Analysis of Static Stress in a Bicycle Chain Plate
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Abstract: Using the Solid Mechanics
application mode a model is setup to investigate
the impact of static stress on a bicycle chain for
different geometries related to three chain
generations. A contact model is used to induce
the stress. Plastic deformation is taken into
account. Based on the simulation results the
contribution of plastic deformation to lifetime
restriction can be estimated. The results suggest
that common high tension carbon steel can still
be used even for increasing stress levels.
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1. Introduction

Bicycles are popular and inexpensive means
of transportation. E.g. in Germany there are 1.84
bicycles per household and 9% of all
transportation is accomplished by bicycle [1].

The chain drive is an essential component for
efficient operation. A well designed chain
enables an efficiency of 98 % [2]. Beside the
efficiency the chain reliability and durability are
essential [3]. With increasing number of
sprockets in a cassette the chain dimensions have
to be adjusted (cf. Fig. 1, 2 and Tab. 1). In this
work the impact of the geometrical scaling on
the mechanical stress is investigated. Smaller
chains result in a smaller thickness of the plates.
The resulting increase of mechanical stress for
this critical component is analyzed for the 8-, 9-
and 10-speed chains shown in Fig. 1.
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Figure 1. Three chain generations with components.

2. Load Case

The stress analysis requires the definition of
the considered load case. It is determined by the
applied chain force for varied geometries. Both
aspects are specified in the following
subsections.

2.1 Chain Geometry

The geometry of the chain is completely
characterized with the parameters shown in
Fig. 2. Specific values for the considered chain
variants of Fig. 1 are summarized in Tab. 1. The
chain pitch P and the pin diameter D; are fixed
for all considered chains. However, decreasing
dimensions for the outer and inner chain width,
B and b, result in a thinner value for the plate
thickness T.
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Figure 2. Chain geometry, top view [2]:
outer width B, inner width b, plate thickness T and
side view: pitch P, pin diameter D;, plate height H.

Table 1: Geometry parameters (cf. Fig. 2)

Y measured; ? specified values:3/32" = 2.38 mm,
11/128" = 2.18 mm; ¥ values from [4];

) new chain pitch 1/2" = 12.7 mm [4].

Chain | BD b2 TV HY Di3) pY
Type | /mm] [mm] [mm] [mm] [mm] [mm]

8 | 670 238 106 838 360 127
9s| 610 218 096 796 3.60 127
10s | 582 218 082 796 3.60 127
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2.2 Chain Force

The chain force is derived by considering the
situation in the drive train shown in Fig. 3. The
bicycle rider provides the pedal force F,. The
component F, is acting perpendicular to the
crank of length r.. and creates a torque. This
torque has to be balanced by the chain force F,,
acting on the sprocket radius 7;,. The maximum
chain force results for horizontal orientation of
the crank (Fymaqx = F,) and balance requires:

Ft,max Ter = Fp T = Fop Tsp- (1)

Figure 3. Drivetrain with relevant forces and
geometry.

A common crank length is 7, =170 mm
[2]. The sprocket radius 7, depends on the
number of teeth N,, (= 22 for minimal sprocket)
and the chain pitch P (= 12.7 mm) as [2]:

N¢e'P

Tsp = —— 2

2

According to DIN EN 14764 the crank has to be
designed for a maximum force of:

F, = Fymax = 1500 N A3)

Combining Egs. (1) - (3) and using the
parameters given above result in:

Fp'Ter
Fop=2m- 22 = 5734 N | (4)

te

3. Simulation Model

The model is setup based on the Solid
Mechanics application mode. For numeric
efficiency a 2D quarter geometry of the plate is
used with the plane stress approximation (no
stress in direction of thickness T).

3.1 Boundary Conditions

In Fig. 4 all applied boundary conditions are
summarized. The quarter geometry requires a
Symmetry and a Roller condition on the
boundaries indicated in Fig. 4.

The plate stress is induced by the
x-component of the Body Load according to:

Fgrx = —%- load_factor(para). (5)

The factor 1/4 occurs because: first, the chain
force is divided between the inner and outer plate
(cf. Fig 1) and second, the quarter geometry. The
load_factor(para) in Eq. (5) is displayed in
Fig. 5. It results in force ramping and thereby
ensures numeric stability for the nonlinear
contact simulation (cf. subsection 3.2).
Depending on the para-range it also allows for
cyclic loads (two cycles in case of configuration
in Fig. 5).

Finally, there is also a Spring Foundation at
the point shown in Fig. 4. This is required to
have a well-defined problem for the initial case
without applied load.

- Spring Foundation

Figure 4. Boundary conditions for the 2D quarter
geometry.
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Figure 5. Analytic function load_factor(x = para)
for two load cycles cycl and cyc2.
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3.2 Contact Modelling

The bearing pin is used to apply the load to
the plate. Contact modelling is employed. As
shown in Fig. 6, the mesh on the destination side
is chosen two times smaller compared to the
source (concave) side according to the guide
lines in [5] for improving stability.

Figure 6. Contact mesh.

Moreover, for stability reasons a spring
foundation is established (cf. Fig.4). It is
configured as force as function of extension with:

ks - solid. uspringl_spf1- spring_fac(para)

with  solid.uspringl_spf1 being  the
x-component of the local spring extension, kg is
the spring constant and spring_fac(para) is an
analytic function (cf. Fig 7) to enable the force
only in the proximity of the otherwise critical
state (if no body load is applied).
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Figure 7. Analytic function sping_fac(x = para) for
two load cycles cycl and cyc2.

3.3 Plasticity Modelling

In order to model plasticity the according
sub-node below Linear Elastic Material is
enabled as shown in Fig. 8. The chosen node
configuration is summarized in Fig. 9.

4 =2 Solid Mechanics (5oid)
4 o Linear Elastic Material 1
@ Plasticity 1

Figure 8. Plasticity physics node

~ Plasticity Model

Plasticity model:

I Small plastic strains j

Yield function F:

I von Mises siress j
F=0Omises ~Oyss @=F

Initial yield stress:

Cysd I From material j

Hardening model:

I Isotropic j

Isotropic hardening:

I Use tangent data j

Etiso e
1- ETisa  P*®
E

Oys = Fysp +

Isotropic tangent modulus:

Efiso | From material j

Figure 9. Plasticity node configuration.

3.4 Material Data

In order to model plasticity, initial yield
stress data is essential (cf. Fig. 9). For steel it
ranges from approximately 300 MPa to over
1700 MPa [6]. Chain Manufacturers do not
publish material data. However, in [7] the use of
high tension carbon steel, nickel-plated for the
plate is reported. Accordingly, 36NiCrMol6
would be a candidate and is used in this work. In
Tab. 2 the used material data from [8] is
summarized. All other required data is derived
from that information.

Table 2: Plate material 36NiCrMo16 data [8]:

Property Symbol  Value
Young’s modulus E 208 GPa
Shear modulus G 80 GPa
Initial yield stress Oyso 1050 MPa

(quench and temper
condition EN 10083 3:2006)

Density 0 7840 kg/m?3
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The Poisson's ratio v is calculated with the data
of Tab. 2 as:
E
v=—-1=03 (6)

The setup in Fig. 9 also requires an anisotropic
tangent modulus E7;s,. The plastic deformation
will increase for smaller values of E;;,. TO
avoid underestimation of plastic deformation the
value is conservatively chosen as:

Episo = 0.01 E = 2080 MPa.  (7)

4. Simulation Results

In the following, the main results are
basically displayed. A more detailed discussion
follows in section 5.

Simulated von Mises Stress (Gauss-point
evaluation) for the 9-speed chain geometry is
shown in Fig.10. The upper diagram
corresponds to the peak load within the second
cycle (cf. Fig. 5: para = 3). The lower diagram
displays the situation at the end of the cycle
(cf. Fig. 5: para = 4).

Fig. 11 shows examples of simulated
effective plastic strain for the 9-speed chain
geometry. Again, the upper diagram corresponds
to the peak load within the second cycle, while
the lower diagram displays the situation after
relieve at the end of the cycle.
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Figure 10. von Mises Stress, Gauss-point evaluation
for 9s-geometry at (a) peak load and (b) after relieve
at the end of cycle 2. For cycle definition cf. Fig. 5.
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Figure 11. Effective plastic strain for 9s-geometry at
(a) peak load and (b) after relieve at the end of cycle 2.
For cycle definition cf. Fig. 5.

The simulated force-displacement character-
istics are shown in Fig. 12. The displayed data
refer to the full geometry and total chain force
and are core results of this work. Once more, two
load cycles are applied and the according curves
are shown for all investigated chain generations
(8-, 9-, 10-speed). Data for the first cycle are
drawn with colored solid lines, while the second
cycle data is indicated by dotted black lines. In
all cases the second cycle data falls together with
the relieve path of the first cycle data. Therefore,
a third load cycle would not cause a different
situation.

o
6 T TTT
52: — 8s,cycl
= 451 — 9s.cycl
X 4| — 10s,cycl
S 350 e 8s,cyc?
g 5 gi ------- 9s,cyc2
}% Py e 10s,cvc2
Q 1.5F
l_
0.5
0= T TS
10 10 10 10

Total Plate Displacement [mm)]

Figure 12. Force-displacement curves for all
considered chain variants 8s, 9s and 10s (cf. Tab. 1)
for two load cycles.
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The permanent plate elongation caused by
the effective plastic strain is concluded from
Fig. 12. In particular the 10-speed chain
experiences an elongation which exceeds an
acceptable level (more discussion in section 5).
Motivated by this, a parameter study for
increased initial yield stress is performed. In this
case parameters are taken from [8] for temper
conditions other than the one given in Tab. 2.
Fig. 13 summarizes the results for the 10-speed
geometry.
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1100 MPa

| — 1200 MPa |
1290 MPa |
1360 MPa

1430 MPa |
|| — 1500 MPa |
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Figure 13. Force-displacement curves for 10s-
geometry (cf. Tab. 1) for varied initial yield stress
gyso (values shown in the legend and taken from [8]).

5. Discussion

One main aspect of this work is the
evaluation of the lifetime reduction by static
stress. A chain should be changed if the wear
measurement per plate reaches 75 um [2]. From
Fig. 12 it is seen that approximately 15 % for 8-
speed, 509% for 9-speed and 500 % for
10-speed of this value is reached. Besides the
plastic deformation considered in this work,
there are additional mechanisms for chain
elongation as fatigue and material removal.
Taking that in consideration the result for
8-speed is acceptable, for 9-speed it is marginal
and clearly for 10-speed it is unrealistic.

However, based on the parametric initial
yield stress study it turns out, that with the
appropriate selection of common high tension
carbon steel (in this work 36NiCrMo16)
reasonable performance is achieved. Referring to
Fig. 13 it is possible to reduce the elongation to

acceptable 26 % for the 10-speed geometry in
case of steel with 1430 MPa initial yield stress.

6. Conclusions

Using the Solid Mechanics application mode
it was possible to setup a model to analyze the
impact of static stress on bicycle chains with
varied geometries related to three chain
technology generations.

The obtained results suggest that common
high tension carbon steel can still be used even
for increasing stress levels caused by the scaled
geometries. This can be concluded with respect
to the plastic deformation.
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