimal structure can be selected from
type (a), (d), (e) and (h). In type (a), the diameter of the
middle part is obviously larger than the diameter of the end
parts, this structural feature will greatly increase the dif-
ficulty of demolding during the fabrication of the spring. In
type (d), the upper structure and the lower structure of the
spring are not symmetrical, this structural feature will force
carmakers to change the structure of the spring seat, and
it may also cause deformation instability. In type (e), the
middle part is combined by helicals with gradually helical
diameters; this structural feature will also greatly increase
the difficulty of mold manufacturing. Therefore, type (h) is
the relatively ideal structure type. The spring wire diameter
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Fig.3 Structural diagram of composite helical spring with nonlinear
stiffness

Fig.4 Cross section structure of Polyurethane rod

NS-CHS

Composite layer

of this structure is nonlinear, so it has the best lightweight
effect, but it also increases the difficulty of ply design.
Figure 3 shows a structural diagram of type (h), which
is composed of a constant diameter part and two nonlin-
ear diameter parts. In Fig. 4 dI and d2 are the minimum
diameter and the maximum diameter of the spring wire,
respectively; D, and D, are the minimum helical diameter
and the maximum helical diameter, respectively. The effec-
tive helical number of the constant diameter part and the
nonlinear diameter part is, respectively, represented by N
and N,. In the constant diameter part, the diameter of the
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spring wire, the diameter of the helical and the pitch of the
spring are constant.

4 Ply design

The considered cross-sectional ply structure of the spring
wire is shown in Fig. 4. The cross section of the spring
wire is divided into two parts. The inner part is a polyure-
thane rod and the outer part is a composite layer formed
by winding E-glass fiber/epoxy unidirectional prepreg.
The force form of the spring wire is mainly torsional
deformation. As the ply angle increases from 0° to 45°,
the stiffness and strength of the composite suspension
spring increase. When the ply angle is 45°, the stiffness
and strength of the spring reach the maximum [16]. So,
the angle between the E-glass fiber/epoxy unidirectional
prepreg and the axis of the spring wire is set to 45°. It
should be noted that, although the overall braided sleeve
on the outside of the spring wire has a certain effect on the
impact resistance and fatigue reliability of the composite
helical spring, the strength of the braid sleeve is much
lower than that of the unidirectional cloth. Therefore, its
strength is still not enough, and the introduction of braid-
ing sleeve will also significantly increases the cost and
manufacturing difficulty of composite helical spring.

The overall ply diagram of the NS-CHS is shown in
Fig. 5. The E-glass fiber/epoxy unidirectional prepreg
is cut into a step-like shape as shown in Fig. 5, and the
prepreg is then wrapped around the polyurethane core
shaft to obtain the integral preformation body of the spring
wire. The shape of glass fiber is mainly determined by the
middle diameter of the spring structure and the thickness
of each layer of fiber. The stepped shape can ensure the
continuity of glass fiber prepreg. The specific size is deter-
mined by the structure of the nonlinear middle diameter
and nonlinear diameter part of the spring.

Variable

diameter area

Variable

diameter area

Constant diameter area
-

Fig.5 Overall ply diagram of NS-CHS

UonIAIP SUIPUIA

5 Establishment of the stiffness calculation
model

5.1 Establishment of the stiffness calculation model
for constant stiffness characteristic

Consider the spring wire shown in Fig. 6.

The length of the spring wire is denoted by L; its diameter
is denoted by D. It is assumed that D < <L and no dimen-
sional restrictions on the wall thickness 4 are imposed, dis-
tinguishing this treatment from a thin-walled theory. For the
convenience of analysis, the Cartesian coordinate system
(x, ¥, z) and the curvilinear coordinate system (x, s, n) are
established in the present analysis. The radius of the spring
wire is denoted by . The curve coordinate system is estab-
lished by taking the circle at the radius of /2 on the section
of the spring wire. The axis s points to the circular tan-
gent direction, which is agreed to be positive to when point
to counterclockwise. The axis n points to the circle radius
direction, which is agreed to be positive when point to the
outer surface of the spring wire.

According to the research result of Kim C, etc.[27], the
cross-sectional displacement function of thick hollow com-
posite beams under general loadings is

472
u,(x, 5,n) = uy(x) — r,{,(x) + 3—Dy2[vo(x)r - o1} = r,{¢.(x)
4r3 .
+ 55 W@ = ¢}
) = vdx)? + WU(")% + 0(x)[r,(s) + n]
dz dv(s
0,055, = v 2 — o9 2

ey

Fig.6 A diagram of the cross-sectional curve coordinate system
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where u,(x, s, n), u/x, s, n) and u, (x, s, n)are the elastic
displacement of the spring wire along the axial direction,
the tangential and the radius directions of the curve coordi-
nate system, respectively. uy(x), vo(x) and w(x) are the rigid
body displacement of the spring wire along the three axial
direction of the Cartesian coordinate system, respectively.
The apostrophe “"” represents a derivative with respect to
x.0(x), ¢,(x) and ¢, (x) are the rotation angle of the spring
wire around x, z and y axes, respectively. The equations
y = y(s) and z = z(s) define the closed mid-line contour in
the cross section, and the prime denotes differentiation with
respect to x, and

r,(s)=r/2 2)

The functions r, and r, denote the y and z components
of the position vector r, respectively, and can be expressed
as

ry:(g+n)cosa,rZ=(§+n)sina 3)

Because the elasticity modulus of the polyurethane rod
is obviously lower than that of composite layer, the stiff-
ness contribution of polyurethane core is ignored. The
constitutive relationship of any composite layer in the
curvilinear coordinate system can be represented as:

o 01100013 0 0 O (e,
O le Q22 Qz% 0 0 % Egs
Om | — Qi3 0y 033 0 0 O || em @)
Tsn 0 0 0 Q44 Qss 0 |f Vs
Tnx 0 0 0 Q45 Q55 0 || Vnx
Fxs Q16 Qze Q%e 0 0 Q66 | Vox

where Q denotes the stiffness conversion factors. According
to the assumptions of Kim C, etc.[27] 28, the stress com-
ponents at any point of the cross section of the spring wire
after bearing load are o then formula (4) can be
simplified as

.XS" nx’

c CiiCh 0 | e €

XX xx XX
T | = Cl 2 C22 0 Vs |& [ C] Vxs (5)
Tonx 0 0 C33 Vnx Vnx

C”=§“+2Q12Q1%Q23 Q12Q%3 Q13Q22
szQn st

Q12Q23 Q36_Q12Q26Q33+Q13 Q23 QZG_Q13Q22Q36

Cpy = Q)+ EEp—
QZZQ%S_Q23
—2
Cpy = —66 2Q23Q26Q% Q%Qm Q;(,sz’c33 _ 655—&
Q22Q33 ng Q44
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where

ou, duy

ou, .
s ox

£XX = ax

ou, Ou,
Q)

s = —
Vs on 0x

> Ve =

Substituting formula (1) into formula (6) can obtain

= [H{u"}

(') = () 0'C) W) - ™)

$.00) ¢

where [£] is a strain matrix consists of three nonlinears,
namely & and y,,, and [H] is conversion coefficient
matrix.

According to the related theory in mechanics of materials,
when the helical angle is small, the related forces caused by
the helical angle can be ignored[29]. In stiffness calcula-
tion problems, shear forces can also be ignored. Therefore,
the torque acting on the cross section of spring wire can be
expressed as [28]

XJC’yXS

2 phf2 _
To) = / / e In ”dz(S) dy(S))_ (”dz(S) 4z, DOy,
h/2 ds
-(E + n)dnds
3)

where T(x) is the torque along the x axis.

The stress in formula (8) can be expressed by displace-
ment nonlinear and written in matrix form, and the govern-
ing equation can be expressed as follows:

{T} =[0 T(x) 0 0]=[K]{u *}
K, K, 0 0 o
— K21 K22 0 0
&)= 0 0 Ki Ky
0 0 Ky Ky

where the stiffness matrix [K] can be obtained by integration:

(K] = / / T HIT[CI[H]dnds (10)

inner

In formula (10),7;,,., and r,., represent the inner torus
radius and the outer torus radius of the composite layer,
respectively.

According to the principle of energy conservation, the work
done by the external force on the spring is equal to the spring's
elastic potential energy. Assuming that the spring is subjected
to the vertical downward load P, the corresponding deforma-
tion of the spring is f, and the effective distance of the spring

is L, then
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L 27 Touter L 27 Touter

P.f=///{e}T[0']dndsdx=///{E}T[C]{e}dndsdx
0 0 Tinner 0 0 Tinner
L 27z Touter (11)
= [ [ [ werrmnicmt anasas
0 0 Tinner

According to the relevant research results [26], {u *} is
independent of the nonlinear x in the effective deformation
part of the helical spring. Therefore, simultaneous formulas
(9),(10) to (11) can obtain

Pf={us}T - K-{ux}-L={ux)"-{T}-L (12)

Because T'(x) = PD/2, assume that[J] = [K]~Lthen {u )}
can be expressed as:

-1 D
() = [KT(T} = T} = [0 7xP2 00 (13)
where
Ky —K, 0 0
KII'K227K\2'KZI KH'Kzzil(]Z'K’l\
71(21 KH
-1 KII'KEZ_KIZ‘KZI KHAKZZ_KIZIKZI 0 0
(V1=I[K]" = . ‘
44 A3
0 0 Koy Ku—Ky Ky Ko K=Kz Ko
Ky Ky
0 0 K33 Kuy=Ks Ky K3 K=Kz Ky
Ky,
= TR K
11" Ky 12 " K
R K,K;,
I Ky,
A2 2 (14)
Kll - ﬂQll(router rinner)

1 —_
Ky, =K = E”le(r3 -r

outer inner)

I = 4 4
K22 = EﬂQﬁG (router - rirmer)

The effective wire length of the constant diameter part can
be expressed as L = wDN. The stiffness of the spring can be
obtained by combining formula (12-14):

0
Jyp P2
Pof=twy(my-r=| 22 (o P2 oo] L
0
=7, (2 .2.p.
=1y P (2) 7-D-N

Therefore, the stiffness of calculation formula for constant
stiffness characteristic is

p 1 4
k=%= N3 7, ND3 (15)
27rJ22<5> N T2

f

5.2 Establishment of the stiffness calculation model
for nonlinear stiffness characteristic

The stiffness of nonlinear diameter part of the spring
can be calculated by approximate numerical calculation
method, i.e., discrete method. Its basic idea is to discrete
the nonlinear diameter part into finite units. When the
quantity of finite units is large enough, each finite units can
be considered to be a spring wire with constant diameter
and constant stiffness, and its stiffness expression can be
established by using the calculation theory of chapter 5.1.

In the nonlinear diameter part of the spring, the heli-
cal diameter gradually increases from D, to D,, and the
diameter of the spring wire gradually increases from d, to
d,, and ry=d,/2, ry=d,/2. If the nonlinear diameter part
is divided into an amount of segments, and the effective
helical number of each segment is n, then the total num-
ber of segments is N,/n. When N,/n is large enough, the
helical diameter and the spring wire diameter of segment
i(1 £i <N, /n)can be approximately expressed as

i i
di=d1+ <m> x(dz—dl)ri=rl+ <m> X(I"z—l"l)
(16)
By substituting N=0.01 into formula (15) for the stift-

ness of the composite helical spring, the stiffness of seg-
ment i (1 <i <N, /n) can be expressed as

‘- 1 _ 4 400
o i\ Tl Nd®  mlpd? (17)
2”‘]221'(5') N 22i i 22i%;
where
1 _ KKy
= Ky
Ii Ky
K= ”Q_n (’}2 - r§)
1 —i
K =Ky = §”Q16 r;=r) (18)

1 —i
Ky = §”Q66 (r? - r§‘>
ry=d; /2

When segments with different stiffness are connected in
series, the calculation expression of the nonlinear diameter
part is

@ Springer
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Therefore, the overall stiffness of the composite helical

spring with nonlinear stiffness under no load is
11,2
Ko Kc Ky 20)

In formula (19), K is the stiffness of the constant diam-
eter part that has constant stiffness characteristic.
1 _ 4

Ke= 4\ nl,Nd @1
2mip(2) N RN

When the spring is fully loaded, the nonlinear diameter
part is completely pressed on the spring seat. Therefore, the
stiffness of the spring under full load is the stiffness of the
constant diameter part, namely

Ky = K¢ (22)

The no-load stiffness Ky and full-load stiffness K are the
stiffness characteristics of the spring under different range
loads. According to the automobile suspension design the-
ory, the optimal stiffness of no-load and full-load working
conditions is calculated by

f=a/ 5 @3)
2z V m
where f is the offset frequency of automobile suspension,
k is the stiffness of the suspension, m is the sprung mass.
For a certain automobile, m is a definite value in no-load
and full-load working conditions, and f is also a definite
design value in no-load and full-load working conditions;
they are all known parameters. Therefore, the optimal stift-
ness according to the working conditions can be calculated
by formula (23) for a certain automobile. For no-load work-
ing condition, the optimal stiffness is K, and for full-load
working condition, the optimal stiffness is K. Under the
external load, the stiffness of the composite helical spring
can be adjusted automatically by changing the contact state
between spring wire and spring seat caused by deformation.

5.3 Analysis for the key influencing factors
of stiffness

As the ply angle increases from 0° to 45°, the stiffness and
strength of the composite helical spring increase. When the
ply angle is 45°, the stiffness and strength of the spring reach
the maximum [16]. Therefore, the ply angle of composite
material is not considered as a factor affecting the spring
stiffness. The geometrical parameters of the composite

@ Springer

material are related to the structural dimensions of the
spring: the number of layers is determined by the corre-
sponding spring wire diameter and the thickness of the com-
posite prepreg (the thickness of each layer is known); the
layer dimensions are determined by the shape of the variable
diameter part of the spring.

MATLAB software was used to write the corresponding
stiffness calculation program according to the calculation
theory mentioned above. Due to the limitation of the instal-
lation and the structure of the spring seat, the height and
the D, are not considered as the design nonlinears of the
stiffness matching design. In order to study the sensitivity of
key influencing factors to the stiffness of the spring, several
groups of data were selected within the value range of each
influencing factor for theoretical calculation, and the rela-
tionships among the stiffness and the key influencing factors
are shown in Fig. 7. The work conditions of the composite
helical spring with nonlinear stiffness include two cases,
namely no load (before the stiffness changes) and full load
(after the stiffness changes).

According to Fig. 7 (a) and (c), the no-load stiffness
and full-load stiffness of the spring decrease rapidly with
the increase of the helical diameter or the effective helical
number of the constant diameter part. However, increas-
ing the effective helical number will greatly increase the
risk of collision between adjacent spring wires, so it is not
appropriate to adjust the effective helical number too much.
According to Fig. 7 (b), the no-load stiffness of the spring
decreases gently with the increase of the effective helical
number of the nonlinear diameter part. According to Fig. 7
(d), the no-load stiffness and full-load stiffness of the spring
increase rapidly with the increase of the radius of the con-
stant diameter part. Therefore, adjusting the helical diameter
and the radius of the constant diameter part is more efficient
to achieve stiffness matching design.

6 Establishment of the strength calculation
model

Strength is another important performance parameter of
composite helical spring with nonlinear stiffness. For a heli-
cal spring with circular cross section made of isotropic mate-
rial under compression force, the total stress on the cross
section of the spring wire is synthesized by two sub-stress
vectors. One is the shear stress 7, caused by the shear force
0 due to the compression force P, and the other is the shear
stress 7, caused by the torque T of the spring wire. Because
D, > d,, 7| < t,.Therefore, only 7, shall be considered.
According to the rod twist theory, the shear stress 7, on any
cross section is proportional to the distance to the center
of the cross section, so the outermost layer has the greatest
shear stress 7, .-
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Fig.7 The relationships among the stiffness of composite helical spring with nonlinear stiffness and the key influencing factors
The coordinate transformation relation of stress compo- o, r
e . . xy
nent of unidirectional lamin late i —
ent of unidirectional laminated plate is oy |=| —7y (25)
. . T 0
| cos? sinf  2sinfcosf | o, 12
o, [=| sin’@ cos’d —2sinfcosf || o . o -
2 : ) 5 - ¥ Substitute the positive axial stress of the outermost layer
12 —singcos ) sinfcosd cos” 0 —sin"0 || 7y, 0}, 0, and 7, into the Tsai—Wu tensor criterion

(24)
2 2 2 \p2 _
where o, 0, and 7, are, respectively, the normal stress along (F1107 +2F 150,05 + Fp0; + FeeT )R + (Froy + F 2"2)R2_61
(26)

the fiber direction of the outermost layer, the normal stress
perpendicular to the fiber direction of the outermost layer ~ namely

and the corresponding in-plane shear stress.
When 6,=0, 5,=0 and = 45°, formula (24) can be sim- ~ p _ ~B+ VB+44
plified to[30] 2A
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2 2 2
A =F) 67 +2F 50,0y + Fy05 + Feety,y

where F; and F; are the strength parameters of the stress
space. If R=1, it means that the layer is just damaged. The
higher R is, the greater the safety margin of the single layer
will be, and vice versa.

7 Multi-objective optimization

After completing the material selection, structure design
and ply design, many structural dimension parameters have
important influence on the stiffness, strength and mass of
NS-CHS, forming a complex multivariate and multi-objec-
tive causal relationship. At the same time, due to the instal-
lation size, loading performance requirements and process
feasibility limits, there are internal correlation and com-
petitive relations among the spring performance objectives.
Therefore, how to balance the performance parameters to
optimize the overall performance of the spring is the key
problem in the design of NS-CHS.

7.1 Introduction of genetic algorithm

Genetic algorithm is a global random search algorithm
developed according to the principle of "natural selection,
survival of the fittest" in nature. It carries out continuous
iterative operations through selection, crossover, mutation
and other genetic operations, and finally approximates the
optimal solution or suboptimal solution of the problem.
Compared with the traditional optimization search algo-
rithm, genetic algorithm breaks through the limitation of
domain search, obtains the global optimal solution more eas-
ily, and reduces the dependence on human—computer inter-
action in the search process, which has the characteristics of
strong robustness. For the optimization problem of NS-CHS,
itis convenient to encode the design nonlinears of nonlinears
into the genes required by genetic algorithm by means of
real-number coding, and then optimize the complete design
parameters of NS-CHS through the calculation system of
genetic algorithm. Therefore, genetic algorithm is selected
to optimize the performance of the NS-CHS.

7.2 Design nonlinears selection

There are five main structural design parameters that affect
the performance of the spring, i.e., the effective helical num-
ber of the constant diameter part N, the minimum helical
diameter D,, the maximum helical diameter D,, the mini-
mum diameter of the spring wire d;, and the maximum

@ Springer

diameter of the spring wire d,, as shown in Fig. 3. Therefore,
the design nonlinear is set to X=[N, Dy, D,, d,, d,]. In addi-
tion, considering the engineering application, the values of
all design nonlinears are greater than 0, and the values of all
design nonlinears are rounded into an integer.

7.3 Constraint conditions
7.3.1 Constraint of installation space

In order to avoid the motion interference between the spring
and other parts of the suspension in the process of defor-
mation, the outer diameter of the spring D must be limited
within a certain range, and the corresponding constraint is

D=D,+d, <70 27

The height constraint is reflected in the subsequent sta-
bility constraint. In addition, the end ring of the nonlinear
diameter part shall be consistent with the spring seat, and
no motion interference shall occur when the nonlinear diam-
eter part is completely pressed on the spring seat. The inner
diameter of the spring seat is 56 mm, and the shortest trans-
verse distance between the end ring and the adjacent ring
is about two fifths of the reduced diameter. Therefore, the
corresponding constraint is

2(D, - Dy)

Dy=dy=28,D;+d, < D = =

(28)

7.3.2 Structural characteristic constraint

The helical diameter and spring wire diameter of the nonlin-
ear diameter part shall have a decreasing trend. Therefore,
the corresponding constraint is

d,>d;,D, > D, (29)

7.3.3 Winding ratio constraint

The winding ratio is related to the internal and external
stress difference of the helical spring and the utilization rate
of the material, so a reasonable range needs to be set. Refer-
ring to the relevant standards for steel helical springs, the
corresponding constraint is

4<D,/d £T,4<D,/d, <77 (30)

As the ply angle increases from 0° to 45°, the stiffness
and strength of the composite suspension spring increase.
When the ply angle is 45°, the spring stiffness and strength
of the composite suspension reach the maximum. Moreover,
the number of fiber layers is determined by the diameter of
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the spring wire, this paper does not consider the number of
layers and layer angle nonlinears as optimization objectives.

7.3.4 Stability constraint

The spring should meet stability requirements to avoid lat-
eral bending. Referring to the relevant standards for steel
helical springs, when the one end of helical spring is fixed
and the other end can be rotated freely, the stability con-
straint is

140.5N+1.5d, /D, < 3.7 31)

7.3.5 Stiffness constraint

The NS-CHS needs to meet two different stiffness require-
ments under no-load and full-load conditions. For the spring
studied in this paper, the no-load stiffness k; is 11 N/mm,
and the full-load stiffness k, is 18 N/mm.

7.4 Fitness function

For the helical spring, the key performance parameters are
stiffness, strength and mass when considering the matching
design of the structure dimensions. Generally, the strength
should be as high as possible and the weight should be as
small as possible under the premise that the stiffness meets
the design requirements. Therefore, the fitness function is

F=wF, +w,F; +wF; (32)

where w;i=1, 2, 3 denote the weight coefficients of each sub-
objective, F is the sub-objective of stiffness, F, is the sub-
objective of stress, F} is the sub-objective of weight, and

Fy =k = 11+ [k, — 18|
8PD,

F2=T ==
3 3
7z'd2—d3

max

Fy =my +2my +m,

my = ﬂ'zpDzN(r% - rg)

50 D,—D Ty — T
m2=0.5xn2p{2(D2—%ﬂ (ry — 250 lj)z_’%]}

j=1

my = nzle X 1.5 % (rf - r%)

(33)

Fitness function is used to evaluate the individual adapt-
ability of the population in genetic algorithm, and the smaller
the value of the target function, the stronger the adaptability
of the individual. According to the importance of performance

@ The optimal solution
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Fig.8 The distribution state of Pareto solution calculated by genetic
algorithm

parameters, the priority of each sub-objective is sorted as
F, > F, > F;.Therefore, the weight coefficients are arranged
asw; > w, > ws.

7.5 Analysis of optimization results

After the establishment of the multi-objective optimization
model, the basic parameters such as composite material
parameters and geometric parameters were first processed,
and the genotype string structure data of the genetic space
was obtained by encoding the initial geometric parameters.
Then 150 initial individuals, which form the initial popula-
tion, are randomly generated, and the calculation program of
the stiffness, strength and weight of NS-CHS was called. The
adaptability of each individual in the population is evaluated
according to the fitness function, and the adaptability of the
individual is sorted. The first 1% of the most adaptable indi-
viduals were retained in the next generation of populations and
80% of the remaining individuals were cross-operated, while
the rest are mutated to produce other individuals in the next
generation of populations. And so on, evolution is considered
over when it stops for 50 generations. The distribution state
of Pareto solution calculated by genetic algorithm is shown
in Fig. 8.

The optimal solution is shown in the green sphere in Fig. 7.
The performance parameters before and after optimization are
shown in Table 2, and the corresponding structural dimen-
sion parameters are shown in Table 3. According to Table 2,
the weight and maximum stress of the spring are significantly
reduced under the premise of small adjustment of stiffness, so
the optimization effect is significant.

@ Springer



142 Page120f17

Journal of the Brazilian Society of Mechanical Sciences and Engineering (2022) 44:142

Table 2 Performance

i Performance parameter No-load stiffness Full-load stiffness ~ Weight (g) Maximum
pmarqeters o.f NS—CHS before (N/mm) (N/mm) stress
and after optimization (MPa)
Before optimization 11.10 18.40 130.00 683.00
After optimization 11.60 18.00 93.70 636.80

8 Finite element analysis
8.1 Statics simulation

In order to predict the rationality of the design scheme, the
stiffness and stress distribution of the design scheme are
simulated by finite element method. The three-dimensional
geometric model established by Catia software is imported
into Hypermesh software, and meshed by hexagonal solid
elements. The C3D8I element with high simulation accuracy
in large deformation problem was selected as the element
type. The finite element model with meshing completed
is shown in Fig. 9 (A). The model was then imported into
Abaqus software to set the ply of the spring, including the
ply information and material parameters, etc., and the finite
element model after material parameter setting is completed
is shown in Fig. 9 (B). The state of the local coordinate
system of composite helical spring is shown in Fig. 9 (C).
The model realizes the support, constraint and loading of the
spring through the two spring seats.

The stiffness curve of NS-CHS and the stress nepho-
gram of NS-CHS with free state (a), critical nonlinear stiff-
ness state (b) and full-load state (c) obtained by FEM are
shown in Fig. 10. According to Fig. 10, the designed spring
deforms normally in the compression process without any
abnormal phenomena such as lateral bending and defor-
mation instability. The maximum tensile stress is 637 MPa
and the maximum compressive stress is 32 MPa, both of
which are far lower than the strength limit of the material.
By linear fitting of the stiffness curve in Fig. 10, the no-
load stiffness of the spring is 13.2 N/mm, and the full-load
stiffness is 20.2 N/mm. Considering the modeling simula-
tion error and the moderate simplification of the theoretical
calculation model, the simulation error is within the accept-
able range, so the subsequent sample manufacture can be
carried out.

Table 3 Structural dimension parameters of NS-CHS before and after
optimization

Structural dimension N d, D, d, D,

parameters (mm) (mm) (mm) (mm)
Before optimization 3.00 6.50 40.00 11.20 60.00
After optimization ~ 3.18 6.00 35.40 11.00 58.00
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8.2 Modal simulation

In the process of automobile driving, the composite helical
spring will be excited by the vibration of the road and the
engine. Accurately predict the modal of the composite heli-
cal spring at the early stage of spring development, and make
the natural frequency of the composite helical spring avoid
the frequency range of external excitation, finally avoid the
resonance of the coupling between the composite helical
spring and the external excitation, which is of great signifi-
cance to ensure the fatigue life of the composite spring and
the NVH performance of the automobile.

Fiber-reinforced resin matrix composite is a typical non-
linear material with anisotropy and viscoelasticity, which
obviously has a certain influence on the actual mode of
composite helical spring. However, in modal analysis, the
nonlinear characteristics of materials will be ignored, even if
the nonlinear element is specified, it will also be treated as a
linear element. Therefore, the anisotropy of composites can
only be considered in the finite element modeling process,
which is different from the actual mechanical properties of
resin matrix composites. However, if the modal prediction
results are acceptable, this simplification can be considered
reasonable.

The established finite element model is submitted to the
solver of ABAQUS for calculation. After the calculation is
completed, the post-processing module of ABAQUS is used
to post-process the calculation results, and the modal predic-
tion results are shown in Fig. 11.

Modal frequencies of NS-CHS are shown in Table 4.

9 Verification for the correctness
of the theoretical model

9.1 Manufacturing process of NS-CHS

In order to manufacture the test sample of NS-CHS at low
cost, the inner mold was made by gypsum and the sample
was made by vanishing mold process. The main process is
shown in Fig. 12. After the completion of mold clamping,
pressure is applied to the spring wire through the mechani-
cal mechanism of the mold, and the whole mold is heated
through an oven. The curing temperature curve is shown in
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Fig.9 The finite element model
under different modeling stage

Fig. 13. After the solidification is completed, the gypsum
core mold was smashed to get the NS-CHS sample.

9.2 Test for stiffness performance

In order to test the nonlinear stiffness characteristics of the
sample and verify the correctness of the calculation model,
three qualified composite helical spring samples with non-
linear stiffness were prepared and tested in quasi-static form
during the test, the dynamic mechanical properties of the
spring were not studied, the quasi-static compression experi-
ments of the composite helical spring with nonlinear stift-
ness were carried out at the rate of 2 mm/min by using MTS
test bench. The data of the three samples were measured and
averaged, and the MTS test bench was trained three times
before the stiffness was measured in the formal experiment.

Three cycles were set in the test process. Finally, the load
displacement curve of the sample measured in the test is
shown in Fig. 14. Subjecting to the limitations of manufac-
turing process, the performance of the sample is not up to
the level of industrial applications, but there is no problem
with stiffness verification. When the test was loaded to the
vicinity of 1125 N, the spring emitted intensive acoustic
emission signals. In order to ensure the integrity of the sam-
ple, the test is unloaded and stopped. According to the stiff-
ness curve measured by the test, the no-load stiffness of the
sample is 11.2 N/mm, and the full-load stiffness is 18.9 N/
mm.

The stiffness characteristic curve of the nonlinear stiff-
ness composite helical spring measured by the test is divided
into two sections under full-load and no-load conditions, and
then they are fitted by polynomial, respectively, and simple

S, Max. Principal

(b)

(a)

(c)

2000

(e)

1500 4

z 1000 H
= (b

500

(a)

s/mm

Fig. 10 Stress nephogram under each key deformation stage and stiffness curve of NS-CHS
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Fig. 11 Modal shapes of NS-
CHS

Table 4 Modal frequencies

(a)7th modal (b)8th modal (€) 9¢h modal (d)10th modal (€)11th modal
bending mode torsional mode bending mode telescopic mode bending mode

(£) 12th modal (g)13th modal (h)14th modal (i)|5'th modal U)!éth modal
bending mode bending mode telescopic mode bending mode torsional mode

functions are fitted to make it easier to identify the stiffness

difference more intuitively.

Order of Frequency (Hz) Order of Frequency (Hz) . .
modes modes When the deformation of the spring reaches 44.5 mm, the
effective circle of the spring is merged with the base pressure,
146.69 12 271.80 and the number of effective circles changes. At this time, the
8 150.67 13 287.88 working state of the spring changes from no-load state to full-
9 151.34 14 317.87 load state, and the stiffness changes from no-load stiffness to
10 181.68 15 347.85 full-load stiffness. Corresponding data of the average value of
1 270.85 16 375.59 load and deformation obtained in the compression test were
fitted by polynomial with MATLAB software, and the func-
tional relationship between load F and displacement S was
obtained as follows.
Fig. 12 Main manufacturing Coiling Open the mould Demould
process of NS-CHS E— =
45° .
Spiral winding '
v Mould clamping
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Temperature/ 'C
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Fig. 13 During temperature curve of NS-CHS sample

11.25 -6.45,0 < § <445

F= { 18.95 — 44.93,44.5 < S < 79 (34

In the formula, F unit is N and S unit is mm. The cor-
responding no-load stiffness and full-load stiffness can be
obtained by derivation of the function.

The stiffness results obtained from theoretical calculation,
finite element simulation and bench test are shown in Table 5

In general, the simulation value is slightly larger than the
experimental value, because the FEM model usually con-
sidered the material to be perfect, but the actual situation is
that the material is always defective for various reasons. In
addition, the theoretical calculation model is also moderately
simplified and some forces are neglected, and due to the
influence of sample quality and test error, the test results
themselves will inevitably have a certain error. According
to Table 5, the maximum error obtained from theoretical
calculation model, FEM model and bench test is 15.2% for
no-load stiffness and 9.1% for full-load stiffness. Therefore,

Fig. 14 Test photograph and
the stiffness curve measured by
the test

(a) Stiffness test

the calculation model is correct and can provide theoretical
support for the design of NS-CHS.

9.3 Performance comparison with steel spring

In order to highlight the advantages of NS-CHS, the
performance of NS-CHS is compared with steel spring.
Because the steel helical spring used in suspension does
not have the performance of variable stiffness, the stiff-
ness of the steel spring is equal to the full-load stiffness
of NS-CHS and it also has the same interface size. The
performance comparison is shown in the following table.
According to Table 6, although the maximum stress
value increases in NS-CHS, it is still within the maximum
stress range that the composite material can withstand. At
the same time, the weight decrease of NS-CHS is 69.4%.
The finite element model of steel helical spring is estab-
lished and submitted to ABAQUS solver for calculation.
The modal prediction results are shown in Fig. 15.
Modal frequencies of steel helical spring are shown in
Table 7. Comparing Table 3 with Table 6, modal frequen-
cies of NS-CHS are much higher than steel helical spring.

Table 5 Stiffness results obtained from theoretical calculation model,
FEM model and bench test

No-load stiffness (N/ Full-load stift-

mm) ness (N/mm)
Theoretical calculation 11.6 18.0
model
FEM model 13.2 20.8
Bench test 11.2 18.9
Maximum Error 15.2% 9.1%
1500 - _—
Linear fitting

Test result
1250 4

©

1000

F(N)

750 4

 Slope  18.9 |
500

250

S (mm)

(b) Stiffness curve measured by the test
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Table 6 Performance comparison

Table 7 Modal frequencies

Performance Steel spring NS-CHS  Variation amplitude
(full
load)
Stiffness (N/mm) 18.1 18.9 +4.4%
Maximum stress 552.9 636.8 +13.2%
(MPa)
Weight (g) 320.3 98.0 —69.4%

Therefore, NS-CHS is much less likely to resonate under
external excitation.

10 Conclusion

A theoretical model used for stiffness matching design and
structure optimization of composite helical spring with non-
linear stiffness was established and verified in this paper.
The parameters that influence its stiffness, the stiffness simu-
lation method and the manufacturing process of composite
helical spring with nonlinear stiffness were also studied. The
research conclusions are as follows:

(1) Considering the service environment, the characteris-
tics of composite materials and the fabricate feasibility
of the spring, type (h),which is composed of a constant
diameter part and two nonlinear diameter parts, is the
relatively ideal structure type.

Fig. 15 Modal shapes of steel
helical spring

(a) 7th modal
telescopic mode

(f) 12th modal

bending mode
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(b) 8th modal
bending mode

(g) 13th modal

bending mode

Order of Frequency (Hz) Order of Frequency (Hz)
modes modes
88.87 12 196.85
96.00 13 200.33
97.03 14 211.25
10 111.11 15 243.30
11 172.57 16 276.25

(2) The helical diameter and the radius of the constant
diameter part of the spring is a significant factor influ-
encing the stiffness of NS-CHS. Therefore, adjusting
the helical diameter and the radius of the constant
diameter part is more efficient to achieve stiffness
matching design.

(3) In terms of weight reduction effect, this mass of the
NS-CHS is 98.0 g, which is 69.4% less than that of steel
helical spring, and modal frequencies of NS-CHS are
much higher than steel helical spring.

This paper also studied the key problems that need to
be solved in the design process of NS-CHS, including ply
design, performance simulation and manufacturing process.
These research results lay a theoretical foundation for the
application of composite helical spring with nonlinear stiff-
ness in automobiles.

(d)10th modal

torsional mode

(€) 11th modal
telescopic mode

(€) 9th modal
bending mode

(j) 16th modal
bending mode

(i)15th modal
bending mode

(h) 14th modal
torsional mode
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