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Abstract—The finite element analysis is adopted in this primary
study. Using the Tsai-Wu criterion and delamination criterion, the
stacking sequence [45/04/—454/90,]; is the final optimal design for the
wheelchair frame. On the contrary, the uni-directional laminates, i.e.
[9013]s, [4513)s and [-4543]s, are bad designs due to the higher failure
indexes.
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I. INTRODUCTION

HE wheelchair frame is the main structure of the

wheelchair for supporting the external loads and keeping
the structural stiffness. The frame can be made stronger, but the
weight needs to be limited. To improve the moving
performance, the wheelchair weight has to be reduced. For this
purpose, the light-weight materials can be adopted for making
the wheelchair frame. However, the structural strength and
stiffness also need to be kept. The best solution is to use the
fiber-reinforced composite material due to its high
strength-to-weight and stiffness-to-weight ratios.

The fiber-reinforced composite materials are composed of
reinforced fibers and plastics matrix. They have unique
advantages over monolithic materials, such as high strength,
high stiffness, long fatigue life, low density, corrosion
resistance, wear resistance and environmental stability [1]. The
laminated fiber-reinforced composite materials such as
carbon/epoxy or glass/polyester composites are widely applied
in aircraft, aerospace, military, automotive, marine and sports
structures [1], [2]. Using the carbon/epoxy composite materials,
the wheelchair frame can reduce its weight effectively.

Solid mechanics is a powerful tool for the product design.
With the aid of analytical or finite element calculations, the
strength and stiffness of the wheelchair structures can be
predicted or modified to obtain the optimal design. Using the
finite element analysis, the design and structural behaviors of
the wheel, frame and impact absorbing structure in the
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wheelchair have been studied [3]-[5]. However, there are few
references to study the wheelchair frames associated with
laminated composite materials in academic journals.

In [6], the fiber direction and stacking sequence design for
the bicycle frame made of the carbon/epoxy composite
laminates have been discussed by the finite element analysis.
Using the maximum stress criterion and three testing methods,
the stacking sequences [0/90/90/0], and [0/90/45/-45]; are good
designs for the composite bicycle frames. On the contrary, the
uni-directional laminates, i.e. [0/0/0/0]s, [90/90/90/90]s,
[45/45/45/45]s and [-45/-45/-45/-45],, are bad designs due to its
higher stresses. The 0°-ply and 90°-ply located on the inner and
outer layer of the tube can effectively resist the higher stress at
its location [6].

Based on the research methodology established in [6], this
paper will study and discuss the fiber direction and stacking
sequence design for the wheelchair frames made of the
carbon/epoxy composite laminates. The upward loading test is
considered in this primary study. To predict the structure failure,
the maximum stress criterion, Tsai-Wu criterion and
delamination criterion are adopted. The failure index, i.e.
stress-to-strength ratio, will be obtained to estimate the
structural strength of the wheelchair frame. The finite element
software ANSYS [7] will be employed to obtain the stresses
and failure indexes.

Il. PROBLEM DEFINITIONS

A. Wheelchair Frame

In this study, the wheelchair frame system and its main
dimensions are shown in Fig. 1. The wheelchair frame system
consists of many tubular structures. All tubular frames are
made of the carbon-fiber reinforced composite materials.

B. Composite Laminates

The composite materials of the wheelchair frames are the
carbon-fiber reinforced (carbon/epoxy) composite laminates.
As shown by different colors in Fig. 2, the tubular frames and
connection regions are made of the 16-ply and 26-ply
laminates, respectively. The connection regions use thicker
structures (26-ply) to reduce the stress concentration. The
thickness of each ply is 0.2mm.
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Fig. 1 Main dimensions of wheelchair frame system
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Fig. 2 Wheelchair frame system

Fig. 3 shows the symmetrical 26-ply laminate structure and
the principal material coordinate system (PMCS) of each ply.
In the 1-2-3 coordinate (PMCS), the 1-axis is prescribed as the
fiber direction. The other coordinate x-y-z is the reference
coordinate system (RCS) used to define the fiber angle. The
fiber angle @ is defined as the angle between the 1-axis and
x-axis. In this study, 16-ply and 26-ply symmetrical stacking
sequences are denoted as [(€1)2/(€2)2/(€3)/(04)]s and
[(01)/( 02)a/(63)4 /(0 4)a]s, respectively.

In Table I, there are 33 stacking sequences of 26-ply
laminates considered in this study. The stacking sequences in
Table I are selected from four main fiber directions, i.e. & =0°,
+45°, —45° and 90° which have been adopted in the past
references for composite structures [6], [8]-[11]. The uni-
directional laminates, i.e. Case 30 to 33 are analyzed for
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comparisons.

The stacking sequences of 16-ply laminates are similar to
26-ply. For example, the stacks [0,/90,/45,/—45,]s and
[0/904/454/-45,]s are simultaneously used in Case 1.

tubular frame

7N

outer surface of tube

26th ply &,

1 22nd ~25thply @,

26

18th~21stply &3

14th~ 1 7th ply &4

3 10th~ 13th ply &4

Gth ~9th ply a5

2nd-Sthply €3

Lst ply &,

inner surface of tube

Fig. 3 26-ply laminated tubular frame

TABLE |
STACKING SEQUENCES OF 26-PLY LAMINATES IN THIS STUDY
Case Stacking Case Stacking

1 [0/904/454/-45,]; 18 [-45/45,/90,4/04)s
2 [0/45,/904/-45,]; 19 [45/04/904/-454)s
3 [0/-454/904/45,]; 20 [45/904/04/-454)s
4 [0/904/-45,/45,]; 21 [45/-454/04/904]s
5 [0/45,/-45,/90,]; 22 [45/04/-454/904)s
6 [0/-45,/45,/90,]; 23 [45/904/-45,4/04)s
7 [90/45,/-45,/0,]s 24 [45/-45,/90,4/04]
8 [90/-45,/45,/0,]; 25 [0/904/04/04]s
9 [90/04/454/-45,]s 26 [0/04/904/04]s
10 [90/454/04/-45,]; 27 [0/904/904/04]
11 [90/-45,/04/454]s 28 [90/04/04/90,]s
12 [90/04/-454/45,]s 29 [0/454/-45,/04]s
13 [-45/04/904/454]s 30 [013]s
14 [-45/904/04/454]s 31 [9043]s
15 [-45/454/04/904]s 32 [4543]s
16 [-45/04/454/904]s 33 [-4513]s
17 [-45/904/454/04]s

C. Testing Method for Wheelchair Frame

During the design process, the structural strength of the
wheelchair frame needs to be verified by testing methods.
Before creating real prototypes, the finite element models and
computer simulations can be created to verify the structural
behaviors. In this paper, the upward loading test is adopted [12].
Fig. 4 illustrates the loading and boundary conditions. Each
handlebar is subjected to the force of 880 N.

To find the better composite stacking design, the stresses or
failure indexes of each ply will be obtained from the finite
element analyses. All analyses are assumed to be static and
linear.
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Fig. 4 Upward loading test
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I1l. METHODS OF ANALYSES

A. Orthotropic Material Properties

Under the Cartesian coordinate 1-2-3 as shown in Fig. 3, the
constitutive equation of the orthotropic material such as the
carbon/epoxy composite is [1]:

[0y, | [Cy Cp Cs O 0 0] [ ]
O Cy, Cp Cy 0 0 0 )
opn| |Cu Gy Gy O 0 0 €33 (1)
T23 0 C44 0 0 7/23
Ty 0 0 0 0 ¢C, O Va1
7] [0 0 0 0 0 Cg ]
Above equation can be written as a simple form:
lo}=Iclel 2)

where {o}, {¢} and [C] are the stress, strain and stiffness
matrix, respectively.
The compliance matrix [S] is the inverse of [C] as follows:

[ 1 -vy vy 0 0 0 ]
E, E, E,
“vp, 1 -y 0 0 0
E, E, E, (3)
_I;/l3 _I;Z3 Ei 0 0 0
— 1 1 2 3
[s1=[c]" = .
0 0 0o — 0 0
Gy
0 0 0 0 1 0
Gy
0 0 0 0 0 1
L Glz _

where E;, Gj; and v; are the Young’s modulus, shear modulus
and Poisson’s ratio, respectively. The symmetrical matrix [S] in
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(3) has nine independent material constants for the orthotropic
material.

In the carbon/epoxy composite laminate, each ply has the
orthotropic material property. The fiber directions of each ply
can be different for practical applications. Table Il lists the
material constants of the carbon/epoxy composite material
[11]. In this table, the subscript 1 denotes the fiber axis. In Fig.
3, the Cartesian coordinate 1-2-3 is considered as the PMCS of
each ply. Nine material constants in Table Il will be used in the
finite element analyses. It is noted that the composite material
property in Table Il has the transverse isotropy with the 2-3
plane as the plane of isotropy.

TABLE Il
MATERIAL CONSTANTS OF CARBON/EPOXY COMPOSITE [11]
(THE SUBSCRIPT 1 IS THE FIBER AXIS)

Young’s modulus (GPa)

E; E, E;

162 14.9 14.9
Poisson’s ratio

V12 V13 V23

0.283 0.283 0.386
Shear modulus (GPa)
Glz GlS G23
5.7 5.7 5.4

B. Maximum Stress Failure Criterion

The maximum stress failure criterion [1] is one of the failure
criteria adopted in this study. The failure occurs when at least
one stress component along one axis of the PMCS exceeds the
corresponding strength in that direction [1]. Considering the
stresses o1, 03, 03, T3, 731 and 71, based on the PMCS in Fig. 3,
the maximum stress criterion is expressed as follows [1]:

o, >0

o = Si Wwhen 4)
- S, when o,<0
S when >0
R I ®
-S,.  Wwhen o,<0
on = Sy when o3>0 )
7 1-S; when ;<0
|Tz3| =S;3 (7)
|T31| =33 (8)
|712| =S, 9)

where Sy, Sic and S;; (i,j = 1,2,3) are the tensile, compressive and
shear strength values, respectively. The strength values of T300
carbon/epoxy composites in Table 111 [13], [14] are used in this
study.

The failure index &ys for the maximum stress criterion is
defined as [15]:
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&as=max ,1=1,2,3 (10)

ij

where o; and i denote the tensile and compressive stress,
respectively. When the failure index value is larger than 1, i.e.
the stress value exceeds the strength value, the ply failure will
occur.

TABLE Il
STRENGTH VALUES OF CARBON/EPOXY COMPOSITE [13], [14]
Strength Value (MPa)
Sy 1760
Sic 1570
Sat 80
Sae 246
Sa 80
Sac 246
Sa3 98
Sa1 98
S12 98

C. Tsai-Wu Failure Criterion

The Tsai-Wau failure criterion [1], [16] is also adopted in this
study. For the composite material which has the transverse
isotropy with the 2-3 plane as the plane of isotropy, the
Tsai-Wu criterion and its failure index &y are expressed as [1]:

2 2, 2 2
fio1 +f5(05 +03) + F1107" + Fpol0y” +037) + Tauts

11)
+ f66(7312 +7122) +2f15(010, +0103) + 21510505 =G
where f is the strength coefficient as follows [1]:
1 1 1 1
fl == 1 =— 1
S Sy Sa S
fo_ 1 1
H Sll Slc 521520
1 1
fyu=—> 1 f )
44 3232 66 8122
-1 1 1
fo=—yfufyn fu=—r—-—7% (12)
2 SuSae  25%

When & > 1, the ply failure will occur.

D. Delamination Failure Criterion

In addition to the failure in each ply, the delamination failure
between two plies is also considered. Using the interlaminar
shear stress, the delamination failure criterion is assumed as
follows:

(13)

_ ‘Tintl:J ‘TintZF;‘

int

where 7z and 7z denote the interlaminar shear stresses on
the interlaminar plane. S;y is the interlaminar shear strength.
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For T300 carbon/epoxy composite laminate, S, is 96.5 MPa
[17]. When & > 1, the delamination failure will occur.

Fig. 5 Finite element model

E. Finite Element Analysis

Figs. 5 to 7 show the finite element model of the wheelchair
frames created by the software ANSYS [7]. Static structural
analysis and linear elastic property are considered. The
SHELL91 elements with multi-plies are used to simulate the
carbon/epoxy composite laminates. SHELL91 is the 8-noded
high-order shell element using the thick shell theory. In
addition, the perfect bonding between plies is assumed in the
finite element analysis.

The fiber directions of all plies can be changed to discuss its
effects on the stress magnitude. The boundary conditions are
prescribed on the specified nodes of the finite element model.
The external loads on the frame are prescribed on many nodes.

local view

Fig. 6 Finite element model
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Fig. 7 Finite element model

F. Design Rule

All stacking sequences in Table | are used as the composite
laminates of the wheelchair frame. Using the finite element
analysis, the stresses of each stacking sequence are obtained
under the upward loading. Then, the failure indexes &ys, &w
and & are calculated to estimate the structural performance.

The numerical results of connection regions (as shown in
Fig. 2) are adopted for the structural design due to its local
stress concentration. For each case in Table I, the stresses and
failure indexes in all plies and on all interlaminar interfaces are
obtained. Then, the maximum failure indexes &ysx, &wx and &py
for each case are determined from those values. By comparing
the values of &usx, &rwx @and &px 0f 33 cases in Table I, the lowest
value implies the optimal stacking sequence for the composite
structure design.

IV. RESULTS AND DISCUSSIONS

Figs. 8 to 10 show the variations of failure indexes &usx, Srwx
and &y for 33 different stacking sequences. In these three
figures, the cases which have lowest values are Case 12, 16 and
30, respectively. Based on the maximum stress criterion,
Tsai-Wu criterion and delamination criterion, the optimal
stacking sequences from three criteria are [90/04/—454/454]s
(Case 12), [-45/0,/45,/90,]s (Case 16) and [043]s (Case 30),
respectively.
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0.8

Eusx

0.6

0.4
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Fig. 8 Failure indexes &ysy of different cases
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Fig. 9 Failure indexes &y of different cases
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Fig. 10 Failure indexes &py of different cases
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Fig. 11 Displacement contour of wheelchair frame system (Case 5)
(units: m)

For the ply failure, the Tsai-Wu failure criterion is generally
considered as the better rule. From this consideration, the stack
[-45/0,/45,/90,]s is the optimal design for the ply performance.
However, the failure index &y of another stack [45/0,/-45,/
904]s (Case 22) is very near that of [-45/04/454/90,]s (Case 16).
The stacking sequence [45/04/—454/90,4]s can be considered as
the second optimal design.

When the delamination criterion and Tsai-Wu criterion are
simultaneously considered, the values of & of above two
optimal designs need to be investigated. In Fig. 8, &, of Case
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22 is less than Case 16. To sum up, the stacking sequence
[45/04/—454/90,4]; is the final optimal design. On the contrary,
the uni-directional laminates, i.e. [9013]s, [4513]s and [-4513]s,
are bad designs due to the higher failure indexes as shown in
Figs. 8 to 10. However, the stack [043]s (Case 30) is the optimal
design according to the delamination criterion. Also, [03]s is
not a bad design for Tsai-Wu criterion.

Fig. 11 shows the global deformation of the wheelchair
frame system associated with [0/45,/—45,/904]s under the
upward loading test. For the same case, Fig. 12 shows the
distribution of the normal stress (o1) along the fiber direction
on the outer surface of the tubular frame. The stress
concentration can be seen around the connection region.

ANSYS 1Z2.1
NODAL SOLUTION
STEP=1

SUE =1

LA1ZT7E+0D
LZ200E+DD
«2TIE+0D

BE0ONEODN &£3

Fig. 12 Contour of normal stress (o7) along fiber direction on outer
surface (Case 5) (units: Pa)

V. CONCLUSIONS

In this primary study, the fiber direction and stacking
sequence design have been discussed for the wheelchair frames
made of the carbon/epoxy composite laminates. Under the
upward loading test, the finite element results are obtained.
Using the Tsai-Wu criterion and delamination criterion, the
stacking sequence [45/0,/-454/90,]; is the final optimal design.
On the contrary, the uni-directional laminates, i.e. [9013]s,
[4513]s and [-4533]s, are bad designs due to the higher failure
indexes.
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