
International Journal of Mechanical, Industrial and Aerospace Sciences

ISSN: 2517-9950

Vol:9, No:3, 2015

488

 

 

di
bi
of
sa
pr
im
th
ill
on
ca
ele
bi
ob
gr
co
sh
fra
str
 

ele

fa
Ch
co
re
Ch
ci
su
ar
af
e-
in
un

 

Ta
Le

Ta
fax

Ka
fax

No
sh

I

Abstract—Ch
stributor of ele
kes on the road

f e-bike drivers
afety structure o
reliminary, but
mprovement of 

e ground was c
lustrated and de
ne of the most 
ase; secondly, A
ement (FE) mo
ke and the gro

btain the data o
round. Results 
omparing with t
hell will be desi
ame of e-bike.
ructure of e-bik

Keywords—F
ement. 

N China, du
efficient per

aster than the 
hina [1]. Co
ommute for lo
elatively shor
hinese local g
ity centers, e
ubstituting mo
round RMB 2,
ffordable to m
-bike sales fr
ncreased by ab
nits in 2010. 

Lele Zhang is 
aikang East 
ele.ZHANG@not

Hui Leng Choo
aikang East Road
x: +86(0)574 881

Alexander Kon
aiserstrasse 12, 7
x: +49 721 608-4

Shuguang Li 
ottingham, Univ

huguang.li@nottin

3D Fr

I 

hina is current
ectric bicycle (e
d is accompani
s. Therefore, th
of e-bikes. This
t necessary w
an e-bike. The

carried out as fo
erived from the
common meth

ANSYS static an
odels with cont
ound; finally, A
of the penetrati
obtained from

that from theore
igned following
 Simulation of

ke will be confir

Frictionless co

I. INT

ue to the lo
rsonal mobilit

sales of any
omparing wit
onger distance
rt period of 
governments' 
-bikes are th

otorcycles [2].
,000, less than

most Chinese p
rom 2005 to 
bout three tim

with the Unive
Road, Ni

ttingham.edu.cn).
o is with the Univ
d, Ningbo, 31510
18 0188; e-mail: h
nyukhov is wi
76131, Karlsruhe
47990; e-mail: Al

is with Facult
versity Park, N
ngham.ac.uk). 

riction

L

tly the world's
e-bike). The in
ied by rising in
ere is a growin
s 3D frictionles
work for furt
e contact analys
ollows: firstly, t
e simplest sprin
hods to satisfy 
analysis was car
tact pair (witho

ANSYS transien
ion p(u) of e-b

m the simulatio
etical method. I
g the stability cr
f side falling o
rmed with expe

ontact, penalty 

RODUCTION 

ow cost, sim
ty, e-bike sa

y other mode 
th bicycle, i
es and carry 
time. Meanw
efforts to res

he most optim
. The cost of a
n one tenth of 
people. Fig. 1 

2010 [4]. T
es from 2005

ersity of Notting
ingbo, 31510
.  
versity of Nottin
00, China (phon
huileng.choo@no
th Karlsruhe In
e, Germany (pho
exander.Konyukh
ty of Engineeri
Nottingham, NG

nless C
of E

Lele Zhang, 

s largest produ
ncreasing numb
njuries and even
ng need to impr
ss contact analy
ther structural 
sis between e-b
the Penalty met
ng-mass system
the frictionless
rried out to veri
out friction) bet
nt analysis was
ike with respec
n are as estim
In the future, pr
riteria and adde
of the improve
erimental data.

method, e-bik

mple technolog
ales have gro

of transporta
it allows peo
more cargo w
while, trigge
strict motorcy
mistic project
an e-bike is ty

f that of a car [
shows the gro

The sales of 
, reaching 27 

gham Ningbo Ch
00, China 

ngham Ningbo Ch
ne: +86(0)574 88
ottingham.edu.cn)
nstitute of Tec

one: +49 721 60
hov@kit.edu). 
ing, The Unive
G7 2RD, UK 

Conta
E-Bike

Hui Leng Ch

 

ucer and 
ber of e-
n deaths 
rove the 
ysis is a 

design 
bike and 
thod was 

m. This is 
s contact 
ify finite 
tween e-
 used to 
ct to the 

mated by 
rotective 
ed to the 
d safety 

ke, finite 

gy and 
own far 
ation in 
ople to 
within a 
ered by 
ycles in 
tion for 
ypically 
[3]. It is 
owth in 
e-bikes 
million 

hina, 199 
(e-mail: 

hina, 199 
818 0552; 
). 
chnology, 
08-42073; 

ersity of 
(e-mail: 

 

acc
da
alm
na

F
 

acc
the
an
co
wh

by
Co
are

ct Cas
e and t
hoo, Alexand

Fig. 1 Histor

However, wi
cidents increa

ata, the death
most 170 time
ation, as shown

 

Fig. 2 Deaths as

In order to im
cidents, one o
e structure of 

nd used as geo
ntact process
hich will be us

A. Frictionles

Contact mech
y solid bodies 
ontact mechan
e the pressure

se betw
the Gr
der Konyukh

rical e-bike sale

ith the widesp
ased as well. A
hs involving 
es from 34 in 
n in Fig. 2.  

ssociate with e-b

mprove the ro
of the aims o
f e-bike. An F
ometry model
simulation is

sed in further

II. CONTA

ss Contact Des

hanics is the 
that touch eac

nics can be spl
es or adhesion

ween 
round
hov, Shuguan

es growth, Chin

pread use of 
According to C

e-bikes acci
2001 to 5752

bike accident fr

oad safety ass
of the current 
FE model of e
l for finite ele
s necessary to
design of the 

ACT THEORY 

scription 

study of the 
ch other at one
lit up into two
n acting perpe

the St
d 

ng Li 

na: 2005-2010 [

e-bikes, the 
Chinese gover
dents increas
2 in 2013 acro

rom 2001 to 20

sociated with 
work is to im

e-bike is estab
ement analysi
o obtain critic
protective str

deformation 
e or more poin
o components
endicularly be

tructur

 

[4] 

rate of 
rnment 
sed by 
oss the 

 

13 [5] 

e-bike 
mprove 
blished 
s. This 
al data 

ructure.  

caused 
nts [6]. 
 which 
etween 

re 



International Journal of Mechanical, Industrial and Aerospace Sciences

ISSN: 2517-9950

Vol:9, No:3, 2015

489

 

 

the surfaces of the contacting bodies and the frictional stresses 
acting tangentially between the surfaces. This paper focuses 
mainly on the aspect in normal direction. That contact ignored 
the interaction in tangent direction is exact the frictionless 
contact mechanics.  

B. Simplest Spring Mass System – Penalty Method 

The simplest system in the contact mechanics is a 
suspended system consisting of a mass point, attached to a 
spring of which stiffness is c, as shown in Fig. 3 [7].  

 

 

Fig. 3 Mechanical interpretation of the penalty method 
 
H is the height between Plane 1 and Plane 2, l is the 

unstretched length of the spring and ε is the penalty parameter 
which, in this case, is the stiffness of the additional spring 
attached to the rigid Plane 2. The deformation of the spring is 
u, and p(u) is the function of contact penetration in this system 
[7]. 

  
ሻݑሺ݌ ൌ ݈ ൅ ݑ െ  ܪ (1) 

 
The normal contact force N with the penalty method can be 

obtained as: 
 

ܰ ൌ  ሻݑሺ݌ߝ (2) 

C. Weak Formulation – Regularization with Penalty Method 

Considering contact in 3D case in coordinate system 
(XYZ), in Fig. 4 (a) [8]. The definition of “master” is the body 
acting as the observer and “slave” is the observed body that 
consists of arbitrary contact point “s”. The following 
coordinate system is expressed as: 

 
,ଵߦሺ࢘ ,ଶߦ ଷሻߦ ൌ ,ଵߦሺ࣋ ଶሻߦ ൅  ࢔ଷߦ (3) 

 
where ξ3 is initial normal gap in the reference configuration 
(the distance between point S and C), ξ1, ξ2 are local 
convective coordinates defining on the surface coordinate 
lines (see Fig. 4 (b)).  
The virtual work δW can be written in the following form [7]:  
 

ܹߜ ൌ ׬ ሾ ଷᇣᇤᇥߦߜܰ
௡௢௥௠௔௟ ௣௔௥௧

൅ ܶଵ൫ߩకభకమ · కభకమ൯ᇣᇧᇧᇧᇧᇤᇧᇧᇧᇧᇥߩ
௙௥௜௖௧௜௢௡௔௟ ௣௔௥௧

ሿ௦  ݏ݀ (4) 

 

Fig. 4 (a) Contact kinematics in 3D case 
 

 

Fig. 4 (b) Definition of surface coordinate system 
 

In the case of the penalty method, the contact term of 
normal part is a function with the penalized tractions N 
(normal contact force) [9]. For the frictionless case, tangential 
term (frictional part) is ignored (T1=0), and the integral is 
reduced to 
 

ܹߜ ൌ ׬ 3ߦߜܰ
ݏ  ݏ݀ (5) 

 
when the frictionless case in (5) leads with penalty 
regularization, normal force N is treated by (6),  
 

ܰ ൌ  ଷߦܪߝ (6) 
 
where ε is the physical normal penalty parameter (refer to 
section B) and H is the Heaviside function expressing that 
when the value of normal gap ξ3 is non-positive, normal force 
is existing. In other words, ξ3 is the exact penetration p(u) in 
this case. 

The frictionless contact integral in (5) is transformed with 
penalty regularization in (6) as 
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ܹߜ ൌ ׬ ଷߦߜଷߦܪߝ
௦  ݏ݀ (7) 

 
The frictionless case with the Penalty method was used for 

all following ANSYS simulations. 

III. FE MODEL 

The isometric view of the FE model of e-bike and the 
ground is shown in Fig. 5. The finite element model was 
constructed as follows: the wheels and the grounds were 
discretized by shell elements, the frame was discretized by 
various beam finite elements with corresponding cross-
section, the full weight was modelled by the mass element, 
which has been positioned at the center of mass determined by 
experiments [10] and corresponding connecting finite 
elements was used to connect wheels and various frame parts 
together. In this FE model, the center point of the front wheel 
was fixed relatively to the frame. The rear wheel was 
constrained in all directions except for translation in Y-
direction. 3D surface to surface contact method was chosen 
for the contact pair between wheels and the ground. This 
method, in ANSYS, is associated with the CONTA174 contact 
element and the 3-D target element (TARGE170). These two 
types of elements can be perfectly located on shell elements 
[11]. Therefore, wheels and the ground were all meshed as 
shell elements.  

 

 

Fig. 4 FE model of e-bike and the ground 

IV. STATIC ANALYSIS OF CONTACT CASE BETWEEN E-BIKE 

AND THE GROUND – VERIFICATION 

Quick static analysis will help to check the mesh quality of 
FE model and the validity of the boundary conditions and 
contact pairs. 

A. Results of Static Analysis  

The results obtained from static analysis are shown in Fig. 
6. From the results, it can be seen that the rear wheel did not 
fall through the ground. This demonstrates that the 
load/constraints and the contact pair were correct. This contact 
model was used in the next transient analysis. 

V. TRANSIENT ANALYSIS OF E-BIKE 

From Fig. 6 (a), it can be seen that Node 3392 is the closest 
node to the ground on the rear wheel, of which results were 

chosen to represent the following ANSYS analysis results. 
The original position of Node 3392 was set as “0” and 
dropping in negative Y direction. 

 

 

(a)  
 

 

(b)  

Fig. 5 (a) Drop process and (b) contact process of e-bike 

A. Optimization of ε for Contact within the Penalty Method  

In ANSYS, FKN represents the normal penalty parameter ε 
(refer to II(B)). It is the key parameter using penalty algorithm 
for ANSYS simulation of frictionless contact. It is 
proportional to Young’s modulus E of the underlying shell 
finite element. The ratio, c, of FKN to E is a constant, 
FKN=c*E, where c is generally changing from 0.1 to 1. From 
(2), specifying a value of FKN higher than 1.0 * E leads to a 
smaller penetration. 

 In order to obtain the distinct differences of results using 
the penalty method, this parameter was ranged from 0.001 to 
10. 
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Fig. 6 Penetration p(u) of Node 3392 with penalty parameters from 
0.001 to 10 

 
In Fig. 7, p(u) of Node 3392 is shown by 5 different types 

of lines with respect to various value of FKN. Comparing the 
5 FKN values, the curve when FKN=0.1*E shows that the 
process of contact is more stable. This parameter has the best 
convergence property together with a reasonable penetration 
value. Thus, “0.1” was determined and used in this contact 
simulation. 

B. Results of Transient Analysis 

The transient results are shown in Fig. 8. Because the mass 
of the e-bike is always constant, its magnitude was set as “1 
kg” in this simulation. The real result can be obtained by 
scaling with the real mass using the “dimensionality method” 
in mechanics. Then Kinetic Energy (Ek) during all process is, 

 

௞ܧ ൌ
ଵ

ଶ
ଶݒ݉ ൌ

ଵ

ଶ
כ 1 כ ଶݒ ൌ  ଶݒ0.5 (8) 

 

 

Fig. 7 Results of Node 3392 
 
It can be seen that energy increases parabolically with 

distance of falling during the drop process, and decreases 
sharply when in contact with the ground. Velocity was found 
to increase linearly with falling distance and also decrease 
abruptly after e-bike interacts with the ground.  

TABLE I 
COMPARISON BETWEEN RESULTS OF TRANSIENT ANALYSIS AND 

THEORETICAL ANALYSIS 

Physical quantity 
Theoretical 
results [Rt] 

[10] 

ANSYS 
results [Ra] 

Ratio 
[Ra/Rt ] 

initial contact time (t0) (s) 3.87 3.95 1.02 

displacement at t0 (10-3 m) -76.06 -75.53 1.03 

velocity at t0 (10-3 m/s) -37.99 -38.45 1.01 
time of maximum displacement 

(tm) (10-3 m) 
4.14 4.05 0.98 

maximum displacement (10-3 m) -78.56 -77.83 0.99 
Maximum penetration 

(10-3 m) 
2.50 2.30 0.92 

velocity at tm [10-3 m /s] 0 3.07 - 

 
The comparison of results between theoretical and 

numerical analysis is shown in Table I. E-bike starts to drop 
under the gravity acceleration when t=0. The time of the 
closest point of rear wheel contact with the ground is called 
the initial contact time (t0). Immediately after contact, e-bike 
continues to penetrate until the velocity is equal to zero and 
after that it will rebound. In terms of the law of conservation 
of mechanical energy, when v=0, the penitential energy 
reaches its extremum. This is the maximum penetration 
displacement [12]. 

The ratios of all quantities (except the velocity) are close to 
“1”. This demonstrates that this simulation is reliable. In the 
last row of Table I, magnitude of velocity corresponds to the 
value of maximum displacement. Data obtained from 
numerical method is only an approximate value. In this 
simulation, data was collected by every 0.05s, which resulted 
in small value of velocity “3.07 x10-3 m /s” in the maximum 
penetration. 

VI. FUTURE WORK 

This contact model will be used in further rebounding and 
side falling analysis of the e-bike. The rebounding motion in 
the simulation will be verified with experimental data. Side 
contact and rebounding of e-bike with and without a designed 
protective shell will also be carried out in the future. 
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