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Abstract: Generally, a one-way clutch uses coil springs to push and energize the rollers. However, clutches with coil
springs are hard to assemble. Moreover, using coil springs, the rollers are prone to bear eccentric load during
operation, which decreases the reliability of the clutch. In order to increase the manufacturability and durability of the
one-way clutch, an accordion spring is proposed. First, the equivalent spring constant is derived using energy method.
After that, a rigid - flexible coupling finite element model is established to analyze and discuss the piecewise linear
property of the spring’s stiffness characteristic. Based on the equal stiffness assumption, a parametric design method
that uses length as constraints and load as boundary conditions is further proposed to design the spring. Finally,

several accordion springs are made to carry out an experiment, which validates the accuracy of the theoretical model,
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the finite element analysis (FEA) model and the parametric design method.
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0 Introduction

Roller one-way clutch is an essential element in
an integrated torque converter. It is composed of an
outer race, an Inner race, several rollers and
springs. When unlocked, the spring presses the roll-
er towards the narrow part of the wedge to keep the
roller in stable contact with the inner or the outer
race, and at the same time, ensure uniform bearing
of each roller. A certain type of one-way clutch with
coil springs is shown in Fig.1(a), which results in a
complicated structure of the outer race, making it
difficult to manufacture and assemble. Therefore,
the spring is optimized by replacing original coil
springs with accordion springs.

As shown in Fig.1(b) , the accordion spring
has a simple structure and is easy to assemble,
which helps to simplify the outer race and make the
whole clutch assembly lighter. Accordion springs
are widely used in the roller one-way clutches of pas-

senger cars' '
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(a) A roller one-way clutch with
coil springs

(b) A roller one-way clutch with
accordion springs

Fig.1 Different springs used in roller one-way clutches

The application of accordion springs in foreign
countries started early. They have fully developed
the technology and formed a relatively complete se-
ries of products. Baumle et al.””’ designed a roller
type one-way clutch with accordion springs and a
roller cage. It is a typical structure of one-way
clutches in automatic transmission. One end of the
spring is fixed on the cage, and the other has the
same curvature as the roller. The roller is confined
in the cage by the spring, so the roller has a relative-

ly stable working position. The thickness of the ac-
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cordion spring is about 0.051—0.076 mm'*’. Man-
kar et al."*’ proposed an accordion spring and its
parametric design method, then they calculated the
equivalent stress when the spring was compressed
by finite element analysis. They pointed out that the
thickness of the metal sheet/leaf should be larger
than 0.4 mm for springs with small stiffness. Law-

[5]

son"” used composite progressive accordion springs
on the vehicle suspension system. The spring had
piecewise-linear stiffness by changing the angle and
number of bends on spring spokes.

At present, there are a few researches on the
equivalent stiffness of accordion springs. Qiu et al.'”
considered the accordion spring as a flexible connec-
tion mechanism or a flexible hinge. They designed a
variable pitch folding flexure hinge (PFFH), de-
rived its equivalent stiffness by using the Moore inte-
gral, and analyzed its piecewise linear stiffness char-
acteristics. A formula for calculating the stiffness of
the U-shaped leaf spring is given in the national stan-
dard'”. Based on that, Peng et al.”’ modified the
section of the U-shaped spring, and analyzed the in-
fluence of structure parameters, such as spring an-
gle, arm length and thickness, on the spring con-
stant. But Peng’ s boundary conditions are quite dif-
ferent from those of springs in a one-way clutch, so
it is inappropriate to directly apply his conclusions to
the one-way roller clutch*'"
have been widely studied and applied in MEMS.

. Accordion springs

However, MEMS springs mainly bear tensile and

torsional loads!*

, and they are very small, usually
on a micrometer scale. Compared with clutch
springs, they are much smaller and flatter. Mean-
while, the accordion spring of one-way clutches is
compressed in most working conditions. When the
deformation is too large, the spring pieces will con-
tact with one and another, which makes the stiff-
ness characteristics more complex, and quite differ-
ent from that of the MEMS springs. So, there is an
urgent need for a general method to guide the design
of accordion springs.

The present study will therefore focus on the
design of the accordion spring used in one-way
clutch and calculation of the spring constant. In the

study, we first propose an accordion spring and de-

rive its equivalent stiffness equation based on energy
method. The finite element model of the spring is es-
tablished which helps to analyze the piecewise-linear
characteristic of the spring constant. To facilitate the
design, we propose a parametric design method of
the accordion spring, which optimizes the accordion
spring under constraints of size and performance. An
experiment is carried out to verify the proposed mod-

el.

1 Structure and Modelling of Ac-

cordion Spring

1.1 Structure of accordion spring

The profile of the proposed accordion spring is
shown in Fig.2. The spring has n ( =4) segments
and it is composed of two basic elastic units, as
shown in Fig.3. The elastic unit composed of a
straight section and a semicircle is called type [
spring (ST ), and the segment with semicircles/
arcs at both ends is defined as type Il spring (S1I ).
The free length of the spring is L, the length of the
straight section of ST is L,, and the angle of the arc
section of STl is designated as «. The inner radius
of each arc is r. The metal sheet/leaf has a thickness
of b and a width of 4. The Young’s modulus of the
material 1s designated as E. The part of the spring

L, h
r
2 1] 2 3 (n-1)fn
~ (...)
a
b—wle—

A

(b) Type II spring (SII)

Fig.3 Two basic elastic elements

(a) Type 1 sp;ng ST
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that contacts with the outer race is called the “tail”,
and one that contacts with the roller is called the
“head”. Both tail and head are S | springs.

1.2 Theoretical model of the equivalent stiffness

Due to the structural of the spring, the stiffness
of the accordion spring in the compression process is
nonlinear, and it changes with different contact con-
ditions. Fig.4 shows three typical stages of the
spring when compressed. When the deformation is
small, the basic elastic elements do not contact with
each other, and each basic unit is compressed free-
ly. At this time, the equivalent spring constant is 4.
With the increase of deformation, when the head
and tail, both of which are ST springs, contact
with the adjacent ST spring at the same time, the
equivalent spring constant dramatically increases to
k. The stiffness is approximately infinite under com-
plete compression. The energy method is used to

calculate the compression stiffness 4.

Fig.4 Process of spring compression

To simplify the movement of the roller and to
better establish the theoretical mode, a few assump-
tions are made as follows.

When designing the one-way clutch, the spring
is only allowed to be compressed and stretched axial-
ly. This is usually guaranteed by using a slot, a
spring cage or a spring supporter. It can be seen
from Fig.5 that when the spring is installed inside
the chamber, its tail is considered fixed. Therefore,
to simplify the mechanical model, the sliding be-
tween the spring and the wall is ignored, which is
equivalent to fixing'"* the arc of the tail to the wall.

The center line of the spring is in line with that
of the roller, so F is exerted on the middle of the
spring’ s head when the clutch is locked, as shown
in position A in Fig.5. When the clutch is unlocked,
the roller tends to move towards the wider part of
the chamber due to centrifugal force. The faster the
clutch rotates, the further the roller goes. The roller
stops at position B where the spring is compressed

to its limit. The maximum displacement of the roll-

Fig.5 Displacement of the roller

er’s centroid along y-axis is about 0.56 mm, which
is relatively small compared to its x-axis displace-
ment (8.3 mm). Considering that curvature of the

', it’ s reasonable

chamber 1s as small as 0.012 mm"™
to simplify the movement of the centroid as a recti-
linear one. Since F is exerted on the middle of the
head in the preliminary stage of unlocking (Fig.5,
position A) , assume that it always acts on the mid-
dle.

The gravity of the spring itself and friction be-
tween contact faces are not included in calculation.
Fig.6 shows the simplified mechanical model of the
spring under compression. The rotation of the inter-
faces of two elastic elements is very small and can
be ignored, so a simplified mechanical model of two
basic elastic elements can be obtained. The mechani-

cal model is shown in Fig.7.

Fig.6  Simplified mechanical model of spring

In this case, the normal and shear force gener-
ated by the spring are very small, which can be ig-
nored. When calculating the strain energy, only the
bending couple is considered . The bending couple

MY and strain energy V,of ST are
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Fig.7 Simplified mechanical model of basic units
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where I is the moment of inertia of the cross section
of the spring, for a rectangular section I= hb’/12,
and M{", M}" are the bending couples of the straight
section and the circular section respectively.

The bending couple M,” and strain energy V3’
oftheith (i = 2,3,---,n—1) S1I are

. 0
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In the formula, when 7 is an odd number, “+"
is a plus sign, and when 7 is an even number, it is a
minus sign. T, , is the reaction force exerted by the
(i—1)th section to the ith section. In particular,
T,=M:"(x/2). M{", M{" are the bending couples
of the arc sections, and M.” is the bending couple of

the straight section.

Accordion to the assumed conditions, only the
circular section actually takes part in the deforma-
tion of S | at the tail, and its bending couple M, (@)

and strain energy V, are

0
M,(0)=M;" "(a)— 2Frsin2§ (5)

J (M;(0))
+ 2FEI
To sum up, the total strain energy V of the

ds (6)

whole spring is
n—1
V=V, +V,+ > v (7)
=2

Accordion to Castigliano’ s second theorem,
the displacement generated along the F direction at
point O is

A%
A= (8)

Therefore, according to Hooke’ s law, when
each segment is freely compressed, the coefficient
of stiffness 4, of an accordion spring with n sections

in the direction of pressure F' can be found as
ky=— 9)

In this study, a 10-segment accordion spring is
designed with metal sheet/leaf thickness & of
0.1 mm, spring width 2 of 56 mm, the radius r of
0.45 mm, L, of 11.6 mm, and the inclination a of
80°. Parameters of the accordion spring here can
make sure the force exerted on rollers is the same
with that using coli springs. The material used here
is alloy steel, density p = 7 850 kg/m’, Young’s
modulus E = 206 GPa, Poisson’s ratio p = 0.3,
and yield strength o, = 205 MPa. The stiffness 4, of
the spring under the axial compression is 0.601 N/

mm according to Eqs.(1—9).

2 Finite Element Analysis of the

Compression Process

A finite element model of the spring is estab-
lished in ANSYS Workbench to further understand
the whole process of compression. The model con-
sists of a spring, a base and a roller. Compared with
the spring, the roller and the base have higher stiff-
ness and small contact surface deformation, so they

can be considered as rigid bodies. The roller is only
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partially modeled to save computational resources.
The thickness of the spring section is small, so lin-
ear shell element Shell181 is used for meshing with
the maximum mesh size no larger than 0.6 mm. In
the compression process, each basic spring element
will contact with the one next to it successively, so
frictional contact is defined between all the contact
faces. In the simulation, the friction coefficient is
0.15 and the normal stiffness factor of the contact
surface is 0.1,

It is important to specify how the roller moves
when compressed. The FEA model simulates the
following two processes: (1) Pre-compression of
the spring when assembled; (2) compression of the
spring when the clutch is unlocked. This pre-com-
pression is along the x-axis, so it can be simulated
by a rectilinear motion of the roller. When the clutch
is unlocked, due to the small displacement of the
roller in y-direction'’” and the small curvature of the
chamber, shown in Fig.5, the curvilinear move-
ment of the roller can be simplified into a rectilinear
one. Considering the two processes, we decide to
simplify the motion of the roller into a rectilinear
one, so it can only move in the x-direction in the
simulation'"™. The roller applies a pressure of
18 N in the x-direction in 1 s. The base is fixed to
the ground as a support. Fig.8 shows the finite ele-

ment model.

Roller

Spring

X

A

y

Fig.8 Finite element model of spring compression

Base

The roller’ s displacement in the a-direction is
extracted as shown in Fig.9. A complete compres-
sion of the spring consists of three stages: OA, AB
and BE. Stage OA is the free compression of the
spring where the basic elastic units are not in contact
with each other and the force-displacement charac-

teristics 1s linear. In this stage the spring has an

18

F/N

(= S A A ]
T

0 2 4 6 8
Displacement / mm

10 12 14 16 18 20
Fig.9 Longitude displacement of the roller

equivalent spring constant of 4. At point A, the tail
and the head, both of which are S | units, contact
with their adjacent S1I units, and the spring stiff-
ness increases to k,. With the increase of the longitu-
dinal compression, the lateral ( y-direction) displace-
ment of the spring also gradually increases due to
the difference between 4, and 4,. When the spring is
compressed to point B, all the circular segments on
the left of the spring contact with each other at the
same time. In stage BE, the circular segments on
the right side gradually come into contact. Starting
from point C, the tail slides slightly in the y-axis un-
der the elastic force generated by the lateral defor-
mation, and the sliding ends at point D. This sliding
makes the head rotate clockwise along the z-axis,
which causes force F' to deviate from the middle of
the head (namely point O) and results in an equiva-
lent longitude displacement of the spring. The
spring is fully compressed at point E.

Using the least square approximation to fit the
piecewise-linear relationship between the force and
the displacement of O—A —B yields

e 0.613U +0.00550 O0<<U=<<x,
0.749U — 1.62 < U< xy

where I is the roller force, and U the displacement

(10)

of roller in the x-axis direction, which equals to the
longitudinal deformation of the spring. The differ-
ence in the spring constants is trivial (4 = 0.613,
k,= 0.749) , and it largely depends on the structure
of the spring. The stiffness of the free compression
section, namely 4, is 0.613 N/mm.

In summary, in OA and AB stages the spring
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has a linear stiffness, respectively. The rotation of
S T unit in these stages is small, so it can be consid-
ered that force F' acts at the middle of the head. BE
stage involves the contact of several basic elastic
units and the sliding of the tail, leading to a more
complicated force-displacement relationship and a
larger spring constant. At the end of the stage, the
spring is almost complete compressed, and the von-
Mises stress in the circular section of S is much
higher. To avoid plastic deformation and abrupt
change of spring force, it’ s preferable to make the
spring work in OA and AB stages, namely the lin-

ear stages, as much as possible.

3 Parametric Design of Accordion
Spring

The parametric design methodology can relief
researchers from the workload of iterative design
and has been widely used in the design, optimiza-
tion and manufacture of products'**". When design-
ing the accordion spring, one must know the load
F, exerted by the roller and the corresponding
length L, in advance. For a given load F,,, there can
be infinite L, because equivalate stiffness varies
from spring to spring. However, it is difficult to de-
termine which stage the accordion spring works in.
Since the difference between 4, and 4, 1s small, it is
reasonable to assume that the spring has constant
stiffness &, = b, = F../(L,—L, ). To further ensure
the designed spring has an appropriate length, the dis-
placement A derived from Egs.(1—8), (L,—L,)-to-
L, ratio A" and the length-to-thickness ratio z are
used as dimensional constraints. Under the con-
straints mentioned above, a method for optimal de-
sign of the spring is therefore proposed. The con-
straints are as follows.

(1) Constraint on the length of compression

The theoretical result of longitudinal (x-direc-
tion) deformation A must match the actual deforma-
tion U, = L,—L, in actual practice. It is acceptable
that the relative error between A and U, is within
3%, which is

X 100% < 3% (11)

e, —

where L, is the free length of the spring, and U, the

longitudinal deformation of the spring when com-
pressed.

(2) Constraint on the length L,

The ratio of the spring deformation to its total
length should be moderate. When compressed, the
spring’ s deformation should not be too long in case
that it has plastic deformation or works in BE stage,
and it should not be too short in case of an excessive
stiffness. Depending on the situation, z varies from

0.3 to 0.6, which is
Uw

=—<0.56 (12)
Lo

0.3 A

where U, = L,—L..

(3) Constraint on the length-to-thickness ratio

Define the length-to-thickness ratio z of a
spring as the ratio of its free length L, to its thick-
ness 6. The larger the length-thickness ratio is, the
longer and thinner the whole spring will be. The
length-thickness ratio significantly affects the lateral
(y-direction) stiffness of the spring and increases
the inclination of the spring’s head in free compres-
sion, thus affecting the accuracy of the theoretical
calculation results. Fig.10 shows the effect of the
length-to-thickness ratio on the accuracy of 4, de-
rived by theoretical calculation. It is noticeable that
the accuracy of theoretical model decreases as z in-
creases. Although e, is still within 10% for a spring
with larger z, it has noticeable lateral displacement
during the longitudinal compression (Fig.11). A
spring with large = will rub with the inner race,
which reduces its durability. In order to improve the
accuracy of the theoretical model, the length-to-

thickness ratio should be no larger than 240, which 1s

z=7< 240 (13)

e /%

8] w e W N ~
T

—
T

0,00 120 140 160 180 200 220 240 260 280

z/ mm

Fig.10 Effect of z on the accuracy of theoretical model
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Lateral
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Fig.11 Lateral displacement

The design procedure is shown in Fig.12. For
a given outer race, the width /4 is equal to the total
length of the rollers in one chamber, so it is a con-
stant. Metal sheet/leaf thickness & varies in a small
range, so it can be determined by experience or the
thickness of the available material. It is also reason-
able to regard it as a constant. Therefore, among all
the parameters, L,, r and a need to be specifically
designed. As an example, we will explain in detail
about how to determine the exact L, and r to illus-
trate the optimization procedure. At the outset, one
has to specify the range of L, and r and their incre-
ments, either from database or by experience. After
that, a should be decided by the length of the wedge
on the outer race to make sure that the free length of

the spring is always smaller than the length of the

Start

Initialize and clear arrays:
L, opt, delta_opt, _opt, a_opt
I
I Input: ¥, L., b, h,n |
l
Select arguments to traverse
and input their ranges

1
Change [L &7 | | L &al Output to L,_opt,
[ I r_opt/a_opt
t! - _ |
argu(r)rrlen s Input angle of | |Input inner and delta_opt
arguments’ inclination a radius » I
ranges Build FEA models
Traverse all the to {)rtoduce.thel: ¢
combinations of L, & r or complete equivalent
L, & a, and calculate delta stiffness characteristics

Check if the
curve passes

Check constraints
e,<3%, 4'>0.25,
z<<240

Fig.12 Flow chart of the spring optimization procedure

wedge. For each parameter combination of L, and
r, calculate the displacement A, and output the pa-
rameter combination and the corresponding A that
satisfy dimensional constraints to arrays L,_opt,
r_opt (or 2_opt, if the angle 2 is optimized) and del-
ta_opt, respectively. Based on this, the complete
stiffness characteristic of the spring can then be ob-
tained by finite element analysis, which is also used
as a reference to adjust the parameters to meet work-
ing conditions. Compared with selecting all parame-
ters by experience, the design method based on di-

mension constraint provides better guidance.

4 Experiment and Discussion

A series of springs are made to conduct the ex-
periment on a stiffness test device. These springs
are only tested in their linear compression stages.
Pushing or pulling the handle can control the dis-
placement of the roller and the force F exerted on
the spring, as shown in Fig.13. When F is 1,
2, =+, 11 N, respectively, record the correspond-
ing displacement, designated as U,. We calculate
the mean value of all the tests and use linear least
square approximation to determine regression coeffi-

cients.

Fig.13 Stiffness test devices and the accordion spring

At each displacement U, measured in the ex-
periment, FEA model (Eq.(10) ) and theoretical
model (Eqgs.(1—9) ) are both used to calculate the
corresponding force F, and its relative error ¢,. The
results are shown in Fig.14. The experiment and
simulation are well-matched, with e, being about
6.2% for small compressions and less than 3% for

large ones.
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Fig.14 Comparison of 4, &. ¢, among FEA model, theoreti-

cal model and tests

Spring constants predicted by different meth-
ods are shown in Table 1. The FEA model predicts
ky, with high accuracy, but the error enlarges when
predicting 4,. Even though, the relative error is ac-
ceptable for engineering use, we think the FEA
model is reasonably reliable. The theoretical model
can also predict 4, (0.601 N/mm) with high accura-
cy, with the maximum relative error of F, lower
than 6% compared with the FEA model. This
means the theoretical model can also meet the re-

quirement for engineering use.

Table 1 Comparison of spring constants derived by FEA

and experiments

Spring constant/

Theory FEA Experiment
(Nemm )
3 0.601 0.613 0.610
k, 0.749 0.708

5 Conclusions

(1) We first propose an accordion spring used
in roller one-way clutches and then derive its equiva-
lent spring constant using energy method. Then we
establish a finite element model of the spring to ana-
lyze and discuss the force-displacement characteris-
tics of the spring when it is compressed. FEA model
shows that the spring has a piecewise continuous
stiffness characteristic. Finally, the FEA and theo-
retical model are verified by experiments. Results
show that both FEA model and theoretical model
are accurate enough.

(2) Based on the theoretical calculation, to

speed up the design process, a parametric design

method is proposed to optimize the spring under giv-
en constraints. We propose the length-thickness ra-
tio z as an important indicator to evaluate the accura-

cy of the theoretical model.
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