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Abstract:
A theoretical and experimental study of the frame side of a wheelchair was
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having the same strength and stiffness as the present, can be designed within
the other expressed design criteria.
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1  Notation

A-A Section

E Young’s modulus

F Force

L Length

m Mass

R Resistance

x Co-ordinate

y Co-ordinate

z Co-ordinate

ρ Density

ε Strain

σ Stress

Indices

a Allowed

FEM Finite Element Method

max Maximum

y Yield
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2  Introduction

This work was initiated by Scandinavian Mobility AB, Diö, Sweden, via
the consulting company BTB-Mekanik AB, Svängsta, Sweden.

BTB-Mekanik is part of a strong ownership structure, EC-Gruppen, which
works in areas such as: Object orientation and reuse, product development,
data security, computer networks, measuring-, control- and industrial
information systems.

Scandinavian Mobility considers the frame side of their wheelchair for
active people, called “Spirea” and shown in figure 2.1, to be too expensive.
This is mainly because it is:
- made of aluminium, which is a rather expensive material.
- complicated to fabricate.
- not optimised with respect to strength and stiffness in relation to
  weight.

Figure 2.1. The wheelchair “Spirea”.

To decrease costs, Scandinavian Mobility has suggested that the frame side
should be made of a polymer material. Expected volume of sale is 10 000
chairs per year, which means that 20 000 front parts and 20 000 rear parts of
the frame side will be produced per year.
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The aim of this work is to find out whether it is possible to use a polymer
material and in that case present a design. The strength and stiffness must
be the same as that of today’s design, in order to keep reliability and
efficiency. The new material should give a design that is cheaper to
manufacture than the present design.

The distribution of material is clearly important since Young’s modulus of
the new material is about one third of that of aluminium. The density is
approximately half of that of aluminium.

Descriptions of prior attempts to make frame sides of wheelchairs in
polymer material have not been found in the literature.
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3  Investigation of Present Design

3.1  Task Description

To be able to make a comparison it is necessary to first examine the present
wheelchair. There are different ISO-tests that wheelchairs must withstand.
A wheelchair called ”Adapt”, which is similar to ”Spirea”, is supplied by
Scandinavian Mobility for experimental investigation. This work will
therefore be a study of “Adapt”. Figure 3.1 shows ”Adapt” seen from the
side.

Figure 3.1. The wheelchair ”Adapt”.

Theoretical models of “Adapt” in I-DEAS will be verified by experimental
tests in the laboratory at the University of Karlskrona/Ronneby.
Scandinavian Mobility may then proceed with the same working procedure
to study “Spirea”.
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The wheelchairs must be tried out in two final fatigue tests with a dummy
of m = 125 kg, so that the length of life is between five to ten years. The
first is to drop the chair with the dummy 6666 times from a height of 50
mm. The second test is to roll the chair over two drums, with 5 mm high
obstructions, 200 000 times.

Both experimental tests and numerical calculations, with different loads
applied, will be used to examine maximum stresses and displacements. The
two parts of the frame side are shown in figure 3.2.

Figure 3.2. The two parts of the frame side.

The two parts of the frame side fit at both left and right side of the chair to
get better logistic and lower tool costs.
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3.2  ISO Load Cases

The static load cases in the Draft International Standard ISO/DIS 7176-
8:1995 (E) that the wheelchair must withstand according to Scandinavian
Mobility, are the following:

Case 1.
Downward static load at armrest. The chair is strapped to the test bench. A
force of F = 760 N is applied to the armrest in the direction indicated in
figure 3.3.

Figure 3.3. Armrest load downward.

Case 2.
Downward static load at footrest. The chair is strapped to the test bench. A
force of F = 1000 N is applied orthogonal to the footrest surface. See figure
3.4.

Figure 3.4. Footrest load downward.

Joint
Load cell
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Case 3.
Downward static load at tilt pipe. The chair is strapped to the test bench. A
dummy of m = 125 kg is mounted in the seat. A force of F = 1000 N is
applied to the tilt pipe in the direction indicated in figure 3.5.

Figure 3.5. Back tilt load.

Case 4.
Upward static load at armrest. The chair is strapped to the test bench. A
dummy of m = 125 kg is mounted in the seat. A force of F = 895 N is
applied to one of the armrests, in the direction indicated in figure 3.6.

Figure 3.6. Armrest load upward.

Centre of gravity
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Case 5.
Upward static load at footrest. The chair is strapped to the test bench. A
dummy of m = 125 kg is mounted in the seat. A force of F = 440 N is
applied orthogonal to the ground of the footrests. See figure 3.7.

Figure 3.7. Footrest load upward.

Case 6.
Upward static load at handle. The chair is strapped to the test bench. A
dummy of m = 125 kg is mounted in the seat. A force of F = 880 N is
applied to one of the handles, in the direction indicated in figure 3.8.

Figure 3.8. Upward load at handle.
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3.3  Theoretical Models

3.3.1  FE Model ,: Left Frame Side

The frame side is divided in two parts, as shown in figure 3.2, which are
joined by sleeves and beams. This causes problems because the beam gets
less rigid in comparison to a homogenous structure.

A FE Model of the left frame side together with the frame cross is created
in I-DEAS, see figure 3.9.

Because the construction of the frame side is slim, one-dimensional beam
elements are used. The frame cross that is connecting the two parts to each
other has contact with the outer pipes over a distance of L = 60 mm (Length
of the sleeves). The connections between the frame cross and the sleeves
are shown as “area a” in figure 3.9.

These two sections need special treatment. The problem is solved by
copying the nodes over the length of the connection to a location 0.1 mm
from the centre nodes, perpendicular to the length of the outer pipes. The
new nodes are connected to the old, by rigid elements. These nodes will act
as centre nodes of the inner beam (the sleeves).

The FE Model has different constraints depending on how the construction
is placed during the tests. The front constraints are sliders, which are free in
the x-direction. The rear constraints are of ball joint type, which are locked
for translation, and free for rotation.

Results from this FE Model are presented and compared to experimental
results in section 3.5.1.
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Figure 3.9. FE Model of the left frame side, showing the beam construction
(left) and the beam elements (right).  Area a is the connection area between

the frame cross and the frame side.

3.3.2  FE Model ,,� Total Wheelchair

The front constraints of this full-scaled model are sliders, which are free in
the x-direction. The rear constraints are of ball joint type, which are locked
for translation, and free for rotation. A FE Model of the total wheelchair
without wheels is shown in figure 3.10.

Figure 3.10. FE Model of the total chair, showing the beam construction
(left) and the beam elements (right).
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Results from this FE Model are presented and compared to experimental
results in section 3.5.2.
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3.4  Experimental Set-up

3.4.1  Measurement Devise

For measuring the strain two strain gauges was cemented to the structure in
the direction of expected maximum strain as shown in figure 3.12. The
characteristics of the cured glue and the carrier can give rise to creepage
effects. If the strain is lasting, the metal foil or wire will slowly creep back
to the original stressless state (stress relaxation). This effect is especially
strong at higher temperatures.

In addition, the glue and the carrier can also cause hysteresis. After being
stressed, the metal foil or wire will not return immediately to its original
state; it will appear as if there is still a small strain left. To keep the
creepage and hysteresis effect small, the glue and carrier must be thin and
have a large Young’s modulus.

The strain gauges used were from HBM with a resistance of R = 120 Ω and
of type 6/120LY13. To display the results an oscilloscope of type Hitachi
VC-6025A was used, with an amplifier in between. The amplifier was also
of type HBM and is based on a Wheatstone bridge, which amplifies the
change of resistance in the gauges when a load is applied on the wheelchair.

The metal conductor of a strain gauge, the carrier and the material of the
structure should all have the same coefficient of thermal expansion. If the
respective coefficients are not equal, an apparent strain will result from a
change in temperature.

There will also be an additional apparent strain due to the non-zero
temperature coefficient of the resistance of conductor material used.

The two strain gauges were used to compensate these effects. The gauges
were incorporated in the Wheatstone bridge, in the locations of R1 and R4,
see figure 3.11.

Force transducer U2B from HBM was used to get the loads applied in the
different tests.
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For further information on measurement considerations see for example [1].

Figure 3.11. Measurement bridge for compensated strain measurement.

3.4.2  Left Frame Side

The wheelchair was taken apart, and the left side together with the left
frame cross were supported at its ends.

The most critical region according to the first approximate FE Model turned
out to be in the front corners. The arrangement of strain gauges was applied
in the front corner on the left frame side, area b in figure 3.12.
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Figure 3.12. The wheelchair with the arrangement of strain gauges in area
b in the front corner of the left frame side.

The experimental test results are compared to the results from the FE Model
of the left frame side in section 3.5.1.

area b
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3.4.3  Total Wheelchair

After the first verification, the wheelchair was reassembled to make more
realistic tests. See figure 3.13.

Figure 3.13. Total wheelchair.

Figure 3.14 is a photo showing the arrangement of strain gauges and how
the load is applied on the frame side.
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Figure 3.14. The arrangement of strain gauges and applied load.

The experimental test results are compared to the results from the FE Model
of the wheelchair in section 3.5.2.

Strain
gauges F
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3.5  Results

3.5.1  Verification ,: Left Frame Side

The experimental tests were made in the mechanical laboratory at the
University of Karlskrona/Ronneby, by applying loads at two different
distances, L1 = 70 mm and L2 = 187 mm, from the strain gauges. The test
load locations are shown in figure 3.14. Table 3.1 and figure 3.15 show the
results for the left frame side.

Figure 3.14. The test load locations at the left frame side.

Table 3.1. Theoretical and experimental results of the left frame side.
TEST-

location
LOAD

(N)
CALCULATED

VALUES ( µ STRAIN)
 MEASURED

VALUES ( µ STRAIN)
1 508 43 49.1
1 375 34.7 37.5
1 270 21 23.1

..................................................... ..................................... ................................................................................................................................ ................................................................................................................................

2 507 45 46.3
2 338 29 34.1
2 271 24 25.4

L1 1
2

L2

F
F
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Figure 3.15. Strain values for static load on the left frame side at the two
distances.

The agreement between theoretical and experimental results is very good.

3.5.2  Verification ,,: Total Wheelchair

Test loads were applied at three different distances, L1 = 128 mm, L2 = 187
mm and L3 = 323 mm, measured from the strain gauges. The test locations
are shown in figure 3.16 and 3.17.
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Figure 3.16. The three test locations.

Figure 3.17. The test locations measured from the strain gauges.
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Table 3.2 and figure 3.18 show the results for the total wheelchair.

Table 3.2. Theoretical and experimental results of the total wheelchair.
TEST-

location
LOAD

(N)
CALCULATED

VALUES ( µ STRAIN)
 MEASURED

VALUES ( µ STRAIN)
1 473 43 46.9
1 415 37.4 41.4
1 341 30.8 33.6

..................................................... ..................................... ................................................................................................................................ ................................................................................................................................

2 491 43 47.9
2 370 32 35.5
2 270.5 24 26.5

..................................................... ..................................... ................................................................................................................................ ................................................................................................................................

3 471 22 21.8
3 368 17.6 17.3
3 246.5 12 11.6
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Figure 3.18. Strain values for static load on the total wheelchair at the
three different distances.

The agreement between theoretical and experimental results is very good.
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3.5.3  ISO Load Cases

Since the agreement between theoretical and experimental results is very
good, the FE Model seems to describe the real structure in a good way.

The FE model can therefore be used for further evaluations, such as
comparing the stiffness in the old design to that in a new design, and
performing the ISO tests.

The six ISO load cases, which are described in chapter 3.2, are created in
the FE Model. Figure 3.19 show the locations of the maximum stress in the
frame side for each load case. The values are given in table 3.3.

Figure 3.19. Locations of maximum stress in the aluminium frame side.

Table 3.3. The highest stress for each load case in the ISO-tests.
Load case σmax   ΜPa

1 42.9
2 68
3 59.7
4 45.2
5 19.9
6 36.8

3

641

2

5
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4  New Design

4.1  Description of Solution

The new solution is shown in figure 4.1.

Figure 4.1. The new solution.

The connections to the adjoining parts in the new design are made in the
following way:

1) Connections to the foot rest
The upper circular hole is where the foot rest-beam should be stuck into the
polymer in the same way as today.

3) Frame cross
connections

2) Connection
to the back rest

4) Connections to
the rear wheel

1) Connections
to the foot rest

6) Tilt pipe
connection

5) Connection to
the front wheel
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2) Connection to the back rest
It was not possible to connect the present parts to the new design in the
same way as in the old design. Stress values became too high. Therefore a
hole was made in the new design to overcome this problem. The connection
needs to be adapted to the hole.

3) Frame cross connections
The frame cross connections are made in the same way as today.

4) Connections to the rear wheel
Instead of the plate, between the two vertical beams in the back, in which
the rear wheel is mounted, the holes for this purpose are made directly in
the polymer.

5) Connection to the front wheel
A hole is made, directly in the polymer, for the connection to the front
wheel. Scandinavian Mobility can use this connection hole and change the
adjoining parts.

6) Tilt pipe connection
To be able to tilt the wheelchair back, a hole is made so that it is possible to
join a beam.
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4.2  Limitations

While constructing the new frame side, the connections from the adjoining
parts of the present wheelchair had to be approximately the same. These
areas are shown in figure 4.2.

Figure 4.2.  Locations of the limitations on the frame side.

These construction limitations, together with what has been mentioned
earlier about strength and stiffness, were the restrictions on the new design.

Connection to
the footrest

Frame cross
connections

Connection to
the armrest

Connection to
the back rest

Connection to
the front wheel

Tilt pipe

Connections to
the rear wheel.
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4.3  Material

The material ALBIS 6.6 PA 910/1 CF 40 was chosen for the polymer
design. The manufacturer of this material is Albis plastic in Hamburg. It is a
Polyamide with 40 % addition of carbon fibre. Maximum yield stress for
this material is σy =  240 MPa, and Young’s modulus is E = 27 000 MPa.
The density of the new material is ρ =  1.34 g/cm3.

In this work a safety factor of three was used for the yield stress, which
gives σa =  80 MPa.

When dying the material Young’s modulus decreases. In this work the
material is treated as if it is not dyed.

For further information on polymer materials see [2].
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4.4  Design Considerations and Results

The first step was to assure that the maximum stress caused by the loads is
lower than allowed stress for the selected material. The problem areas
turned out to be the connections between the pipes and the polymer model.

Our first design of a polymer frame side model was made as a hollow shell
with a thickness of 5 mm. This design resulted in too high stresses. And, as
a hollow frame side would also be much more complicated and expensive
to fabricate, we did not examine this concept further. To simplify the
mould, that will be used to manufacture the frame side, we decided to
suggest a homogenous frame side of constant thickness.

The maximum stresses occurred at the edges of the connection holes. To
reduce the stresses at the different connections, the depth of the holes for
the adjoining parts were set to be 40 mm. Test have been performed with
lower depth, which resulted in too high stresses.

In the locations where the wheels are attached, the material thickness is less
than 40 mm. In these cases the holes were made to go through the whole
thickness of the material. These connection holes for the front- and rear
wheels also causes concentrations of stress. A test, to check if the distance
between the holes is sufficient, was performed. Figure 4.3 show the results
of the test.

The result shows that the concentration of stress is very local around the
connection hole. Stress at location A in figure 4.3 is only about one tenth of
the stress at location B.

The conclusion from this is that the distance between the connection holes
is not of particular importance, because the stresses that occur does not
exceed the maximum allowed stresses.
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Figure 4.3. Test of stress distribution around the connection holes.

To reduce the stress concentrations, metal sleeves can be inserted into the
holes, and large washers can be used between the frame side and the wheel
connection.

The critical direction of the stiffness is perpendicular to the frame side. To
study this for both the old- and the new design, the two models were
restrained by clamps, which are locked for both translation and rotation, at
locations ① and ②, see figure 4.4.

B

A
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Figure 4.4. Load- and clamp locations in the stiffness test.

A load of F = 100 N was applied to location ③. The direction of the load is
perpendicular to the frame side. The deflection is calculated at the same
location and direction as the force.

The load caused a deflection of 2.8 mm in the old design. The thickness of
the new design was chosen to 35 mm, which gave a deflection of 2.7 mm.
With this thickness the new design is as stiff as the old.

The new design was verified by the load cases. Maximum stresses allowed
for the material were not exceeded.

Figure 4.5 shows the locations of the maximum stress in the frame side for
each load case. The values are given in table 4.1.

①①

③③

✇✇
F

①①

③③

②②

②②
F✇✇
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Figure 4.5. Locations of maximum stress in the polymer frame side.

Table 4.1. The highest stress for each load case in the ISO-tests.
Load case σmax   ΜPa

1 7.8
2 27
3 20
4 15
5 15
6 44

2

1 4 6

35
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5  Conclusions

An analysis of the frame side of a wheelchair has been carried out in this
work. The aim was to investigate if it is possible to make the frame side in
polymer material instead of aluminium.

Due to the complexity of the problem, a combination of FEM-calculations
and experimental tests were used to find good theoretical models for the
wheelchair. The agreement between the results from the FEM-calculations
and the experimental tests from the present design was very good. The
theoretical models were then used for the necessary analyses.

The results show that it is possible to change material from aluminium to
polymer, both with respect to strength and stiffness.
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Appendix

A.1  Strain Gauge Application Steps

A short description of the different application steps while mounting the
strain gauges is given below.

• Grinding: -The area is grinded with an abrasive cloth of
  fineness 250.

• Cleaning: -An alcoholic cleanser is used to clean the area
  from grease and particles from the abrasion.

• Application of glue: -The glue, of cyanoacrylate type, is applied in a
  very thin layer on the surface.

• Orientation of gauge: -The gauge is orientated in the direction of the
  main strain. It shall be applied immediately
  after the glue, which hardens very rapidly.

• Pressurise: -A pressure is applied to the gauge for
  approximately 30 seconds.

Adding a bending moment by a force F, causes the strain gauges to change
length. As a consequence the resistance R will change. The strain gauges
are incorporated in a Wheatstone bridge. By mounting the strain gauges as
in figure A.2.1, most disturbances are reduced considerably. Figure A.2.1
shows the location of strain gauges in a compensated bending measurement.

Figure A.2.1.  Location of strain gauges.

F
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