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Synopsis

A t p resen t there exists no ad eq u a te  m obility aid  designed for ru ral areas in 

Sou thern  A frica and  paraplegics have difficu lty  in negotiating  rough ground w ith 

conven tional w heelchairs. Specifications fo r a su itab le  mobility aid w ere 

developed afte r  interviewing paraplegics in Lesotho  an d  B ophu tha tsw ana, and  

afte r  conduc ting  tests by personally  riding a conven tional w heek ..or in those 

areas. A fter considering various op tions, a four-w heeled chain  driven vehicle w as 

chosen because it satisfies m ost o f  the  specifications. T he proposed design is a 

com prom ise which em phasises im proved m obility  ou tdoors. It is able to en te r 

houses, clim b g rad ien ts  o f 1:5 and  will cost ab o u t R700 to  m anufacture . A  

p ro to type  w as built and  initial tests indicated  the  need for som e m odifications b u t 

confirm ed the  m ain advantages. H ow ever, fu rth e r tria ls will be needed to test the 

robustness o f  the design before considering  subsequen t developm ent.
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1.0 Introduction

W h a t is a paraplegic? A  person whose sp inal co rd  (A p 'endix  A .2) has been 

partially  or w holly severed below the  neck is classified as a paraplegic. A 

severance o f the  spine leads to a loss o f  sensory o r m otor functions in the lower 

sections o f  th e  body. A s a result paraplegics h ave  to con tend , in ter alia, with 

reduced m obility, m continence, acceptance by society and  social aw areness o f  

the ir problem s. M obility  will be the m ain subjec t o f  investigation in th.s thesis, 

although o th e r aspects will be touched on. M obility  includes access to buildings 

and  public areas as well as the use o f public tra n sp o rt.

W heelchairs help disabled people to  becom e m obile. A t first, w heelchairs 

consisted o f  cha irs  w ith wheels, b u t today  they have purpose orien ted  fram es. 

F ro n t propelled conventional w heelchairs, which a re  very m anoeuvrable and  

stab le , were o iig inaliy  the more com m on. R ear d riven  conventional w heelchairs 

have become m ore popu la r lately because ♦hey can  be tilted and  balanced which 

grea tly  enhances the ir mobility.

In u rban  areas m ajor difficulties are encountered  with g rad ien ts  steeper than  1:12 

and  w ith staircases o r even single steps. These have now  been partia lly  alleviated 

by new legislation in South A frica (P a rt S o f the N ational Building Regulations 

(18)). Facilities fo r the disabled have to  be included in all public buildings built 

afte r  A pril 1986. G rad ien ts  o f pavem ents, which are no t included in the N ational 

Building R egulations, are  presently negotiated w ith the  aid o f an able-bodied 

person or w ith either a m otorised w heelchair or a m otor vehicle.

In ru ra l areas there a rc  generally no provisions for w heelchair users. Public 

tra n sp o rt can of’en only be reached after n ore th a n  a kilom etre o f travel over 

rough g round , w hich canno t be adap ted  for w heelchair users and  no adequate  

w heelchair exists to  cope with it.

T E B A  (The E m ploym ent B ureau o f  A frica) em ploys m en m ostly from the ru ra l 

a reas for the the  m ines. The organisa tion  also looks afte r  people who have been 

perm anen tly  d isabled  on the mines by providing them  w ith equ ipm ent and  

d is tribu ting  th e ir  pensions. Drs M artiny  and  Boulle o f  TE B A  decided th a t these
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activities needed to  be am plified because o f  the  large num ber o f  readm issions to 

the  R and  M utual H ospital and  the need for frequen t rep lacem ent o f  w heelchairs. 

T hey  therefore conducted  surveys in L esotho  and  T ranskei to  estab lish  the  needs 

o f  paraplegics in the ir hom e env ironm ent. O ne finding w as th a t m ost w heelchairs 

used in these areas were in a poor condition  and  the need fo r an a lternative 

w heelchair becam e evident.

1.1 Outline o f  Thesis

T h e  thesis begins by describ ing  in C h ap te r 3 the  proposed  m obility aid  for 

paraplegics in ru ral areas. Surveys (C h ap te r 4), w hich w ere needed to  establish 

cond itions in ru ral areas an d  to  ind icate  w h a t properties the  m obility  aid should 

have , were used to  d raw  up  a set o f  requirem ents, co n stra in ts  and  criteria  

(C h ap te r 5). V arious designs w ere then  conceptualised (C h ap te r 6) and  the 

requ irem ents, constra in ts  and  crite ria  w ere used for selecting a su itab le  design. 

T he selected concept is developed in C h ap te r 7 and  in C h ap te r 8 stab ility , stresses 

an d  fatigue are analysed. T he m an u fac tu re  o f the pro to type an d  the  m obility 

a id 's  fu tu re  m anu factu re  are  discussed in C h ap te r 9. T he p ro to ty p e  was then 

in itia lly  tested (C hap ter 10) on ground  sim ilar to  th a t found  in ru ra l areas. 

F inally  the p ro to type is eva luated  in C h ap te r 11.

In'roduction 2



2.0 Objective

A mobility aid needs to be developed which will significantly improve the 

m obility o f  paraplegics in mral areas and reduce the frequency o f  structural 

failures.

Objective 3



3.0 Solution Specification

Figure 3.1 The prototype o f  the m obility aid 

The mobility aid consists ot

* two chains which independently drive the two rear wheels

* two 161405m m) x 2 I 4 '(55m ini T ar wheels

* tw o 121304m m ) x 1.75"{47mm) castors

* wooden scat

* PVC canvas backrest

* 22.23 x 1.6mm mild \tcel tubing for the side frames

* 25.4 x 1.6mm mild steel tubing for the cross braces

* 15.88 x 1.2mm mild steel tubing for the rear forks

» standard bicycle bottom bracket bearings for the pedals

* ^cmdard bicycle fork bearings for the castors

Solution Specification



M ain dim ensions are:

•  Length: 1400mm

•  O verall W id th : 640mm

•  W heelbase: 1040mm

•  S eat w idth: 450m m

T he m ass o f  the  w heelchair is 21.4 kg

T h e  m obility aid will cost ab o u t R700 to  m anu factu re  (1988 values).

Solutioe Spcriffcatioe



4.0 Surveys in Rural Areas

D rs M artiny  an d  Boulle o f  T E B A  conducted  surveys in Lesotho and  the T ranskei 

to  establish the  living cond itions o f form er patien ts . T he ir surveys were geared 

tow ards general rehab ilita tion  and  not specifically to  th e  patien ts ' mobility. The 

au th o r  needed inform ation  m ainly  on m obility  an d  th u s  needed to  conduct his 

ow n surveys. Tw o initial surveys in Lesotho an d  B ophu tha tsw ana were used to 

develop  a questionnaire an d  to  gain a first insight in to  ru ra l conditions. A fu rthe r 

su rvey  was subsequen tly  u ndertaken  in Lesotho.

4 .1 Objectives

T h e  objectives o f  these surveys were to:

1. become acquain ted  w ith a rural env ironm ent which restricts the use of 

w heelchairs;

2. interview' d isabled  people to find out w hat aids they  required;

3. test a conventional w heelchair there to  o b ta in  personal experience o f  it in a 

ru ral setting;

4. observe how  a conven tional w heelchair w ith stands ru ral conditions;

5. establish w ha t facilities are  available for the  m anu factu re  o r repair of 

w heelchairs.

A t the conclusion o f the  surveys, it was in tended  to  form ulate the essential 

characte ristic s  o f  a m obility aid for ru ral areas.

4.2 The Questionnaire and Conduct o f  Interviews

A  com plete set o f  relevan t d a ta  about each d isab led  person, including the ir social 

an d  env ironm ental aspects , w as required. T h e  questionnaire  w as d raw n up  to 

acqu ire  inform ation  usefu l in the design o f  a m obility  aid using advice from 

T h u lan i T shaba ia la  and  a  questionnaire  com piled by  D r Jerom e Boulle o f TEBA . 

C e rta in  o f  th e  initia l questions were m odified, o th e rs  deleted an d  som e added

Surveys m Rural Area* 6



according to  the findings o f  the w rite r 's  initia l surveys in Lesotho and  

B ophuthatsw ana.

In Lesotho all the interview s w ere conducted  w ith English being tran sla ted  in to  

S otho  and  the answ ers vice-versa. In B ophu tha tsw ana som e people were 

interview ed in either A frikaans o r  English and  the rest by transla ting  English and  

T sw ana. It w as pointed o u t by H uio  C ornielje, a physio therap ist a t  G clukspan 

H osp ital in B ophu tha tsw ana, th a t m ost o f  the people interviewed w ere d istu rbed  

by the  sequence o f  the interview  and  em barrassed  by the  section on 

an th ropom etries. A n in troduction  to the questionnaire  (A ppend ix  E), which 

w ould be read  out in the m other tongue o f  the  interviewee, w as therefore 

p repared .

4.3 Information from  questionnaires

Selected inform ation was extracted  from the questionnaires in the  initia l (L1-L 6) 

and  final (L7-L25) Lesotho and B ophu tha tsw ana (B I-B 8) surveys and  is 

presented  in Table 4.1. C ertain  inform ation  does m n appeal fium  the Initial 

L esotho survey , because it was not asked in the first questionnaire. A ll the people 

questioned  in Lesotho, except L I 4, are  ex-m iners. In B ophu tha tsw ana no t all the 

interview ees had  been involved w ith the mines. M ost interviewees were 

paraplegics. T he only four w om en in the surveys (B l-B 3,B 5) were interview ed in 

B ophu tha tsw ana.

In all three surveys the educational level o f the interviewees w as low. No 

recognisable difference in education  w as observed between those in Lesotho and 

B ophu tha tsw ana. This indicates th a t all the people w ould have been in relatively 

low incom e brackets before the ir injury. T he size o f  their incom es after their 

in juries reinforces th is perception and  the ir low educational level m akes it 

especially difficult for them , being d isabled , to find w ork. E ducated  paraplegics 

have been know n to find w ork in fields like com puters, finance an d  even in 

engineering.

T h e  incom es o f the paraplegics in Lesotho w as m uch higher th a n  those in 

B o phu tha tsw ana, because m ost o f  the form er w ere paid pensions by  the mines.
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Disability Education
(Sid) Shops

1 
!!

(km)

Water

Type of
Publk
transport

TyrtType Frequency
(Months)

Wheelchair

Skills

LI Paraplegic 0 3 3 Bus
L2 Quadriplegic 9 2
L3 Paraplegic 0 0 3 03 H ut/Bus
M Paraplegic 3 9 9 001
L5 ParapWgK 0 0 IS OS
U
L7

Panplegk
Paraplepc

0
0

1
0 6

04 002
2 Hire Pneumatic none

L I Paraplegk 0 S 1 Company No-More Flats
L9 ParapkgK 6 5 02 Company No-More-tlats
LIO Paraplegic 6 3 002 0.5 taxi
L l l Paraplegic 0 0 1 I Pneumatic
L12 Paraplegic 2 2 01 Hire No More Flats
L13 Paraplegic 2 OS No More Flats none
L14 Polio 6 0 0$ 1 02 Taxi Pneumatic 0.3
LIS Paraplegic 4 1 13 002 Company No-More Flats 1 Uh'balan
L l l Paraplegic 0 3 03 OS Bua/Taxi No More Flats 6 none
L17 ParapkgK i 1 2 2 But/Taxi Pneumatic 4 none
L l l Paraplegic 1 3 02 fttvste No- More-Flats tOt/balan
L19 Paraplegic 0 0.4 0.4 002 Taxi No-More-Fiats 36 none
L2Q Paraplegic 0 1 001 001 Hint N-vMorc-FUts
L2I ParapkgK 0 1 001 002 Hue Solid
L22 Double Amp 0 7 7 03 Hire/Bus No More Flats
L23 Paraplegic 3 2 01 H ut No-More-FUts 0 3
L24 ParapkgK 0 2 2 OS Taxi No-Mort-Flats 0 1 tih/balan
L25 Paraplegic 0 1 2 I Taxi Solid 0 1
Bi Parapkgk ? 002 IS 00". BusfTaxi Solid 6
B2 ParapkgK 3 002 IS 0.01 Bus/Taxi Solid
03 Quadnplepc 0 0 02 13 001 Bus,Taxi Solid
B4 Parapkgk 0 025 S OS Pneumatic 6
B5 Parapkgk 0 1 3 Taxi Solid
Bo D oubk Amp 0 2 1 Solid
B? Birth Def 6 001 001 Ambulance Sobd 12
B I Polio 5 2 1 Bus Pneumatic

: not ssited

T able 4.1 Selected info rm ation  from the surveys
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hems Repaired

frame,dnvcwheels

hearings
spokes
tide

hand rims,bearings 
axle
castors,axle 
axks.spokes
ftindrims.uphoistery 
tti$or$,$pokcs,upholstery 
spokes,frame 
castors.bcahngs 
bearings.upholstery
ur*ol$tery
cross brace.ctilon,upholstery 
cross-brace.castors.spokes.upholstery 
cross-brace .frame.upholstery 
casior.axJcs.spoke*

punctures,frame

cross-brace .footrest

No of
Max
Gradient
around Landscape

Total 
Monthly 
Income (R)

doped IS mountainous
flat/uneven nee hiHy/mountamous 700
flat 18 flat/hilly

IS hifly/mountainous 360
fiat IS flat/hiDy 260
flat/uneven 1:7 flat
flat 111 hilly 250
sloped,uneven 1 12 hilly 474
sloped/uneven 13 hilly,mountainous 352
sloped,uneven I 6 hilly 0
doped/uneven 1 10 hilly 455
doped,uneven 19 hilly 382
fiat neg flat 250

kill, 120
flat I 6 mountainous 300
flat/uneven 15 mountainous 100
fiat neg flat 100
flat/uneven 1 8 mountainous 331
fiat 10 mountainous 670
flat/uneven 1 19 hilly mountainous 693
flat/uneven 1 12 hilly,mountainous 700
fiat/uneven 1 7 mountainous ISO
flat 1:10 flat hilly 24)
flat/uneven 1 6 hilly w

flat 16 hilly 210
flat 19 flat
flat 19 flat 40
flat 19 flat 115
flat neg flat 365
flat ! 20 flat 53
flat i 30 flat 120
fiat 1 15 fiat/hilly 150
flat 1 (5 flat 95



The m iners in Lesotho  w ith lower incom es had  been .n jured  p rio r to  1977, up to 

w hich time in ju red  w orkers were paid  a relatively sm all lum p sum  and no 

pension. In B o phu tha tsw ana, B4 s incom e w as high because he w as receiving an 

accident pension from  his previous com pany , b u t the  incomes o f  all the others 

were very low here, as m ost d id  not receive pensions.

The d istances to public tra n sp o rt given in T ab le 4.1 are  im p ortan t because all the 

interviewees usually  travel to  tow n a t m onthly  in tervals. As a result everyone 

em phasised  th a t it was im p o rtan t for the m obility  aid to  be tran spo rtab le . The 

hiring o f  vehicles, an expensive undertak ing , w as m ainly used by people with 

h igher incom es living far from  public tran sp o rt. In B ophu tha tsw ana no-one hired 

tra n sp o rt because th e ir  incomes were too low.

N o-m orc-fla ts inserts, which do no t require inflating  but have sim ilar properties 

to pneum atic  tubes, have been found to  be th e  m ost su itab le for ru ral areas. 

Initially  such inserts consisted sim ply o f  a g arden  hose. P resent commercial 

inserts have a solid cross-section o f  spongy ru b b er. W hen these inserts are 

pun c tu red , the  tyres do not deflate. Solid tyres w ear relatively quickly  and  make 

negotiating  rough ground  m ore difficult. T yres w ith pneum atic  tubes puncture 

easily. A lthough m ost interviewees in Lesotho use tyres w ith no-m ore-fiats tubes, 

a su rp rising  num ber o f tyres with pneum atic  tubes  and  solid tyres are  still used 

there. Because o f  ignorance o f the ir existence no-one in B ophu tha tsw ana uses 

tyres w ith no-m ore-fiats tubes.

In a conven tional w heelchair it is essential, for m axim um  m obility  th a t a user 

be f  v to  tilt an d  balance the w heelchair. T he casto rs  m ust be able to  be lifted 

o ff  the ground  so th a t the rear wheels can be used to  negotiate an y  obstacle. The 

rear wheels have less rolling resistance than  ca sto rs, therefore they are more 

effective on rough g round . O nly three paraplegics in Lesotho could tilt and 

balance the ir w heelchairs and  three o thers were ab le  to  pick up  and  im m ediately 

d ro p  the ir casto rs to  cross obstacles. N c-one interview ed in B ophu tha tsw ana was 

able to  do  either. A  revo lu tionary  b reak -th rough , resulting in the  invention o f a 

m obility  a id  w hich does not require any skill to  m anoeuvre it, is difficult to 

conceive. A n im proved m obility aid  will, m ost likely, require th e  use o f  certain
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skills. Therefore skill in m anoeuvring  a w heelchair should be ta u g h t to  users 

d u rin g  the ir rehabilitation .

-bstacles were also found a t the  houses o f paraplegics. A few doorw ays w ere too 

n arro w  for w heelchairs. C erta in  houses had  single steps w*':eh were d ifficu lt to 

nego tiate  w ithout assistance. In som e houses fu rn itu re  p rew n ted  free m ovem ent.

A t m ost houses the ground a ro u n d  the  house w as flat b u t it was uneven in m any 

cases in Lesotho and  in some cases there it even sloped, as show n in T ab le  4.1. 

In Lesotho only the western p a r t  o f  the coun try  was surveyed and m any o f  the 

paraplegics interviewed lived in the  foothills. By com parison  eastern  L eso tho  is 

m oun ta inous. T he m axim um  g rad ien ts  a round  houses were m easured to  estab lish  

w ith  w hat steepness o f g rad ien t the  m obility aid would have to  be able  to  cope. 

In Lesotho g radients o f  1 in 5 and  steeper were found , w hereas in 

B ophu tha tsw ana steep g rad ien ts were unusual. In the case o f  the three 

interview ees there, m arked with a 1:9 slope, all three lived in the sam e house 

m aking  this specific g rad ien t less significant.

F rom  the survey it w as found th a t  a w heelchair would norm ally  last longer i f  it 

w ere regularly  m ainta ined  or used efficiently; it will usually need to  be replaced 

a f te r  a sho rt period of between tw o  ^nd twelve m onths if it is not well m ain ta ined  

o r  used over rough ground.

F igu re  4.1 illustrates the  frequency o f failures o f various parts  o f  w heelchairs. 

U pholstery , spokes and castors are the m ost recurring failures. Looseness or 

im pact loading usually cause failu res in spokes. The frequency o f fj-.'ures o f  the 

w heels indicates th a t the  moving p arts  on the  w heelchair a re  the  m ost likely to 

fail. W hen designing a new  m obility  aid , em phasis should be placed on the  design 

o f  moving p a rts . U pholstery failu res are  m ainly due to  stress concen tra tions at 

th e ir  poin ts  o f connection to  th e  fram e. People w ho have had  no failu res have 

been using the ir w heelchairs in m ost cases u n d er tw o years.
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4.4 Wheelchair Tests

F o r the fina l survey  in Lesotho and  the survey  in B ophu tha tsw ana an Everest 

and  Jenn ings w heelchair was tested.

In B o p h u th a tsw an a  tria ls were m ainly ca rried  o u t in M areetsane, a typical 

B o p h u th a tsw a n a  village, approxim ately  20 km from  G clukspan hospital in 

te rra in  w ith  gentle slopes. In Lesotho the w heelchair was tested close to  the 

houses o f  the  interviewees. P aths, which had  p resen ted  difficulty  to  interviewees, 

w ere a ttem p ted . V egetation, uneven g round  and  the  g rad ien ts made such 

journeys a t  tim es extrem ely strenuous and d ifficu lt to  negotiate and on one 

occasion , im possible.

W eight distribution is important because it is easy to topple on slopes. Going 

dow n slopes, a wheelchair needs to be tipped and balanced (as in Figure 4.2), in

ctsttr*

u m a rim  
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r  m rlm
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F igure 4.1 F requency  o f  failures o f  p a rts  o f  w heelchairs
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:h is w ay effectively d is tributing  the  w eight along one line o f con tac t, o therw ise the 

w heelchair topples forw ard. Progress is slow up steep hills (gradients of 

approx im ate ly  1:5), because a w heelchair canno t be tilted easily and  safely.

A fu rth e r difficulty  experienced w hen going uphill is a s to p -s ta rt m otion due to 

th e  in term itten t push applied  a t the handrim >. T o  overcom e grav ity  a 

con tinuously  applied force (con tinuous pow er cycle) is required.

Loss o f traction  is m ainly due  to  loose sand and stones. U nder these conditions 

tipp ing  the w heelchair im proves traction . O n uphill g rad ien ts the loss o f  traction 

is even greater m aking progress m ore difficult.

In  B ophu tha tsw ana corrugations in the roads w ere difficult to  travel over. The 

co rrugations  resem bled m any successive obstacles, which interfered w ith the 

casto rs. W hen riding in deep sand (70 mm deep) it was found th a t the narrow  

d riv e  wheels cu t through the san d  thus com ing in to  contact with the  harder 

g round  undernea th . This cased travel when tipping  the w heelchair.

D uring  one excursion a 1m w ide stream  was crossed w ithout too much difficulty 

th e re  being no m ud, but the hand rim s were m ade slippery  by the w ater. T he only 

w ay  to  continue pro elling the w heelchair was by gripping  the tyres instead  o f the 

hand rim s. If a w heelchair is used in rain  the effect would be sim ilar b u t w ith the. 

added  difficulty  o f m ud. W heelchair users tend to  avoid m ud , because progress 

in m ud is v irtually  im possible in a conventional w heelchair.

T h e  m obility in a w heelchair over g rass is im peded if the casto rs  are nut lifted. 

T h e  high rolling resistance o f  the  castors causes th is  to  occur. Rolling resistance 

is inversely p roportional to the  sq u are  o f the d iam eter o f a wheel. W ith an 

increase o f only one and a ha lf tim es o f  diam eter o f  a wheel, the rolling resistance 

ca n  be reduced by more th a n  half.

T h e  footrests are  the s ta tionary  p arts  on a w heelchair w hich com e closest to  the 

g ro u n d  w hen going th rough d ip s  o r over bum ps (see F igure 4.3). T hey  m ay hit 

an  obstac le  and  cause toppling . Therefore, the height o f  the  footrests and  their 

position  relative to  the castors m ust be carefully  reconsidered.
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0  : C en tre  o f  G ravity

Figure 4.2 T ipping  and balancing  a w heelchair

W hen trying to negotiate a s tep , the w riter cu t his hands when they were jam m ed 

betw een the h and  brakes and  the tyres, because the brakes are presently  

positioned close to the end o f an  average pushing cycle. This a fleets the user w hen 

he tries to  accelerate quickly o r to  negotiate a steep hill. The hand  brakes should 

be positioned fu rth e r dow n and  be so designed th a t the  user canno t be injured. 

In the  final Lesotho survey, it w as noticed th a t agile paraplegics had  rem oved 

the ir handbrakes.

4.5 Evaluation o f  the wheelchair tested in Lesotho

T o  determ ine the ex ten t o f  failu re o f parts  on a conventional w heelchair in ru ra l 

a rea s, the w heelchair used by th e  w riter in L esotho w as d ism antled. It was found 

th a t bo th  drive wheels had  buckled  because o f im pact loading when negotiating  

rugged descents, bo th  castors w ere showing signs o f w ear, and the upholstery  had  

begun tearing  a t its connections to  the fram e resulting in w heelchair 

m isalignm ent.
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Figure 4.3 F oo trcsts  getting  caugh t in obstac les

T h e  failures and  the  w ear o f the  w heelchair used by the w riter w ere sim ilar to 

those experienced by interviewees. This indicates m a t, if  a conventional 

w heelchair is used effectively for tw o w eeks in Lesotho, it requires repair. The 

new  m obility aid therefore needs to  be m uch m ore robust.

4.6 Desirable characteristics o f  a rural area mobility aid

A s a result o f  the  experience described  above , thv following characteristics are 

considered essential:

1. W heels la rger than  250 mm d iam ete r (th e  present d iam eter o f 200 mm is too 

small);

2. G ears  be designed for steep clim bs;

3. Accessories to provide con tinuous driv ing  m otion  (for exam ple a ham ' pedal 

and  chain );

4. H and  brakes be icm oved o r  p laced  o u t o f  the  way;
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5. T he new m obility aid  m ust be robust enough for rough g round ;

6. T he mobility aid  shou ld  have enough traction  to  traverse  the ground  for 

which it is to  be designed.

4.7 Other M obility Aids

T hree mobility aids o th e r than  conventional w heelchairs were found in 

B ophu tha tsw ana and tw o in Lesotho. Three were tricycles o f  sim ilar layout, one 

a bicycle with a side w heel and  one  a lever operated w heelchair.

In the lever operated  ch a ir  the  levers were connected to the back wheels by 

con-rods. Steering w as done th rough  linkages connected to  the  castors. The 

m obility aid w as stab le and  could travel relatively fast on h a rd  g round . The 

variab le  to rque on the wheels resulted in difficulties on sandy  g round .

T he following three tricycles o f s im ilar layout were propelled th rough  their front 

w heel. Their traction  properties  w ere therefore not very good because a small 

proportion  of their to ta l w eight lies on the front wheel. If tr icW es  are to be m ade 

su itab le  for ru ral areas, they  will need better traction  characteristics.

A  tricycle built by G elukspan  H ospital was unstable w hen cornering or 

negotiating  uneven g round . T he severe instability was caused  by the high seat 

and  the narrow  w heelbase a t the  rear. It is operated  w ith h an d  pedals m ounted 

on the steering arm . T hey  are d ifficu lt to  operate because o f  a high gear ratio  and  

friction caused by the cha in  rubb ing  over a bar.

In Lesotho L I4  (T ab le 4.1) built a tricycle using bolts and no welding, which is 

a good way o f construc ting  a mobility aid in ru ra l a reas because most 

interviewees are able to replace bo lts  on their w heelchairs. M ost o f the m aterials 

for the tricycle were collected from  a scrap  heap. W hen testing  th is tricycle a few 

design faults were encountered: T h e  chain was exposed causing  one 's  arm s to be 

easily  soiled. T he cha in  cam e o ff easily  when tu rn ing  right. A  high gear ratio  was 

used m ak rq  it d ifficu lt to  accelerate. Slipping occurred on  inclines and  uneven 

g round .
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T he second tricycle in Lesotho, built by LIB (T ab le  4 .1), proved to  be the  best 

hom e-m ade tricycle tested  by the w riter. S tab ility  w as relatively good, a lthough 

it w as very sim ilar in design to  the  tricycle built by G elukspan  hospital. It h ad  a 

good tu rn ing  circle and  three gears to  ease pedalling. Its d isadvan tages w ere th a t 

it h ad  little trac tion  up  inclines an d  no m eans o f  braking .

T h e  bicycle w ith  sidew heel designed and  built by Jonas M olakeng, an  em ployee 

o f  G elukspan  hosp ita l, was relatively unstab le a lthough less so than  the 

G elukspan  tricycle. It is propelled w ith the righ t hand  and  steered with the left 

using a bicycle steering fork, w hich m ade it easy  to o pera te  and  steer. A 

d isadvan tage , which could result in upper body im balance, is th a t only  the  right 

arm  is used for propulsion.

4.8 Workshops

Sim ple repairs  o f w heelchairs can usually be done h he disabled person. For

any th ing  m ore sophisticated , v/orkshop repair facilities are  required. 

M anufactu ring  facilities, close to the user, w ould be an advan tage. Facilities were 

investigated in B ophu tha tsw ana and Lesotho.

In B ophu tha tsw ana tw o w orkshops for d isabled  people were inspected. They 

have a  guillotine, a rolling m achine, a sheet bender, welding and flam e cu tting  

facilities between them . It was not certain  how good the w orkm anship  w as in 

these w orkshops.

In Lesotho the tow ns o r  M aseru, Q uth ing  and M oh ales Hoek were studied . In 

Q u th in g , the  Leloaicng school o f m eto r m echanics had  repaired  a w heelchair not 

seen by the  w riter. W ork in progress by final year s tuden ts was found to be poor. 

In M o hales Hoek three w orkshops were inspected. Bcdco, on the outsk irts  o f  the 

tow n, m anu factu res  various item s including school desks and  ox-carts. These 

item s w ere o f  a reasonable s tan d a rd . M ohales H oek M otors had welding facilit'es 

bu t the w orkm ansh ip  w as poor. Shale W elding W orkshop  produced item s with 

tack  w elds, which m ade the s tan d a rd  o f  work d ifficu lt to  assess. In M aseru,
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Lesotho  Steel had  the capab ility  o f  both  m achin ing  and  welding. T h e  w orkshop 

h a d  s tan d a rd s  sim ilar to  those found  in Johannesburg . W illie's W orkshop  at 

Bedco in M aseru  had  once been app roached  to  m an u fac tu re  a  M alaw ian  

w heelchair, a lthough it h ad  not yet done so. T he facilities and  s ta n d a rd  o f  w ork 

w ere reasonable. O ne person interviewed in M afeteng h ad  had  his cross-brace 

rep a ired , indicating th a t facilities existed in M afeteng.

G enera lly  it is possible for w heelchairs to  be repaired  in bo th  Lesotho  and  

B ophu tha tsw ana.

4.9 Conclusions

T h e  following problem s have been identified from  the surveys:

1. T he uneven terrain  and  a varie ty  o f  surfaces (sand , stones, g rass, m ud, etc);

2. Steep g radients o f  up to 1:5;

3. N arrow  doorw ays;

4. S teps leading in to  houses;

5. M echanical failures o f  w heelchairs.

Conclusions d raw n during  the surveys were:

1. Personal experience in a w heelchair indicated new  difficulties such as 

co rrugations in roads;

2. T he m obility aid should be tran spo rtab le ;

3. It would be advan tageous not to  require any  special skills. P resently  most 

paraplegics canno t tip  the w heelchairs, an  essential skill in nego tiating  rough 

ground,

4. The significant sim ilarity  o f  p a r ts ' failure encountered  by the  w riter and 

interviewees. The p arts  which fail m ost often are:

a. U pholstery

b. Drive wheels

c. C asto rs

5. T he following are considered to  be im p o rtan t characteristics o f  ru rc l area 

mobility a ids-



a . S tab ility

b. G rad ien t clim bing ability

c. R obustness

d . T raction

6. Facilities for repair o f a m obility aid are  availab le in m ajor ru ra l tow ns, 

although  th e  s ta n d a rd  o f  w ork is not always satisfactory .



5.0 Selection Criteria

U sing the surveys in ru ra l a rea s , requ irem ents, constra in ts  and  criteria  were 

ex tracted  to  be used la ter to  select one  concept design.

5.1 Requirements

1. T he m obility o f  paraplegics in ru ra l areas m ust be increased significantly.

2. Every paraplegic, including those with injuries a t level T l ,  m ust be able to

use the m obility aid.

3. T he m obility aid will be m anua lly  operated .

4. it m ust have adequate trac tion  properties for general ru ral conditions.

5. There m ust be easy access in to  and  o u t o f  the m obility aid.

6. The m obility aid m ust:

a. be continuously propelled;

b. be robust;

c. be reliable, to  m inimise m ajo r repairs;

d . suppo rt both  the tru n k  an d  the  lim bs o f  the paraplegic;

e. be stable;

f. be able to en ter the hom e;

g. be able to be repaired in the  ru ra l environm ent;

h. be able to clim b hills o f  a g rad ien t o f  a t least 1:5;

i. be transportab le .

5.2 Constraints

1. T he design m ust allow for v a riance  in weight and  physical dim ensions o f 

paraplegics.

2. The lim ited physical s treng th  o f  som e users will constra in  the design.

3. The acceptable minimum o f  manoeuvrability and some o f  the physical 

dim ensions o f  the mobility aid will be determined by the requirements (for 

exam ple doors) within the hom e.

4. O nly the upper part o f  the paraplegic's body can be used for propulsion.
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5, T he poverty  o f m ost people in ru ra l a reas requires th a t the cost o f the  

m obility aid m ust not be too high.

5.3 Criteria

1. T he s tab ility  should be adequate  to  avoid toppling w hen encountering  uneven 

o r steep  g round .

2. Rolling resistance should be m inim ised.

3. T he user should  be able to  move w ithou t assistance as fa r  from  his hom e as

possible.

4. Those p a r ts  o f  the m obility aid on w hich the paraplegic can  injure him self 

should  be elim inated.

5. Vision shou ld  be unrestricted.

6. Prevention o f  pressure sores should be taken  in to  account in the  design o f the

seat.

7. The m obility  aid should be able to cope w ith single steps.

8. It should  be possible to  drive the m obility  aid over grass, m uddy  and  sandy  

g round  o r com binations o f these.

9. W hen negotiating  m ud, no m ud should  com e into con tac t w ith the user.

10. T he m aterial used should be easy to  process.

11. M aterial an d  spare parts  used should be readily  available in ru ra l areas.

12. T he m obility  aid should be easy to m an u fac tu re  and  repair.

13. N o special skills be required to  operate  the  m obility aid.

14. T he m obility  aid should;

a. have good handling  characteristics.(eg  steering, cornering , etc.. ).

b. be com fortable .

c. be socially and  psychologically accep tab le to the  paraplegic.

d. be light enough to be propelled relatively easily.

e. be able to  w ithstand  rough handling.

f. requ ire  in frequen t and  m inim al m aintenance.

g- have suspension for good traction , s tab ility  and  robustness.

h. have a  variab le  seat w idth.

i. have a variab le  centre o f  grav ity  to  allow  for the  d iffering  proportions o f

paraplegics.
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j. be corrosion r*sistant. 

k. have a sag-free upholstery .
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6.0 Concept Design

B rainstorm ing was used to conceptualise a num ber o f  new ideas, w hich were then 

analysed  using the requirem ents, constra in ts  an d  criteria . C erta in  concepts, o f 

w hich  some ap p e a r in F igure 6.1 w ere, for various reasons, d isca rded  a t an early  

stage .

6.1 Modified conventional wheelchair

A m odification o f  the conventional w heelchair (F igure 6.2) has rhe advantage 

th a t  it can be tilted and balanced w ithout fea r o f  failing backw ards. The user 

therefo re does not need to  learn how  to balance the chair. This m ethod m akes 

tilting  on dow nhills safe, b u t w hen going up  hills, the user ;s in a very 

uncom fortab le  position (F igure 6.3).

T h is m odification will helo o n !y the  person w ho is unable to tilt an d  balance his 

w heelchair, leaving unresolved som e difficulties, including the reliability  o f  the 

w heelchair.
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a) T he vertical roller

b) T h e  double roller

c) T he axle roller

F igure 6.1 C oncepts rejected a t  an  ea rly  stage
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Figure 6.2 M odified conventional w heelchair

F igure 6.3 U n co m fo rtah l. position using m odification

O

J
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Side view

C

a) The tricycic

j

b) The four w heeled vehicle 

F igure 6.4 D ouble independent rea r  d riven  chain  drive vehicles
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Figure 6.5 D ouble independen t fron t driven chain  drive vehicle

6.2 Independent Chain Driven Vehicles

T h e  vehicles in F igur .s 6.4 and  6.5 are  steered as well as driven with a chain  drive 

connected to a drive wheel on either siov r*f the mobility aid Steering is executed 

by a differentia! action.

T he tricycle (F igure 6.4(a)) and  four-w heeled drive vehicle /F igu re  6.4(b)) are 

s im ilir  ex tcp t th a t the tricycle has one fron t castor and  the four-w heeled rear 

driven  vehicle has tw o. Tricycles are  unstable because the centre o f  gravity  can 

easily shift o u t o f  the tri?ngle o f  su p p o rt and  they  are, therefore, unsuitab le for 

ru ra l areas.

T he four-w heeled f r jn t  driven vehicle (F igure 6.5) would be shorter than  rear 

d riven  vehicles. T he casto rs a re  a t th e  back below  the seating surface where there 

is am ple sp ice  for the m ovem ent o f  the  castor. T he rear driven vehicles need the 

casto rs  to  be in fron t o f  the feet, so as  not to  interfere with the feet.

J
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F or vehicles going up hills the weight d is tr ib u tio n  changes in th a t the re  is m ore 

w eight on the  rear wheels. F or the rea r d riven  vehicles this increases trac tion , 

w hereas fo r fron t w heel driven vehicles tra c tio n  is decreased. This is serious for 

fron t w heel d riven  vehicles as the rear wheels then  have to  bear m ore w eight.

Figure 6.6 C asto r C onfiguration

F igure 6.7 W heelbase o f  M obility Aid

Both :he  fron t and  rea r driven venicles have ca sto rs. C asto rs (F igure 6.6) have a 

lag L w hich  causes them  to  swivel a ro u n d  th e  axle according to  the direction
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travelled . W hen reversing, th e  ca sto r will reverse its position w ith  respect to  the 

fram e as show n iii F igu re  6.7. F o r  the fron t wheel driven m obility  aid the 

w heelbase length will be L2 w hen travelling forw ards and  L! w hen reversing. For 

a mobility aid o f sh o rt w heelbase this is a dram atic  change in w heelbase 

especially  as mobility a ids a re  usually  designed for forw ard m otion . In the  case 

o f  the  rear driven vehicle the  w heelbase is increased when reversing.

C astors

M otion

Figure 6.8 C onfigura tion  o f  the rea r driven mobilit) aid

C asto r p iv ct

M otion

Figure 6.9 Friction force ac ting  on the castor
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6.2.1 Stability of rear and front drive mobility aids

A free-wheeling rear w heel drive m obility aid  (F ig u re  6.8) can be disturbed by 

an  unbalanced force either at ihe castors o r  a t  th e  rea r wheels. If one o f  the 

casto rs is d is tu rbed  by a  transverse force, a fric tion  force F  (F igure 6.9) will s ta r t 

to  act a t the co n tac t poin t o f  the ca sto r because the  ca sto r is not rolling in the 

direction o f m otion. T h e  m om ent induced by  th e  friction  force will return the 

casto r to  its o rig inal position. If  one o f  the rea r  w heels is acted on by  a transverse 

force, the wheels an d  the fram e will move a ro u n d  the  casto r bearings (F igure

6.10). T he m obility aid  will still be travelling fo rw ard s  and  a friction force will 

s ta r t acting a t the rea r wheels to  oppose th a t m o tion . T hese wheels, as in the case 

o f  the castors, will not be rolling in the d irection  o f  m otion. Assuming the tw o 

friction forces to  be equa l, the resulting m om en t ab o u t the centre o f mass is a 

restoring m om ent. F u rtherm ore, the relative a t t i tu d e  o f  the four wheels causes 

ro ta tion  tow ards the original direction o f  m otion . T h e  rea r driven mobility aid 

is therefore s tab le  w hen free-wheeling.

Motion

F
Figure 6.10 O u t o f  line configuration o f  the re a r  d riven  m obility aid
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\  '  F ixed  wheels
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I /  \  t

-M l/ .----  -Vfl_.

M ottou

Figure 6.1! Configuration o f  the  fron t driven  mobility aid

A free-w heeling front driven m obility  aid can  also disturbed e ither a t the driving 

wheels or a t the casto is. If the  casto rs  are d istu rbed , they will re tu rn  to  their 

orig inal position as described before with the  aid o f F igure 6.9. If the driving 

wheels are  acted on by a tran sve rse  force, the  fram e and fixed wheels will move 

ab o u t the casto r bearings as show n in F igure 6.12. In con tras t w ith the previous 

case, bo th  the resu ltan t m om ent a n d  the relative attitude  o f  the four wheels tend 

to  ro ta te  the vehicle aw ay from the  orig inal direction o f m otion. T he fron t wheel 

driven m obility aid is therefore d irec tionally  unstab le while free-wheeling.



Figure 6.12 O u t o f  I;nc configuration  o f the  fron t driven m obility aid

T h e  conclusions reached above are reversed when the m obility aid is 

free-w heeling backw ards.

6.3 Walker designs

T h e  conccpt o f  a w alker (F igure  6.13) is bysed on the walking patterns o f  an 

insect (A ppendix  A .3). T he tw o possible w alk ing  patterns a re  the  alternate  tripod 

w alking stance and  the  sequential stepping m ethod '. \D p e n d ix  A .3). The tripod 

stance is faster and  the  less stab le o f  the two. T he most effective for a m echanical 

device is a com bination  o f  the tw o w here legs are lifted sequentially using the 

tripod  stance. Instead  o f  three legs, four legs will always be in contact with the 

g round . D ifferences in th e  levels o f ground can  be allowed for by incorporating 

suspension. By doing th is , m ore moving p a r ts  would be added to a mechanism  

w hich already has too  m any. A t present all research in to  walking m echanism s 

has been done using robotics (A ppendix  A .3.3).

6.4 Tracked design

T h e  tracked design show n in F igure 6.10 consists  o f tracks driven by independent 

c ia in  drives. T he princip le is sim ilar to  th a t used in existing earthw ork

Concept Design 31



Figure 6.13 W alker

m achinery , which is required to  negotiate aw kw ard  terrain . A large co n tac t area 

with the  ground red u c 's  sliding and  m akes for easier travel over m ud o r  loose 

sand . It also m eans t "c  m om ents are requ ired  to  steer and  m anoeuvre the

Figure 6.14 Tracked Design
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c /

Figure 6.15 A W heeled T racked Design

vehicle. T h e  tracks a re  susceptible to being dislodged from  the runners because 

o f  shear w ith the floor. In addition  to  its poor m echanical perform ance, the cost 

would be high because m any  non-standard  p a its  w ould have  to be used.

6.5 Wheeled-tracked combination

W heeled-tracked  com binations consist of one o r tw o tracks  in fron t and two 

wheels at the  rear as illustrated  in Figure 6.15. T he tra ck s  give the advantages 

m entioned in the previous section and the wheels im prove m anoeuvrability. If 

d riven  th rough  the tracks, the  vehicle will be difficuh to  steer. If  driven through 

the  wheels, the  track  m ay slide instead o f roiling, especially when cornering.

6.6 Air cushion

A n air-cushion , as used  in a hover-craft, would be a  reasonab le  solution. Instead 

o f  physically  trying to  negotiate the ground, one could floa t over relatively flat
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te rrain . The ergonom ics could be m ade to  su it a variety  o f paraplegics. O ne 

problem  is th a t this device w ould need to  be propelled by a m otor. This m eans 

th a t the paraplegic does not physically  propel him self im plying th a t upper body 

muscle tone would be lost. It could n o t be used w ithin the hom e and  would be 

difficult to service in ru ral areas. T he cost w ould be too  high and  it woulf. ,>e a 

likely target for thieves.

6.7 Comparison o f  Concept Designs with respect to 

Requirements and Constraints

C oncept designs w ere com pared  w ith the requirem ents and constra in ts . N ot one 

o f  the designs m anaged to  fulfil all o f them . A  num erical table (T ab le 6.1) was 

draw n up  to  indicate the relative value o f the proposals. For com plying with a 

requirem ent o r constra in t 5 o r 10 positive points were given and for failing 50 or 

100 negative points. This m ethod, a lthough subjective, gives a rough indication 

o f  the su itab ility  o f the various designs. R equirem ents 2,5 and  constra in ts  1,4 are 

not presented in T able 6.1 because all concept had equal scores for these 

conditions.

In T able 6.1 only the rea r independen t chain driven vehicle achieved a positive 

total. If  a com prom ise is m ade by rem oving 'h e  constra in t concerning 

m anoeuvrability  w ithin the hom e then the rear independent chain drive vehicle 

will be a satisfactory  solution.

W hen com paring the concepts to the criteria (Table 6.2). the three and four 

wheeled rear driven vehicles had  the best to tals . C riteria 4, 5, 6, 14b, 14c, I4d, 

14g, !4 h . Mi, 14j, 14k are  not presented  because all concept designs achieved 

equa l scores.

6.8 Selection o f  M obility Aid

A lthough the rear chain driven four wheeled vehicle h ad  the best score with 

respect to  all th e  specificat:ons, the  scoring w as n o t very accurate . It w as decided, 

therefore, to  consider also the o th e r chain  driven  wheeled vehicles w hich had the
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C o n c e p t D esign 1

1 1

M o d ified  w heelchair 1 5
R ear driven tricycle 1 to
R e a r d riven  fo u r wheeled ) io
F ro n t  d riven  fou r wheeled 1 io
W a lk er i io
T ra c k e d  design 1 io
W h e e led /tra ck ed  wheel drive ) to
W h e e led /tra ck ed  track drive 1 10

Requirem ents

3 4 6a 5b 6c 6a 6c 6f

10 0 .100 0 -50 10 5 10
10 0 :o 5 5 10 .in o 10
10 0 10 5 5 10 10 w
0 •100 10 5 5 5 10 10

10 10 10 -100 100 10 10 5
10 0 10 0 0 10 10 10
10 0 10 0 0 10 10 10
10 0 10 0 0 10 10 10

j C onstra in ts ) T o ta l

6g 6h 6i 1 2 3 5 }

10 •50 0 ] 10 •50 0 1 .190
10 10 5 | 10 50 10 1 -45
10 10 0 ) 10 -50 10 I 60
10 •50 10 ) 10 10 10 1 -45
50 10 5 | 10 4 0 0 •50 | -310

.100 10 0 j -100 • 100 -50 1 -280
• 100 10 0 1 0 •50 •50 1 •130
•100 •50 0 1 0 -100 -SO | •240

T ab le  6.1 C om parison o f concepts w ith respect to  the requirem ents and 

constra in ts

next h ighest scores. Therefore the final choice of m obility aid was between the 

fro n t and  reai ahcci independent chain d riven  vehicles. In the areas surveyed the 

houses, although small, has tw o or th ree  large room s and little fu rn itu re. 

M anoeuvring  w ithin these houses was not difficult. Because o f limited mobility 

on rough ground, most paraplegics are confined to  w ithin abou t 10m o f theii 

houses w ithou t assistance. A defin ite  im provem ent in mobility on rough ground 

is therefore more im portant than  good m anoeuvrability . T h r rear driven vehicle 

w as thus  chosen.

A  few o f  ihe  conceptual design* d u ^ rih e d  in 6.1 and  6.2 use an independent 

chain driven  m echanism , wiVre the pedals are  out o f phase most o f the tim e. It 

w as considered necessarv to test such » J rive  m echanism  bu t no vehicle w ith such 

a drive w as readily available a ,id  no reference to  such a drive was found in the 

lite ra tu re . Luckily a front driven double independent chain driven w heelchair 

(F igu re  6.16) was found and salvaged from  scrap , i; was rebuilt and  tested. 

D ouble  independent chain drive was shown to w ork. It was found th a t it could 

negotiate  a 1:8 ram p better than  a conventional w heelchair. C ontinuous pow ering 

o f  the  pedals was the  main reason for th is im provem ent. Steering w as found to
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be unstable and  traction inadequate , th u s  confirm ing the d isadvan tages o f  

front-w hccl d n v e  as discussed in previous sections o f  this chzp ter.

F igure 6.16 Rebuilt F ront W heel Driven M obility  Aid

6.9 Concept Design Conclusions

1. N o concept design fulfils all the orig inal requirem ents and constra in ts .

2. C onventional type m obility aids are  the  m ost likely to  fulfil m ost 

requirem ents and constraints.

.i The rear driven vehicle w as found to  be m ost s u 'a b le ,  ( vcn though it w as not 

a \  m anoeuvrable and com pact as the  front wheel driven vehicle.

4. s . .i n f the concepts described in th is chap ter and rejected for this 

application  may be more su itab le in o th e r situa tions.
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7.0 Detail Design

7.1 Overall Design

T h e  overall design w as attem pted  using m anikins (A ppendix  B) and  a draw ing 

b o ard . T he dim ensions in F igure 7.1 w ere found by fixing certain  d ;n c i sions (as 

de ta iled  below) and using three m anikins to find o thers. The three m a m d n s  used 

w ere 2 .5 th , 50th and 97.5th percentile statistical people. Figure 7.2 hows the 

c 7.5th percentile m anikin seated  in the pro to type.

T h e  to ta l length was restricted to  1400mm (N eville Cohen (3)) sc th a t the 

m obility  aid  would he m ore m anoeuvrable . T he rea r and  front wheel sizes were 

chosen  by tak ing  into account rolling resistance. T he wheels needed to De as large 

as possible b u t should not interfere -vith the incum bent. A 16" (405 nm ) wheel 

w as therefore selected for the  rear w hrel and  12" (304m m ) for the f a  it so as not 

to  interfere w ith the feet. T he rec lim r^  angle o f  the seal was made 15 degrees 

u pw ards  from  the back o f *he seat using tests done with an adju .table chair 

(F igu re  7.3) designed by the au tho r. This angle causes more v eight to  be 

tran sferred  to  the backrest, thus lessening the possibility o f nres:.u e sores. For 

uneven ground  the clearance height needed to  be a t least ! 50mm close to  the 

wheels and  200mm elsewhere.

X
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Figure 7.1 G eneral dim ensions o f  the m obility aid

Figure 7.2 97.5th m anikin  seated  in the p ro to type
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Figure 7.3 A d ju stab le  C hair

A seat length o f  400mm was chosen using the 2.5th pcrccntilc manikin. It was 

found that dimensions for the seating posture, except the footrest, could be fixed

for all three m anikins. T he footrest had to be adjustable . The occupan t's  scat had 

to be m o\cd as far back as possible to  keep to the specified wheelbase w ithout 

com prom ising the rearw ard  stability  on 1:5 slopes. The interaction between the 

lowest point o f  the footrest and the castors determined the final length of the 

mobility aid.

The to tal w idth had to be less than  650mm so that the mobility aid could pass 

through doorw ays. This dim ension would be either th a t between the pedals or the 

distance between the wheels. T he scat w idth needed to be 450mm so th a t the 

97.5th percentile person could be accom m odated. This m eant tha t, with a knob 

type pedal, the width a t the pedals would be 650m m . T he chain  therefore had to 

be a ttached  to the outside of the rear wheels, o r else the m axim um  w idth would 

be m easured across the rear wheels. This would m ake the mobility aid over 

700mm wide.
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7.2 Seat Design

a) b)

Figure 7.4 Tw o seat contours judged to be the most com fortab ' 

(M cC orm ick(i2 ))

There are three m am  aspects to  consider in seat design:

1. T he backrest

2. T he seating surface

T T he relationship  between the seating surface and  the backrest.

The backrest should be designed to provide adequate lumbar support This 

ensures that the pressure between vertebrae is minimised Two chair contours

suggested by M cC orm ick (12) are  shown in F igure 7.4. In the design o f the 

m obility aid it w as m ore effective to reproduce the curves o f  the chair in Figure 

7.4(a). W ith the  help o f  the three m anikins (A ppendix  B), a curve similar to tha t 

in the cha ir in F igure 7.4(a) was produced. T h is shape  will be relatively difficult 

to  m anufactu re ; therefore, instead o f  a curved back , one offset at a slight angle 

a t  the cu rv a tu re  o f  the  spine w as used. W ith canvas  spanned between the two 

side fram es , th e  curve in Figure 7.4(a) can be very closely reproduced using an 

offset backrest (Figure 7.5).



Figure 7.5 C hair w ith an offset backrest

T he seating surface consists o f  a wooden p lank  with s tan d a rd  issue w heelchair 

cushioning. W ith th is configuration  a sim ple seating surface w as m ade possible.

It w as found tha t there w as a need for a full-scale ad justab le  ch a ir  for testing 

angles o f  tilt, pedal positioning and  o ther aspects. A cha ir (F igu re  7.3) for this 

purpose  was designed and  built. A  short survey  was conducted  in the R and  

M u tu a l H ospital to estab lish  the  com parative com fort o f  sea ting  a t different 

angles. New features o f the ch a ir were also tested. Paraplegics com m ented  on how 

the sea t could be oriented . It w as found th a t an angle o f  15 6 upw ards  from  the 

back  w as com fo ,tab le . T hey  sa id  th a t they w ould be p repared  to  sit in such a 

ch a ir all day . This s ta tem en t w ould need to  be tested. Later, the  position o f  the 

peda l cran k  w as determ ined using the ad justab le  chair.

Detail Design 42



7.3 Material Choices

7.3.1 The Frame

T he m aterials considered for the  fram e included G R P(g!ass reinforced plastics), 

p lastics (polym ers), alum inium , stainless steel and  mild steel.

F or m inim um  w eight and  corrosion resistance G R P , alum in ium  and  plastics 

w ould be su itab le choices, b u t they are not generally  availab le  in ru ral areas. 

G R P  is a relatively new  m aterial which has not been used in a w heelchair and 

p lastic has been used to  a lim ited extent (2).

Both mild and  stainless steel have been widely used in w heelchairs and  are more 

availab le than  the o ther m aterials. Stainless steel is corrosion  resistan t but is 

m uch m ore expensive than  mild steel. As in the case o f  alum inium , the welding 

o f  stainless steel aiso presents difficulties. M ild steel is the cheapest and most 

freely available. It is also less susceptible to fatigue failure. It will also oe the 

easiest m aterial to  repair in ru ra l areas.

Hollow sections are  the lightest for a given m om ent o f a rea . C ircu lar tubes were 

chosen ra ther than  square because they had grea ter to rsional and  bending moduli 

fo r equal cross-sectional a rea  and  equal thickness (A ppend ix  C). The square 

s c  on would have equal streng th  for equal cross-sectional area if its outer 

dim ension  were increased an d  its thickness decreased accordingly. However, 

th in -w a lltd  sq u are  tubing  is not readily available.

7.3.2 Backrest Material

T he m aterial for the  backrest needs to be resistan t to  all types o f w eather 

conditions, as well as being light and  econom ical. Its  m ain requirem ent is 

d u rab ility .

P olyvinyl, C anvas  and  PV C  canvas were considered . M ost conventional 

w heelchairs use polyvinyl. C om pared  to PVC canvas an d  plain canvas, polyvinyl 

h as  a low elastic m odulus, low te a r resistance and  is no t d u rab le . P lain canvas is
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not w eather resistan t, but PVC canvas is. PVC canvas is reasonably priced and  

can  be w orked reasonab ly  easily and w as therefore chosen.

7.4 Selection o f  standard parts

F or a m obility  aid , which is no t to be produced  in large quantities, as m any 

m oving p arts  as possible need to  be s tanda rd  p arts . This m akes the m obility aid 

cheaper an d  easier to  repair.

M oving p a r ts  need to  replaced at certain  intervals and  should therefore be readily 

availab le. Bicycle parts  were chosen as the m ain source o f moving parts  for the 

m obility aid . C hains, wheels, sprockets, chain  w heel hubs, fork bearings and 

bottom  bracke t - carings would be used from bicycles. T he forks for the castors 

w ould need to  be m anufactu red  because no su itab le  forks o f  the required size are 

available.

7.5 Wheel Design

7.5.1 W heel selection

T hree types o f  wheels were considered :

1. T he w alking wheel

2. T he w ide wheel

3. A BM X  bicycle wheel

T he w alking wheel ( Figure 7.6 ) consists o f in term itten t pads. As in walking, 

these p ad s  a re  lifted and then placed in ano ther specific position. This wheel 

would negotiate  g round  by stepping over instead o f  rolling over it. W ith tw o 

wheels out o f  phase on a mobility aid the ride w c :ld  be uncom fortable although 

still effective. This wheel could possibly fail under im pact conditions and would 

be heavy .nd expensive to m anufacture .

T h e  w ide w heel ( F igure 7.7 ) can be spoked and  has a wide rim. A  solid ru b b er 

ty re  w ould then  be used to ab so rb  slight shocks. This typ^ o f wheel w ould also



u

Figure 7.6 T he walking wh el

F igure 7.7 T h e  wide wheel
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be useful for m uddy o r grassy conditions. T he w heel is slightly curved so th a t on 

harder surfaces it will be easier to  m anoeuvre the m obility  aid. O n surfaces like 

m ud o r  sand , the whole w idth o f  the w heel will com e into con tact w ith the ground  

surface. A lthough the wheel is prom ising, it w ould be too wide to fit th rough 

doorw ays. T he rim  is not s tan d a rd  and as a result is expensive, A  wide rim  will 

increase the w eight and  the m ass m om ent o f  the inertia  o f  the wheel.

A  s tan d a rd  bicycle rim  was then considered because it would be less expensive 

th a n  bo th  o f the above options. Bicycle traders  stock these wheels, w hich m ake 

them  easy to  replace. A  BM X  rim  and  tyre, being slightly  w ider than  a s tan d a rd  

w heel will provide some o f the  advan tages o f the w ide wheel discussed above 

w ithou t its disadvantages. It w as th u s  decided to  use 2 BM X  tyres, the 

w idest available.

7 .5 .2  T yre Tubing

T hree types o f  tubing  are generally  available:

1. T he solid tube or tyre

2. R ubber or hose insert (F igure 7.8)

3. P neum atic tyres

F igure 7.8 R ubber o r Hose Insert (H otchkiss (10))
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From  the surveys it w as found th a t solid and pneum atic  tyres w ere no t su itab le 

for ru ral vse. Solid tyres usually  deform  so th a t they com e o u t o f  th e ir  rim s. They 

have m inim al suspension giving an uncom fortab le ride in rural a rea s. Pneum atic 

ty res provide a com fortab le ride in ru ra l areas b u t tend to  p u n c tu re  easily u er 

such  conditions.

R ubber o r hvse inserts (no-m orc-flats) are being used m ore often in ru ra l areas 

today . They abso rb  a ce rta in  am oun t o f  shock and  are p unc tu re  free, which 

m akes them  the best a lte rnative  for ru ral areas.

7 .5 .3  W heel Support Structure

Tw o types o f wheel suppo rt s truc tu re  were considered :

1. Spokes

2. Full plastic fram e support

Spokes, which are the  m ost com m on type o f  suppo rt, tend to loosen periodically. 

If  not tightened, the wheel m ay buckle. In the surveys it was found  th a t th is was 

the  case with m any paraplegics. Full plastic fram e support (som etim es refe .red  

to  as a M ag wheel) is an a lternative , because no m aintenance is requ ired . But, 

if  the support fails, th e  w hole wheel usually needs to be replaced. W ith spoked 

wheels it is often only necessary to  replace spokes o r true  the wheel.

in  this design it w as decided (Section 7.1) to choose w hichever w heel was 

availab le  as a s tan d a rd  un it. T he rea r 16"(400mm) wheels are  spoked and  the 

front 12" (305mm ) wheels have full plastic fram es.

7.6 Drive Design

T h e  types o f drive th a t w ere considered included :

1. Lever type drives
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2. C hain  drives

Lever type drives have been used for m any w heelchairs. M ost o f  the  drives used 

a re  relatively com plex and have made the w heelchair qu ite  expensive. A lever 

opera ted  w heelchair tested in surveys w as found to  be ineffective in sandy  

cond itions ( B ophu thatsw ana survey  ). T h is was for one  type o f  lever drive only 

being the sim plest version o f such a drive encoun tered  by the w riter. T he 

m echanism  o f  the w heelchair in Figure 7.9 produces a varying to rque  dependen t 

on the con rod . W hen s ta tionary  the con rod m ay be a t the position where zero 

to rque  is produced therefore m aking it difficult to  move. T he lndicycle(16) lever 

d rive  uses gears and  is relatively com plex, m aking it heavy and expensive. H ogan 

(9) designed a lever drive with chains and  sprockets, wmch seem s heavy and 

unsu itab le  for ru ral conditions. P arts for lever drives are  not availab le in ru ra l 

areas.

C hain  drives are  m ore acceptable as parts  are  available in ru ra l areas. C hain  

drives also deliver a more consistent pow er cycle than  those w ith lever-operated 

designs, m aking travel sm oother and m ore efficient. C hain  drives were therefore 

selected.
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F igure 7.9 Lever D rive M echanism

7 .6 .1  G ear and D rive S ystem

F o r vehicles it is p referab le to  have more th a n  one gear ratio . Three speed hubs 

as well as D erailleu r system s are available. Both rea r wheels would need to  be 

fitted  w ith identical system s. T he sam e ra tio  on  bo th  wheels is required a t all 

tim es, therefore one lever .s required to  o pera te  them . Both sides need to be set 

up  an d  m a in ta ined  in exactly  the sam e position . T h e  cables on a D erailleur 

system  tend  to  creep  a fte r  being under tension for long (1 m onth to a year o f 

co n tin u o u s use) periods. T he tw o sides will not necessarily  creep equally m aking 

it possib le for d iffe ren t gears to  engage on each  w heel, ft is also not possible to 

reverse  a D erailleu r, m aking it less m anoeuvrable.

W iih  free w heeler h u b s  it is also not possible to  reverse using the peuals. T he 

d riv e  sp rocket is located on the  right hand  side o f  th e  wheel, therefore som e



in term ed ia te  device is required  for the  left h an d  side. T h is device will increase the 

cost significantly.

F ixed sprockets seem to  be the  only  acceptable solution. T hey  can be placed on 

c ith e r side o f  th e  mobility aid  and  m ake it possible to  reverse it. In addition  these 

• rockets are relatively cheap .

A n a p p ro p ria te  gear ratio  w as needed to  negotiate  slopes o f  1:5. T he wheel size 

w as fixed (Section 7.1), therefo re the  tw o sprockets  and  the  pedal arm  could still 

be varied . T h e  rear sprocket needed to  be as large as poss.ble to negotiate steep 

slopes. A n IS tooth  sprocket is the largest for the  particu la r fitting . F or the front 

it w as  ca lcu la ted  (A ppendix C) th a t a 14 too th  sp rocket w as requ ired  to  negotiate 

1:5 slopes. T hese ca lcu la tions used the figures o f  the arm  s treng th  o f  a 5th 

percen tile  m an.

7.7 Brake Design

A  b rak ing  system  o ther th a n  reverse pedalling w as required . Back peda l brakes 

w ere not selected because they  lim it m anoeuvrability .

C allipe r b rak es  were therefore chosen. T he ir opera tion  requires the  hands to  be 

rem oved from  the pedals. If  the m ovem ent is executed quickly enough control 

o v er the  w heelchair will not be lost. The p ro to type  will be used to  test this.

T h e  brakes shou ld  be fixed to  the  rea r  o f  th e  m obility  aid . T h e  reason  for this is 

th a t, if the o ccu p an t brakes too heavily  or sudden ly , the rea r w heels could lift o ff 

th e  g round . O nce the  wheels a re  o f f  the g round  the m obility a id  m oves forw ard 

freely, the reby  retu rn ing  th e  wheels to  the g ro u n d . If  the  b rakes are  fixed to the 

fro n t wheels, th e  m obility a id  could topple forw ards.
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8.0 Design Analysis

8.1 Stability

S tab ility  needs to  be considered w hen clim bing hills o f  1:5 g rad ien t, accelerating, 

cornering  o r when riding on roads w ith a transverse slope. S tability  was 

investigated by com bining the  cen tres o f  grav ity  o f  the m obility aid and  each o f 

2 .5 th , 50th or 97 ,5 th  p cr.en tile  people in tu rn .

W ith  the occupan t leaning right back , it w as found th a t the m obility aid would 

s ta r t  tipping up  a slope a t app rox im ate ly  22" (A ppendix  C) for all people. If the 

occu p an t leaned forw ard  a t an  inclination o f  30° to th e  seat, th e  tipping angle 

w as increased to  ab o u t 32.5". Both positions w ould be stab le  up  inclines o f 1:5 

( 1 1.3"). The second position dem o n stra tes  how g reater s tab ility  can be acquired.

W hen accelerating, it was found th a t the  m obility  aid would tip  backw ards with 

a force o f 360N a t its rear line o f  co n tac t w ith the  ground. This is equivalent to 

456N  at the pedals, which can  on ly  be produced by a very strong  person. The 

m axim um  applied  force a t the  pedals by a w eak person w as expected to  be 100N 

per arm , a to ta l o f  200N for both arm s. T he m obility aid is therefore not likely 

to  tip  under acceleration by w eak people. S trong people can produce 530 N per 

arm  and will have to regulate the ir acceleration so as not to topple backw ards. 

T h e  force at the  pedals to induce toppling  reduces to 448N  fo r both arm s when 

th e  mobility aid  is inclined upw ards  to 11.3".

T h e  mobility aid  w as also s tab le in a sidew ays configuration  (F igure 8.1), where 

th e  angle required  to  topple sidew ays w as 17° (A ppend ix  C). A  sidew ays angle 

as  high as th is in a m ob.lity aid is usually  avoided because it is uncom fortable. 

T h e  m obility aid  is not expected to  corner sharp ly  a t high speeds, therefore 

s tab ility  in co rnering  was n o t considered .
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Angle o f  till side w ay J

Figure 8.1 S idew ays S tability
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8.2 Force and Stress Analysis
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Figure 8.2a) N ode N um bering  o f  the  M obility Aid
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Figure 8.2*) E lem ent N um bering  o f  the M obility  Aid

T he strength  o f the fram e of the m obility aid w as analysed by the  finite elem ent 

m ethod. The A B A Q U S program , version 4 6, w as used to  determ ine forces and 

m om ents m various parts  o f  the s truc tu re . U sually  such a program  can be used 

to  determ ine m axim um  stresses as well. H ow ever, the relevant facility in 

A BA Q L S was fau lty  an d  a separa te  p rogram m e was developed by the w riter to  

ca lcu la te  the stresses from  the  forces  and  m om ents This program , w ritten  in 

P A S C A L , is show n in A ppendix  G .
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T h e  in p u t file and  excerpts from the o u tp u t file for the A B A Q U S program  are 

show n in A ppend ix  F.

8 .2 .1  T h e F inite Elem ent M esh

T h e  p ro to type  w as analysed using 3 nodcd beam  elem ents for the steel tub ing  and  

8 noded elem ents for the w ooden seating  su rface  and  footrest. Three noded beam 

elem ents in stead  o f  tw o noded beam  elem ents w ere used because d istribu ted  loads 

w ere considered .

A n attem pt w as m ade to reproduce exactly  the  geom etry o f the fram e. As a 

resu lt, som e connections (between side-fram e, cross m em bers and  wooden 

boards), requ ired  the use o f  co n s tra in t equa tions to specify the spatial 

re la tionsh ip  o f  ad jacen t nodes which are  tied together.

F o u r digit num bers were used to  identify  nodes and  elem ents and  the first digit 

w as used to  d ifferentia te  between p arts  o f  the fram e. T  referred to first side 

fram e,'2 ' to  the  second side fram e ,'3 ' to  the  cross-m em bers, 4 to the sea t, '5 ’ the 

footrest an d  '6 ' to  the wheel elem ent:. T h e  node and clem ent num bering  o f one 

side-fram e a re  shown in Figure 8.2

T he wheels w ere modelled as very* stiff m em bers ending  a t a point in con tac t with 

the  g ro u n d , w here boundary  conditions could be specified. These wheel m em bers 

a re  not show n in F igure 8.2 but ap p e a r in F igure 8.3.

8 .2 .2  B oundary and Loading C onditions

T he sam e b o u n d a ry  conditions were used for all sets o f  loading conditions. All 

b o u n d a ry  cond itions (F igure 8.3) were app lied  at con tact points w ith the ground. 

T h e  ca sto rs  o r fron t wheels do  not su p p o rt transverse or in-line loads and  

the refo re  on ly  vertical boundary  cond itions could  be applied. O nly  one castor 

w as used , oecause it was expected th a t  one ca sto r w ould som etim es not be in 

c o n tac t w ith  the  g round . T he o th e r b o u n d a ry  conditions were then applied  to  the 

rea r  w heels as  show n in F igure 8.3, resu lting  in a to tal o f  six independen t 

tra n sla tio n a l constra in ts .
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Boundary Constraint

Figure 8.3 B oundary C onditions

T hree sets o f loading cond ition  w ere used. All were based  on  a person o f weight

900N .T he loading cond itions  w ere as follows:

1. D istributed  loads to  bo th  sca t cross-m em bers and  con cen tra ted  loads to  the 

backrest were app lied  to sim ulate the norm al, sea ted  position o f the 

paraplegic.

2. T o  model forw ard  tra n sfe r o f  the paraplegic o u t o f  the  p ro to type , his to tal 

w eight w as d is tr ib u ted  uniform ly  on the upper sea t cross-m em ber.

3. T o  model the w orst cond ition  o f sidew ays v a n s fe r  o f  the  paraplegic , his 

w eight was concen tra ted  on node 1190 (corner o f  the seat).

8 .2 .3  A nalysis

T he von Mises stresses (A ppend ix  C) a t the nodes w ere ca lcu la ted  w ith the

P A S C A L  program , w hich  used values o f  forces and  m om ents for the beam s from

A B A Q U S. T he ca lcu la tions w ere simplified by om itting  d irec t shear stresses.

M ost m em bers w ere slender m aking these d irect sh ear stresses relatively
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negligible. A few stu b b y  m em bers, near the fron t o f the side fram es, w here d irect 

shear stresses could be m ore im portan t w ere found to have low stresses.

H igh stresses w ere found in the footrest and  its cross-m em ber, because the  fram e  

w as allow ed to  deflect freely in the region below  the seating area (F igure 8.4). The 

m axim um  stress w as halved  when adding a m em ber (F igure 8.5) in a triangu la r 

fo rm ation  w ith  the  tw o scat cross-braces.

T he h ighest stresses found were:

1. F or the  norm al seating position: 32.4 M Pa

2. F o r  a d is tr ib u ted  load on the front sea t cross-m em ber: 41.8 M Pa

3. F or the  concen tra ted  load 48.5 M Pa

T h e  fram e th a t was analysed  was for an in itia l design where ergonom ics had  

a lread y  been considered. This design w as d iffe ren t to  the p ro to type in th a t the 

fron ts  o f the  side fram es w ere angled ou tw ards(F igu re  8.6). The analysis showed 

th a t the  stresses in these regions were not very high, it was. therefore, considered 

unnecessary  to  repeat the  analysis for the p ro to type.

8.3 Fatigue failure

F atigue  fa ilu re  w as considered  because the s truc tu re  was to be subjected to  

freq u en t s tress  changes in the ru ral env ironm ent. T he types o f change to  be 

found  were:

1. C lim bing  in and  o u t o f  the m obility aid;

2. S tress reversals due  to  pedalling;

3. S tress changes because o f  negotiating  rough ground.

O n ly  the  first an d  last o f  these types w ere considered  for the fatigue analysis. T he 

s tress reversals  due to pedalling w ere sm all com pared  to  the whole load and  

w ould  the refo re  not significantly  influence the  results.

T h e  fa tigue  analysis w as done using facto rs from  Shigley(17). M ore accurate 

s tud ies  o f  fatigue on th e  m obility aid  w ould requ ire in depth  testing o f  various
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denotes

undisplaced frame

Figure 8.4 High d isp lacem ent o f  the  rear wheels w ith respect to  one ano ther 

thus  inducing  high s tra in s  (high stresses) on the footrest c ross-m em ber(ro t 

show n)

factors. This would take  too  long fo r the  purpose  o f  designing the  pro to type. A 

conservative app roach  (A ppend ix  C ) using facto rs w as thus adop ted . According 

to  the m odified G oodm an  d iag ram  the  m obility  aid  w as designed for an  infinite 

n um ber o f  stress cycles. F or a stress concen tra tion  facto r o f 3 the highest allowed 

stress w as 41.7 M Pa . The stress analysis show ed th a t the highest s ta lk  stresses 

for the th ree  loading cases were:

1. 32.4 M Pa for a  norm al seating  position

2. 41.8 M pa fo r the d is tribu ted  load on one cross-m em ber

3. 48.5 M pa w ith a concen tra ted  load on the  co rner o f  the seat.

F or condition  I. th e  stress falls in to  the  area  o f  the  modified G oodm an  d iagram  

w here infinite life is expected . C ond itions  2. an d  3. would not occur m ore than 

a few tim es a  d ay , an d  th e  fatigue life, though  no t infinite, w ould still be 

considerable.
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C ross-m em ber 

added hr-e

F igure 8.5 Position o f m em ber added  for s treng then ing
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D eno tes  o th e r 
cross-m em ber

C ross-m em ber 

added here

F igure 8.5 Position o f  m em ber added for streng then ing
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Figure 8.6 T o p  View o f  analysed  fram e depicting  angling outw ard  o f  the fron t 

section.
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9.0 Manufacture of the Mobility Aid

A few questions have to be asked before beginning m anufacture- W here is the 

p ro to type  to  be m anufactured? W hat tools and  skills are available? is the 

m an u fac tu rin g  site central to the area o f usage?

F rom  the  surveys it was found th a t m anu factu ring  and  repair facilities exist in 

Lesotho. H owever the dem and for m obility aids in S ou th  A frica will be too small 

to  su p p o rt m ore th a n  one m anufactu ring  facility an d  Johannesburg , being m ore 

cen tra l, w ould  be the m ost likely venue.

D ifferent m anufactu ring  techniques a rc  available. N um erically  controlled tools 

can  be used to  manufacture com plex tube ends. A n a lternative w ould be to cast 

connection  pieces, so th a t lengths o f tubing  can be fitted  into them .

T o  avoid welding, as m any bends as possible should  be substitu ted  for 

connections. W elding tends to w eaken structu res a t welds and  is m ore expensive 

th a n  bending.

In A ppendix  E detailed  costing pu ts  the price o f m anu fac tu re  a t ab o u t R700.
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10.0 Testing and Modification of the Prototype

10.1 Terrain Testing

T h e  proto type w as tested by the  w riter for the first tim e a t the w orkshop  w here 

it was built. T he  ground w as o f  gravel, relatively rough and stony, w ith  a sm all 

em bankm en t o f  varying g rad ien t; there w as also a grassed area . T he p ro to type  

w as able to traverse the  g round  very well, sm all dips m aking h ard ly  any  

difference. T he em bankm ent could  be clim bed when the g rad ien t w as not m ore 

th a n  1:4 and steeper g rad ien ts  could be negotiated  when going dow n. D ifficulties 

w ere encountered  w ith steering an d  casto r flu tter.

W hen travelling forw ards the steering w as stab le , b u t the p ro to type w as d ifficu lt 

to m anoeuvre. O n grass it was d ifficult to tu rn  while moving forw ard . H ow ever 

in ru ral areas speed is not im p ortan t and  it is quite acceptable to  s top  before 

changing direction. A ctually , having s topocd , the  driver will find it easier to  tu rn  

by reversing one wheel.

C asto r flu tter w as caused by ca s to r excitation a t na tu ra l frequency. T h e  casto r 

w as therefore redesigned (A ppendix  C). A substan tia l increase in the  lag, from  

50 to  90m m , com bined w ith a decrease in the mass o f  the fork, resu lted  in a 

reduction  m the occurrenc * o f flu tter. It occurred  a t higher speeds th a n  in the first 

tests.
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Figure 10.1 C asto rs caugh t in a position perpendicular to m otion

Both front plastic wheels failed when the p ro to type w as taken dow n an incline 

o f  approxim ately  1:2. O u t o f  plane bending, for which the wheels are  not 

designed, occurred w hen the casto rs were caugh t at right angles to  the  direction 

o f travel (F igure 10.1). T he modified castors were less likely to  do th is  because the 

forks were lighter an d  had  grea ter casto r lag. A field s tudy  should show  w hether 

the  plastic wheels are adequate . T hey have the advantage o f being at least 5 times 

cheaper than  o ther available wheels and  a re  the only i2"(304m m ) stan d a rd  

bicycle wheel th a t is available ex stock, if  found to be inadequate , the  wheel will 

have to  be designed and  built as a non -s tanda rd  unit. This will significantly 

increase the price o f  the  m obility aid.

10.2 Tests at Hillbiow and Wenela Hospitals

T he p ro to type  w as taken  to  H illbrow  hospita l to check the general characteristics 

o f  the chair. T he s ta f f  found it to  be a good alternative to  p resen t w heelchairs. 

H ow ever, on tests by  paraplegics the  follow ing disadvantages  w ere realised:

I . th e  upper instab ility  o f  paraplegics
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2. th e  low  position  o f  the p ed a l axle.

U p p er instability  o f  paraplegics had  n o t been considered because this problem  

had  not been encountered  before. W hen propelling a conventional w heelchair a 

fo rw ard  force is applied to the hand rim s causing a rea rw ard  reaction force which 

stead ies the  upper body against the backrest. In the pro to type both  reverse and 

fo rw ard  forces arc applied to  the pedals, im plying (hat forw ard rearUon forces 

occur. These forw ard  forces on the  person m ake it necessary for him  lo balance. 

P araplegics w ith higher lesions have no contro l over the ir abdom inal or lower 

back  m uscles, which m akes it d ifficult for them  to balance the ir upper bodies. 

A  s tr a p  a ro u n d  the chest will overcom e this difficulty.

It w as p k o  found th a t the pedals a re  too low, causing  further problem s with 

u p p e r body balance. D uring design it w as feared th a t the pedals, if placed higher, 

w ould cause interference w hen a paraplegic tran sferred  him self sideways. It was 

found  during  testing that the height o f  the pedal axle could be increased 

considerab ly  w ithou t undue restriction to  sidew ays access.

F u rth e r  tests were done a t Wenela R ehabilitation  C entre. H ere a conventional 

w heelchair and  the  prototype were both tested on a very steep sm all 

em bankm en t. A paraplegic and  the w riter negotiated  the obstacle in both 

vehicles. It was found fh a t w ith the conventional w heelchair it was nearly  

im possible to  negotiate the obstac le , particu larly  when the ea rth  had  been gouged 

by the wheels. In con tras t the  p ro to type passed over the em bankm ent with hard ly  

an y  ex tra  effort.

A  design fau lt w as found w hen paraplegics tran sferred  forw ards out o f  the 

p ro to type . This resulted in h igher stresses than  a n tic ip a ttd  in the  castor forks 

w hich defo rm ed  plastically.

T h e  bicycle bearings a t the casto rs  an d  a t the pedals w ere found to  be inadequate : 

T h ey  tended  to  becom e loose. S tan d a rd  bearings w ould be a b e tter alternative, 

a lth o u g h  m ore expensive.

Testing end Modification of the Prototype 64



10.3 Modifications

T he required m odifica tions as indicated  by from  the  above tests w ere introduced 

as follows (D raw ing  2/4 in A ppendix H):

1. T he pedal height w as increased.

2. The rear w heel a t tach m en t w as modified according  to  the increased pedal

height.

3. The pedal axle arrangement w as m odified to  fit s ta n d a rd  bearings.

4. T he ca sto r fo rk  h ub  arrangem en t w as modified to  fit s tan d a rd  bearings.

5. T he ca sto r forks were m odified by using a s tronger section so as to  fully 

su p p o rt the  w eight o f  the user.
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11.0 The evaluation of the prototype

/ / . /  General Evaluation

U sually  w heelchairs arc  im proved by m odifying existing designs. T he process 

used to  design the p ro to type was d iffe ren t in th a t requirem ents, constra in ts  and 

crite ria , determ ined from analysis o f  ru ra l surveys, were used as prim ary  

specifications. A ttem p ts were m ade to  d e p a rt from  the basic configuration  o f  the 

conven tional w heelchair with tw o fixed wheels a t the rear and  tw o castors a t  the 

fro n t. But th is  configuration w as found  to  offer the best m eans o f  satisfying 

essential requirem ents.

It becam e clear, early on, th a t it w ould be im possible to satisfy all requirem ents 

an d  criteria . A com prom ise had  to be m ade in order to s ta rt on the road  of 

evo lu tionary  developm ent. C om pared  w ith the curren t s tanda rd  issue by TE B A  

to paraplegics, the pro to type described in the d issertition  -ffers  the following 

advan tages:

Im proved traction ; reduced rolling resistance; increased s tab ility ; increased 

g round  clearance and robustness. T he com bination  o f  these advantages am ounts 

to  increased and  safer mooility in rough, ru ra l environm ent.

A  con tinuous pow er cycle was used. T h is enables the prototype to  clim b gradients 

m ore effectively because traction  is applied  continually . A possible d isadvan tage 

w hen travelling on even terrain  is th a t the m agnitude o f im pact loads m ay be 

h igher because the p ro to type is ab le  to travel faster than  a conventional 

w heelchair. This greater speed may alsc induce flu tter of the casto rs, a problem  

w hich  has yet to be solved.

T ne m inim um  wheel size was increased to 3 0 0 urn  com pared to  200m m  o f a 

conven tional w heelchair. This decreased rolling resistance by m ore than  half. The 

rea r  wheels are  sm aller than  those o f  a conven tional w heelchair, b u t this d id  not 

increase rolling resistance significantly  because the  total rolling resistance is more 

dependen t on the sm allest wheel. T h e  sm aller wheel a t the rear together w ith the
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gears and  pedal arm s resu lts  in an  overall gear ra tio  w hich is sim ilar to  th a t o f a 

conventional w heelchair.

in  the  longitudinal d irec tion , an  increased w heelbase results in im proved stability . 

R earw ard  s tab ility  is slightly  better than  th a t o f  a  conventional w heelchair. 

F o rw ard  s tab ility  is m uch g reater, which lessens the  likelihood o f  toppling 

fo rw ards w hen going dow n slopes.

T h e  p ro to type  is also h igher o ff the ground th a n  a conventional w heelchair, 

w hich enables it to  traverse  over ru ra l te rra in  m ore effectively. The footrests do 

n o t im pede travel, because they  lie between the tw o wheels and  are h igher above 

th e  ground  th a n  for a conven tional w heelchair.

T h e  sam e steel tub ing  (22.7 x 1.6mm) was used for th e  fram e o f the p ro to type as 

for the Everest & Jennings w heelchair. The difference between the tw o fram es is 

th a t  there is m ore tr iangu la tion  in the pro to type. This leads to  a m ore robust 

construction  b u t a t the  expense o f folding for the  purpose o f im proving 

tran sp o rta tio n .

T h e  p ro to type can  en te r and  be used in the hom e although its size and 

m anoeuvrab ility  reduce its su itab ility  for indoor use. This was a consciotr. 

com prom ise in o rder to  achieve better use outdoors.

T h e  p ro to type  w as designed for easier m aintenance.

T h e  cost to m an u fac tu re  the p ro to type  appears to  be com parab le to th a t o f an 

E verest & Jennings w heelchair.

11.2 Further Testing and Improvements

T h e  pro to type should  be tested  in the field in a m anner sim ilar to th a t carried out 

by  the au th o r on an Everest and  Jennings w heelchair, as described in sections 4.4 

and  4.5.

The au th o r is confiden t, on the  basis o f  lim ited tests ca rried  o u t on the  p ro to type, 

th a t the claim s o f  im proved ou td o o r m obility will be confirm ed. H owever, only
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tho rough  field tests m il indicate w hether the p ro to type  is sufficiently  robust. A ny 

failures during  such tests will indicate necessary im provem ents as well as provide 

a test for local repair facilities.

T he p ro to type still needs to  be folded in o rder to ease m anhand ling  and  

tra n sp o rt . The use o f  cross-braces will m ake it less robust and  consideration  

shou ld  be given instead to o ther m eans o f  folding eg. hinged sections w hich are 

secured by m eans o f clam ps o r sliding bolts.
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12.0 Further Work in Rural Mobility

T his  project's p rim ary  aim w as to present paraplegics in ru ra l a reas w ith a long 

te rm  m obility solution. O ften  this is not feasible because o f  cost. M any 

paraplegics in ru ral areas have no mobility aid w hatsoever and  have to  move 

m erely  w ithin the hom e env ironm ent. Some o f these people have to craw l and 

d ra g  the ir legs behind them . A trolley would, for exam ple, help as a sh o rt term  

so lu tion . G eneral surveys a re  needed to establish how m any  d isab led  people there 

a re , how they are presently  coping and how their living conditions can  be 

im proved. O nce th is has been done, devices such as callipers and artificial limbs 

can  be redesigned so th a t they  are cost effective for ru ra l areas.

M ore w ork is also necessary for paraplegics and quadrip leg ics in ru ra l areas. New 

an d  innovative system s are required . A dvances in technology during  the next 

tw en ty  years m ay m ake it possible to  s ta rt th inking  o f  m otorised w alking mobility 

a ids for the physically d isabled.
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Appendix A. Literature Survey 

4.1 Alternative Rural Wheelchairs

O th er ru ra l w heelchairs are presented in tw o categories:

1. T h e  conven tional type chair

2. T h e  cha in  o r lever operated  chairs

A . 1.1 C onventional type Chairs

F igu re  A .l T he A TI H o'chkiss w heelchair
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fh e  A T l-H o tc kk iss  C hair  (F igure  A .l )  was designed by R alf H otchkiss, an 

A m erican paraplegic, it  r  im arily in tended to  be a w heelchair which can be 

afforded  by people in th ird  w orld countries The w heelchair is m anu factu red  in 

w orkshops in these countries for which a m anual (10) w as w ritten.

T h e  cha ir consists o f  mild steel round  tub ing  welded together using gas welding. 

T h e  wheels are  s tan d a rd  bicycle rim s and  tyres, although the hubs  have been 

specifically m ade for use in the w heelchair. T he castors have a w ooden support 

s tru c tu re  and  a solid rubber tyre.

A n  A TI H otchkiss w heelchair w as tested  by the  w riter at the W enela hospita l in 

W clkom . It is better balanced than  p resen t conventional w heelchairs and  easier 

to  tip . But the castors carry  a substan tia l proportion  o f  the w eight, increasing 

rolling resistance. A lso, the w heelbase is short and  there is danger o f toppling  on 

slopes.

The M alawian Wheelchair ( 2 3 ) ,  a lthough classified here as a conventional chair, 

h a s  only th ree  wheels; O ne casto r a t  the back and tw o stan d a rd  26" bicycle 

wheels at the front. Its advan tages a re  th a t it can  be built relatively easily in rural 

areas. It a lso  uses s tan d a rd  bicycle wheels, w hich m ake it relatively cheap. Its 

d isadvan tages arc th a t it can n o t be tipped and  balanced, because it is sim ilar to 

the  front driven conventional chair. This m akes the ch a ir less su itab le  than  a 

conven tional w heelchair for ru ral a reas. T he finer details of the chair are  not 

know n and  therefore can n o t be com m ented  on (A lthough this ch a ir is apparently  

well know n, only a poor p ic tu re o f it w as available).
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F ig u re  A .2 T h e  T h a i la n d  w o o d e n  w h e e lch a ir  (20)

The Thailand Wooden W heekhair(F igure A . l )  is available in three and  four 

wheeled models, it has s ta n d a rd  bicycle wheels and  sim ilar casto rs  to  those found 

on conventional w heelchairs. From  available p ictures it appears  th a t the 

w heelchair could be tilted  and  balanced  to negotiate difficult te rra in . A s in the 

case o f o ther conventional w heck h a irs , it will p robably  be difficult to negotiate 

over rough ground.

A .1.2 Chain or Lever-operated Chairs

The M alawian Invalid  Tricycle ( 2 3 ) .  T he  au th o r w as able to  te s '-rid e  suvh a 

chair. It w as found to  be well su ited  to ru ra l roads w hich do  n o t have too  m any
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grad ien ts. It is a rigid cha ir like the above w heelchairs (except for the H otchkiss 

w heelchair which is foldable).

T he continuous pow er cycle m akes it easier to negotiate  relatively rough ground. 

Because the  tricycle is front wheel driven , it has little traction  on the drive wheel. 

N egotiating  steep g rad ien ts is therefore not possible; a rear driven tricycle would 

be better for clim bing gradients.

The Kham ar-Persaud Tricycle fr o m  G u y a n a (2 l)  is very sim ilar in design to  the 

M alaw ian  tricycle and  has sim ilar features. T he fro n t wheel is very far forw ard , 

hence it will not be able to  negotiate steep g rad ien ts . Possibly there are hard ly  any 

g rad ien ts in G u y an a . This would explain why th e  designer says th a t his ch a ir 

su its  him better t.ian  a conventional w heelchair.

B
* « rl

1 tuO e
1
i.

5
*

I ***«  y f

Figure A .3 T he P afup i tricycle (22)

The P a fup i Tricycle (2 2 )  is a cha in M alaw i (F igure A.3). It w as designed

for na rro w  tracks and  is itself narrow . It is propelled by a chain connected lo  the 

fro n t wheels as  found in the above tw o chairs. T h e  centre o f gravity  o f  the person
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is high fo r the n arro w  w heel base. T h is  indicates a likely am oun t o f  instab ility  in 

the  chair- T he P afup i tricycle 's trac tion  properties are m ost p robab ly  better than  

those o f  the tw o above tricycles, because there is m ore w eight o a  the fron t wheel.

The ln d ic y c k ( I6 )  is o p era ted  by  a lever, w hich propels the wheels through a 

ra tc h e t/se a r  m echanism . T h e  p ro to type  has been ab le to  clim b  kerbs o f  75mm  

an d  pass through 675m m  w ide doorw ays. It is able to travel a t  lOkm/h and has 

a m ass o f 26kg. T he Indicycle has been found in only one reference and it is 

therefore not clear if it is being used a t present. T he cha ir w as designed for 

ch ild ren , b u t the a u th o r  claim s th a t it can  be adap ted  for adu lts . T he cost is not 

given.

.4.2 Medical Background 

A .2.1 Spinal C ord Injuries

All com m unication  betw een the  brain  and lim bs o r tru n k  is v ia  the spinal cord 

which consists o f  nerve cells and  the ir connections. If the sp inal cord is severed, 

the re  is a loss o f com m unication  resulting in paralysis o f  the affected limbs. Both 

partia l and  to tal paralysis  are  possible. P artia l paralysis occurs if  the spinal cord 

is not fully severed. I t is therefore possible th a t only sensory o r  m otur functions 

are  disabled. G enera lly  the  higher the injury is located on the  spine, the more 

severely disabled the  person is. Q uadrip lcg ia results if the in ju r /  is in the first 

sexen vertebrae (cervical region ). Below this region paraplegia results.
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F ig u re  A .4 T h e  S p in a l C o rd

A .2 .2  T h e Spinal Cord

T h e  sp inal cord  (F igure A.4) consists o f  four regions:

1. T he cervical

2. T h e  thoracic

3. T h e  lum bar

4. T he sacra l

T h e  ce rv ical region consists o f seven verteb rae , the  thoracic twelve, the lum bar 

five an d  the sacral five.
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T h e  cervical spine has e igh t nerve outlets, the first orig inating  above the  atlas, 

C l  (the letter des'gnates the region and the number the particu la r vertebra 

coun ted  from  the top  in th a t region), and  the last nerve ou tle t (nerve C8) 

o rig inating  from below verteb ra  C7. CKher nerve origins a re  coun ted  as the nerve 

below  th a t particu lar v erteb ra . T he first three cervical nerves serve the neck and 

head  muscles as well as resp ira to ry  functions. C 4 to  C8 serve the arm s and  hands. 

C 8 serves m ainly the fingers. T he vertebrae in th is region are sm all com pared  to 

the  thoracic vertebrae.

T he thoracic vertebrae g radually  increase in size from T1 to  T12. T I is not 

significantly  larger th a n  C 7. T he nerves in the thoracic spine serve the trunk. 

A m ong  o ther functions these nerves are also used to balance the  upper body. 

Paraplegics w ith higher lesion» therefore have difficulty  in balancing.

T he lum bar vertebrae a re  even greater than  the thoracic vertebrae. T he reason 

fo. the g radual increase in size o f  vertebrae is th a t the supported  w eight increases 

from  the cervical to  th "  lu m b ar regions. The lum bar nerves serve m uscles in the 

hips and legs.

T h e  sacra] region, which is fused together and connected to the pelvis, has much 

sm aller vertebrae than  the lum bar region. Nerves in the sacra l region feed certain 

leg muscles. M ore critically  they  serve the b ladder and  the bowel. N early all 

sp inal injuries occur above th is region; therefore most sp inal cord  injured are 

incontinent.
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Cell Body

D endrite

Figure A .5 T he N erve Cell 

A .2 .3  T h e  nervous system

T he nervous system  consists o f  nerve cells (F igu re  A .5) and the connections 

betw een them . N early  all nerve cells, which are th e  decision making elem ents, are 

found  in the cen tra l nervous system  com prised o f  spine and brain.

T h e  sim plest nervous system  (F igure A .6) is th e  reflex reaction which can consist 

o f  only one nerve cell. Decisions in such a reflex a rc  are usually m ade in the spine 

and  not in the b rain .

S ensory  Intcm uncU J M otor

R eceptor

F igure A .6 The N ervous Reflex Arc
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x  M cissncr 
C orpuscles

N etw ork  o f 
' nerve 6b»es

K ra u se  Bulbs

R u ffm i Endings

P ac in ian
C o rp u sc les

a)H airless P a r ts  b )H airy  Surfaces

F igure A.7 D ifferent types o f  N erve E nding (M cN aught(M ))

A .2 .4  N erve E ndings (F ig u re  A .7 )

D ifferen t nerve endings pick up  tem p era tu re , touch and pressure. U nder hairless 

skin surfaces sensitive M eissner corpuscles pick up touch and are located very 

close to the skin surface. U n d er ha iry  surfaces a network of nerve fibres around  

the  ha ir shaft sense touch. The K rause  bulbs and  Ruffm i endings, w hose function 

is unknow n, m ost probably pick u p  a com binations o f  signals. T e m p era tu re  is 

m ost probably  picked up by e ith e r bo th  o r one o f these endings. Pacinian 

corpuscles lie deepest in the sk in  and  m easure pressure. O ne use o f  sensing 

pressure is to  gauge how long a  person has been sitting so as to  preven t pressure 

sores, which occur if tissue is s ta rv e d  for too  long o f  norm al blood supply .
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S im ilar types o f  nerve endings seem  to  be connected to  the  same g roup  o f  nerve 

cells in th t  spine. This m ost p robab ly  explains w hy one o r more functions are still 

active in p artia l paraplegics. C erta in  paraplegics m ay therefore only have 

sensation  and o thers m ovem ent in a certain  limb.

A .2 .5  M otor Endings

T h e  m otor functions o f  the  hum an  being are controlled by the brain and  the spine 

(reflex reactions). A  signal is sen t via the spine to the m otor end p la te  (Figure 

A .8) w here a chem ical is released w hich stim ulates the spine.

S P IN A L  C O R D

C ell bod y  o f

M yelin sheath
.. _  A X O N  divides 

in to  m an y  branches

M O T O R  E N D  PLA TE_ E ach  branch  ends 
in  a  m otor end plate

F igure A .8 M otor N euron  and  End Plate (M cN augh t(I4 ))

ALTERNATING TRlPOO

o

#

e o 
o  #

F igure  A .9  T he T ripod  G a it (R a ib ert(!5 ))
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Hgu," A 10 T he W ave Gait (R a ib c n (l)) '

A.3 Animal-Insect based walking mechanisms 

A .3.1 Insects

Insects have the simplest type o f  walking mechanism because they do not need

to  balance them selves when walking. Balance is m a in ta ined  by keeping the C O G  

(centre u f gravity) within the polygon o f  support. Insects use two types o f  gait. 

T he  tripod ga it (F igu re  A.9) is m ost com m on!) used. This gait is the faster, 

bccause three legs are displaced at * time. The w a \, -ait (Figure A .10) is a

techn ique w hereby on one side one leg is moved a t a tim e from k to front. The 

legs on the opposite  side a ie  then  moved. This is the m ore stable gait, mt is also 

the slower. O ften  com binations or variations o f  these gaits  are found.

A .3.2 Four legged animals

These anim als need a balancing m echanism  as  well as a gait for walking. T hey  

are referred to  as dynam ic gaits. The horse, w hich has been studied closely
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(M uybridge (11)), uses several gaits. The m ost com m on are the w alk, the  tro t and  

the gallop. F o u r legged w alking, although com plex, is m ore versatile than  

six legged w alking. Speed can  be increased dram atica lly  and  traversing  rough 

ground is greatly enhanced.

m c m ic iL  Ia n s .
Fstemei M .  14, U»3.

F igure A .l 1 M echanical H orse by Lewis A Rygg (R aibert (15))
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A.3.3 Man made legged motion

T he m ost effective w ay o f negotiating  rugged ground  is to  use legs. T h is is 

demonstrated by huim ns a n d  animats when negotiating mountainous or hilly

te rra in . Present wheeled and  tracked  vehicles are  lim ited to  certain types o f 

te rra in . In 1893 Lewis A  Rygg (R a ibert(IS )) designed a m echanical horse (F igure 

A  l l )  operated  by pedals. This horse was never built. If  used it would not have 

been able to negotiate rugged terrain . O nly fla t and  even surfaces could be 

attem p ted . Some type o f  suspension  or com puter controlled m echanism  is 

requ ired  to  su rm ount any varia tion  in the  surface.
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Figure A 12 Six Legged M achine (R aibcrt(15))

Vehicles w ith only  suspension system s do  n o t seem to  have been attem pted . O nly 

w hen m icroprocessors were developed did w ork in to  this field s ta rt. R aibert(!5 ) 

describes how they  designed and  built a six-legged m achine (F igure  A .12) and  a
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tw o dim ensional onc-lcgged h o p p e r (F igure A .13). The six-legged w alker is 

controlled by a built-in  m icrocom pu ter which sim ulates insect m otion. T h e  legs 

are  lifted by hydraulic a c tu a to rs  an d  then  rem oted (action o f  forw ard  moving 

body leaving legs on g round  beh ind ) passively. A sim ilar device was built by 

M cG hee (13) to inves'iga te  locom otion over rough terrain. These m achines are 

relatively simple to  design and  build  because dynam ic balance is not an im p ortan t 

requ irem ent at the p resen t s tage  o f  th e ir  developm ent.

AND C O N N E C T O  
TO COMPUTER

GROUND ANGLE 
SENSOR

Figure A.13 O ne Legged 2 -D  H opper (R aibert(15))
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lO w F R C T O N

SENSORS

CONNECTOW TO COMPVTER

\  SCMSOfl

F iguie A  14 O ne Legged 3-D  H opper (R aibcrt(15))

T he tw o d im ensional hopper built by Raibert(15) is a device w hich balances and 

hops. It therefore sim ulates the actions neeo jd  by humans lo w alk and balance. 

T he device w as successful. A  three-d im ensional w alker w as therefore planned 

(F igure  A .14). T he hoppers will m ake it feasible to  build  four- and  two-legged
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w alking m echanism s, m aking a fast and effective w ay o f travelling over rough 

g round  possible.

A.4 Ergonomics

This field includes all hum an-m achine interfaces. We encounter these daily in 

m otor vehicles, toasters, chuirs and  m any o th e r items. We hum ans use m any 

app liances. Every single item needs to be designed lo r us. W ithou t consideration 

o f ergonom ics a design with a hum an interface m ay easily be a failure.

A .4.1 A nthropom etries

To design  m ost items, a basic knowledge o f  hum an  dimensions a n r  vaca tions  o f 

them  is requ ired . For this purpose an th ropom etric  tab les have been com piled to 

help the  designer. U sually values are given for the 5 ih> 50 th  and 95 th percentile 

males an d  fem ales. These values were chosen, because the variation  in dim ensions 

betw een these extrem es is a nearly linear relation hip. W hen using a larger 

bracke t the re lationship  tends to deviate  from  the linear significantly beyond 

these lim its. It is usually not economical to consider the extrem es. D oorw ays are 

therefore high enough for most individuals, b u t do  not ea ter for ti.ose over 2m 

'all.

In the  case o f  the door, the smallest person 's height was not considered as such 

people will alw ays be able to  fit. In the case o f reach, small people need to be 

considered . Large people are  not taken into account in this case.

A .4 .2  A pplication  o f  Force

This section o f  ergonom ics looks at the m axim um  force a w eak person is able to 

apply . T hese are  used for applications w here hum an  energy is required  to  operate 

a p a r t such  as opening a valve or riding a bicycle. D ifferent positions o f  the limbs 

affect g rea tly  the m axim um  force o f  w hich a person is capable. A t the fully 

o u ts tre tch ed  position , an arm  is able to  pick up  fa r less weight than  w hen the arm

Appendix A. lite ratu re Survey 92



is close to the person. T he re  are  usually m any variab les to  consider when using 

these figures; they have to  be applied  w ith cau tion . It is also d ifficu lt to  establish 

w ha t the m axim um  force should  be, because th is varies considerab ly  from  person 

to  person. Some m achines a re  designed for men only, w h trea s  o thers need to be 

designed for both  m en an d  w om en.
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Appendix B. Building of manikins

M anikins are  used in ergonom ic design as a tool to  fit the hum an fram e to  the 

m achine interface. C ourtney  and W ong(4) used m anikins to determ ine the 

d im ensions o f  bus cabs for use in H ong Kong. P reviously its buses had been 

designed an d  im ported from Europe and  the U SA . T he result was th a t the ir 

drivers, being o f very different dim ensions from  their overseas coun terparts , w ere 

subjected to  extrem ely uncom fortable postures. W ith  life size m anikins it w as 

possible to  design a cab  suitable for a w ide range o f H ong Kong drivers.

F or the design o f the m obility aid  the dim ensions o f  the black popu la tion  in 

S outh  A frica w c r  ’■equired. O nly limited inform ation  is available on black m ales, 

w hile no an th ropom ctrical studies have been done on black fem ales in S ou th  

A frica. T h e  Ergonom ics H andbook 1 (1) and  a survey  o f black m ine w orkers 

w ere used as sources. Dimensions obta ined  from  the  survey in Lesotho w ere 

incorpora ted  as well. However, the inform ation  for the  building o f m anikins w as 

incom plete and  US dim ensions (8) were used as an  additional reference. 

M ultip lication  factors were derived by com paring  dim ensions on the  sam e p arts  

o f  the body o f  the US male and  the black SA m ale. L ink m easurem ents (lengths 

between respective hinge points o f the body) w ere then calculated using the  US 

m easurem ents and the m ultiplication factor.

Using this m ethod, 2 .5 th , 50th and  97.5th percentile m anikins were built. T h ree  

d im ensional m anikins were no t considered m ainly  because o f  the ir com plexity. 

F la t tw o-dim ensional m anikins were better for d raugh ting  purposes because they 

can be laid  directly  onto  draw ing paper. A  full scale model was not necessary 

because th e  w heelchair had  not yet been built. 1:5 models were used to  

correspond  to  the scale used on the draw ings.
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Figure B .l D im ensions used to  bu ild  m anikins (See T able B .l)
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M easurem ent 5th percentile

L fiL A D 256

L h IP - SHOULDER 388

L s ECK -  SHOULCEK 79

1 -H iP  - BUTTOCKS 65

Curvature 254

L s m a l l b a c k 210

W C H E ST 151

W i p p e r c HEST 180

^ B a c k 89

L v p p e r l e g 357

W l'L E G 133

W lJ L  -  KNEE 44

L l o WEZLEG 350

W l l e g 95

256

99

L foO T  -  U S K 187

250

W E LB O W 24

L l a r m 222

L h a n d 171

50th percentile 97.5th percentilc

273 292

426 463

85 92

80 92

254 254

225 241

188 238

214 251

106 128

405 454

162 178

49 55

400 453

i 14 133

277 303

108 114

202 220

282 315

33 40

254 281

189 207

T able B .l D im ensions used fo r the m anikins
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Appendix C. Calculations 

C .l Gear ratios

F igure C .l F orce F  required to  move a vehicle up  a slope

A g ea r ra tio  m aking it possible for the m obility  aid to  clim b a hill of 1:5 was 

needed. For th e  s ta tic  case a force F  is requ ired  to  clim b such a gradient:

F  = m g  sin 6

F or the  5th percentile  person a com bined w eight o f 90kg was taken:

9 0 # sin 11.31“ =  173 .2#  for both sides

F or one side it will be 86.6N . The m axim um  force th a t a 5th percentile person 

can  apply  is ICON per arm . T he largest sp rocket found to  fit the rea r wheel had  

18 tee th . A  16 (405m m ) w heel had  been selected for the rear and  the largest 

possible c ra n k  rad iu s  is 140mm. The n um ber o f  teeth  for the fron t sprocket w as 

then  found  using:



w here:

7 .:  N o. o f  teeth  on wheel sprocket 

Tr: No. o f teeth on pedal sprocket 

rt : rad ius o f pedal crank  

/V rad iu s  o f  wheel 

Fp: force applied  to  pedal

F  r-

100 140 18 =  14.55 teeth
86.6 200

A sprocket with 14 teeth  w as therefore selected.

C .l  Centres o f  Gravity

•  C entre o f  G ravity 

O  Joint

F igu re  C .l  Positions o f  C G s for all Body P arts
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T h e  centres o f  gravity  for 2 .5 th , 50th and 97.5th percentile people and  th a t o f  the 

m obility  aid were required  to  ca lcu la te the s tab ility  o f  the m obility aid. The 

people built on statistics were then divided in to  the various body parts  as show n 

in F igure C .2. the centres o f  grav ity  o f  each lim b were found using the following

expressions:

( fc c L  =  WrcG)wCOS @1

(xcch  = cos 0, +  L A rcch  cos (6, + 9i)

{xcg)/ = L.i ros 0i +  Lu cos (0i +  0j) +  Lt{rcc)r co. (0, +  0 2 +  0j)

= 4(r<rc),cos "

(xcc)« =  L , cos at +  L h(rcc), cos(a +  fi)

(xCc),» =  cos i  +  L.X'Vc).. cos (a +  yi)

(xcc)i. -  luCOS 2 +  1 . ,  cos (« +  >'i) + LiAra;)!* cos (a +  y, +  y2)

(^cc)k»l= « + f^.cos (« f y | ) 4  /.f.cos (a + y,

+  LhmArcc)***! cos (a +  yi +  yi 4 yi)

(>'cg)w =  M ' ’cc)^sin  0|
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iycch  — Aw sin &! f  Lii(rcc)u sin (@i 4

brc)/= /«,sin 0, + Z^sin (9, + @;) + Z^fcc)/ sin (@i + @, + @])

^ c c ) ,  =  U W , »

( y c c b  -  Z , s in  »  +  s i n ( z  4- f )

( y W w  =  A .  s in  a  +  s ip  ( z  4- y ,)

( y c t L  =  L _ s i n  z  4- l _ s i n  ( a  4- y ,)  4- L X f c c k .  s in  ( a  4- y , 4- y j

(y c c )* « w  -  4 .  »  +  A w  s ' "  ( '  +  ) 'i )  +  f (»  +  Yi 4- y ; )

+ L-h'mArCc)l»md sin (a +  >1 +  >"2 4  >'3)

where

C G  : C entre o f  gravity  

u l : upper leg 

I I : lower leg 

/ :  foot 

t: tru n k

fa: refers the  d istance betw een h ip  and  shoulder joint 

h: head  and  neck 

ua: upper arm  

la: lower arm
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ros: ratio  o f  distance between the  link closest to  the  hip along the body to  the C G  

over the length o f the body part 

L: length o f  body part
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C alcu la tion  o f the ce n h e o f  gravity o f  a m obility aid

M em ber L ength W e i^ it/m  W e i^ it Q uantity  ?. y xW N yW N

203a 77 0.79 006 2 •138 1908 -16.75 122.34
2016 63 0 79 0.05 2 • 75 1015 •7.45 100 79
201c 285 079 0.22 2 0 860 0 0 0 386.33
20 Id 290 0.79 023 2 55 583 25.14 266.49
202 230 0 79 0 1# 2 145 645 52.57 233 83
203 195 0.79 0.15 2 150 497 46.10 152.76
204 355 0.79 0.28 2 227 362 127.02 202.56
205 32C 0.79 0.25 2 398 495 200.75 249.67
206 IW 0.79 0 15 2 395 392 1151# 114.31
207 25(i 0.79 0 20 2 520 290 204.91 114 27
208 131 0.79 0 12 2 600 360 146.59 #7.95
209 521 0.79 0.41 2 820 430 678.56 355.83
210 43J 0.79 0.34 2 865 330 58627 223 66
211 90 0.79 0.07 2 825 384 117.03 54.47
212 ICS 1.15 0 12 2 1085 402 262 87 97 J9
213 5*0 0.89 0.48 1 395 290 190.67 139 99
214 4M 0.89 041 1 130 420 5392 174.21
215 455 0 8 9 0.41 1 395 495 160 66 201.33
216 75 0 8 9 007 2 620 330 83.13 44.25
21? 360 0.42 0.15 2 20# 873 62 99 264.37
218 360 0 42 0.15 2 20# # 3 62.99 264.37
219 450 0.42 0 19 2 30 360 11.36 136.27
221 '1 1 14 0.0? 1 135 440 10.93 3561
224 <,30 6 H 2.96 1 280 480 828.35 1420.03
225 220 4.96 1 09 1 820 216 894 78 235.70
302 J?0 0.89 033 1 850 185 281.14 61 19
303 203 076 0.16 2 838 205 261.19 61.90
304 2% 0.76 0 21 2 725 260 297.62 106 7 3
306 120 0.76 009 2 1085 407 197.96 74.26
307 $4 1.32 0.13 2 1085 350 277.07 #93#
308 210 1.52 0.32 1 1060 240 338.15 76.61

1165 033 0.38 2 370 960 2#032 727.32
pedal arm 0.92 2 240 560 443.04 10)376
rearw hi 1.50 2 0 200 000 600 00
from w hl 1.00 2 1043 155 208600 310.00

T ab le  C .l T h :  C G  o f  the mobility aid

App-nd»* C. Caicula ions 102

0.12
0.10
f)4<
0.46
0.36
0 .3 i T otaJ W eight®
0.56 21 0kg
0 %
0.29
0.39 x -coord inate o f  eg =
0.24 447.4
0.83
0 63 y -coordm ate o f  cg =
0 14 3 9 1 5
0.24
CMS
o.;i
0.4 ,
0.13 
030  
0.30 
039  
0.08 
2.96 
1.09 
0.33 
0.JI 
0.41 
0 18 
0 26 
0.32 
0.76 
1.85
3.00
2.00



U sing the  above ' expressions the  centres o f  grav ity  w ere ca lcu la ted  m 

spreadsheets. Tw o cases w ere considered: A  norm al seated position , w ith the user 

reclining against the back re st (a =  103°), and  a  forw ard  position , w ith the user 

inclined a t  30® to the  sea t (st =  45"). The results a re  show n in T able C.2

N orm al body F orw ard  body

position position

Percentile

x y x y

2.5th 206 761 374 712

50th 235 793 415 741

97.5th 25-) 820 446 765

T ab le C .2 C en tres o f  grav ity  for statistical people

T he centre o f  g rav ity  o f  the m obility aid was ca lcu la ted  accord ing  to  the part 

num bers in the d raw ings in A ppendix  G. T ab le  C  : show s how  the centre of 

grav ity  w as ca lcu la ted . T he results o f  T able C .l and  the cen tres o f  grav ity  o f  the 

people were then  com bined  to  ob ta in  the ^ s u lts  in T ab le C .3.

norm al body position fo rw ard  body position

Percentile

X y X y

2.5th 270 677 398 641

50th 286 712 429 671

97.5th 297 740 452 695

Table C.3 T he com bined C G s o f  mobility aid  and  people (all positions are 

given relative to the  poin t o f  con tac t o f  the rear wheel w ith the  g round)



C.3 Stability

C.3.1 Static Stability

Static  s tab ility  w as calculated for topp ling  backw ards over the rear w heels' 

co n tac t po in t w ith the ground an d  for topp ling  sidew ays. Toppling  fo rw ard  over 

the ca sto rs  w as not considered because the  C G  w as too  fa r  from  the castors. For 

topp ling  backw ards both the  norm al and  forw ard  positions w ere considered and  

angles o f  toppling  were ca lcula ted  (T ab le C .4). T he inclination o f  the  body in the 

long itud ina l direction does n o t affect sidew ays s tab ility  and  only  one value o f 

sidew ays to p p h  j  angle was ca lcula ted  (T ab le  C .5)

norm al body position forw ard  body position

Percentile

2.3tb 21.7" 31.6"
50th 21.9° 32.3"
97.5ih 21.9" 32.*'

T able C .4  A ngles o f  topple for toppling  over the  rear wheels

Percentile

2.5th 18.4'

50th 17.5'

97 .5 th 16.9'

T ab le C .5  A ngles o f  topple for toppling  sidew ays 

C.3.2 Dynamic Stability

F or the  dynam ic  case o f tipp ing  over backw ards, consider a vehicle going up  an 

incline o f  angle 6. Ju st before it s ta rts  tipping , the  angu lar velocity co an d  the 

reaction  N 2 will be equal to  zero. In the lim iting condition  the  angu lar
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acceleration * is also zero. The forces and  acceleration  are then  as shown in 

f ig u re  C.3.

F igure C.3 Forces an d  acceleration o f vehicle ab o u t to  tip  backw ards while 

moving up an incline

A pplying  N ew ton 's second law 

Z F S = m a ;. F  — m g sin d = m a

Z F y ?= 0 : . N X -  m g  cos 6

L  A / c  =  0 , . F A  — N j j c  =  0 

By substitu tion  we get

T h is is the traction  app lied  a t  the  rear wheels w hich  is requ ired  to  accelerate the 

vehicle and  to overcom e gravity . T he force needed to overcom e gravity is 

m g  sin 0. The force needed to  accelerate the vehicle is:

I. -0

F

m gx  cos d

Appendix C. Cakuiatkms 10$



F  -  m g  sin $ =  cos 9 -  sin 9^  =  m a

0.4
T o ta l force 

requ ired  to 

tip
F orce available 

for acceleration 

before tipping

Force to

gravity

i i  y

Figure C .4  P lot o f dim ensionless forces vs incline angle

T his re la tionsh ip  is illustrated non-dim ensionally  in Figure C .4 for the case o f  the 

p ro to type , w ith  the user in the norm al seated  position, against the backrest w hen 

the  ra tio  is 3.4.

T h e  plot show s clearly tw o extrem e cases

1. O n a level road (6 =  0) all th e  traction  is available for acceleration an d , for 

a m an  weighing 900N , this trac tion  m ust no t exceed 360N if backw ards 

tipp ing  is n o t to occur.
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2. O n  an  incline o f  21.8 *, a tra c tiv e  force 334N  is required  to  o v e rco n e  gravity  

and  any  a ttem p t to  accele rate  w ill result in backw ard  tipping.

T h e  plot also shows th e  case o f  an  incline o f  1:5 (9 = 1 1 .5 ° )  w hen ! SON is needed 

to  overcom e grav ity  an d  a m ax im um  of I73N  are availab le for acceleration 

w ithou t tipping.

O bviously , w ith the user leaning  fo rw ard , the ra tio  is increased and  the 

m axim um  traction  w hich can  be applied  to accelerate is increased. G round  

fric tion , if insufficient will cause  sliding before tipping  occurs.

C.4 Stress Analysis

T he force analysis on the fram e w as done using the F in ite  E lem ent M ethod. 

Forces and  M om ents in the p rinc ipal directions were found and  tabu la ted . A 

p rogram  was w ritten to  find th e  m axim um  stress acting on a section. D irect shear 

stress w as neglected, because o f  th e  t f  nlexity o f  adding  it in the  generalised 

case. It w ould not affect m ost m em bers because they are slender. If  high stresses 

occur in shorter m em bers, they  w ould have to  be fu rth e r investigated. The 

stresses in the p rogram  w ere for a  beam  in space. The m om ents and  forces at 

nodes w ere ca lcula ted  by  A B A Q U S  (24).

T he axial stress aA w as taken  as:

w here:

Fa : A xial Force 

A  : C ross-sectional A rea

T he bending stress w as ta k en  as:
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an d  the m axim um  no rm al stress tr*

lo ^ l  +  l » ,w l

T orsional S tress t

T =  —

T h e  principal stresses w ere found using M ohr's  C ircle :

T he von M ises M ax  S tress at a node was then  found: 

=  (* l — +  »DT

Appendix C  Calculations 198



T he m axim um  stresses (in M Pa) a t  selected elem ents were:

E lem ent N orm al Torsional von Mises

1140 20.6 2.1 21.4
1070 29.7 1.6 29.0

1080 26.2 1.4 26.5
2120 21.3 0.4 21.4

2130 25.3 -0.7 26.0
2130 22.1 -0.7 22.9
2140 28.5 -1.0 28.9
2140 22.5 -1.0 23.0

2070 23.9 -1.2 24.1

2080 22.7 -0.7 22.8

3010 111 0.1 23.3

3110 22.6 -0.2 32.7
3110 31.1 0.6 32.0
3120 25.2 1.3 25.7

3120 24.8 -1.1 24.9

3120 24.4 -3.4 25.9
3130 27.5 -2.7 28.7

3130 24.9 -2.2 31.0

C.5 Fatigue Analysis

T h e  fn ig u e  analysis was done according to Shigiey ( i7 ) .  U sing the  modified 

G oo  n an  d iagram  the  fram e w as designed for the region o f  infinite life.

T he endu rance  lim it 5,- for a  ro ta tin g  beam  specimen w as found by tak ing  it as

0.35 o f  the  u ltim ate tensile streng th  5 U, : 5,- =  0.35Sut = 0.35 x 400 =  140 M P a

T h e  endu rance  lim it fo r the  fram e 5 , had  to then be m odified using various 

factors: S , = k ak bk ck 4k t k} S ,'

k a : su rface factor
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k t : size factor

k , : reliability  factor

k j : tem pera tu re  factor

k , : m odifying fac to r fo r stress concentration

k[ : m iscellaneous effects factor

k.

fo r a  cold d raw n  m aterial 

k ,  =  0.83 

k>

k b -  1.189d-o0>1 fo r  d  < %mm <  250mm 

f o r d -22.23 

* , -  0 .W  

k.

C hoose a reliability o f  0.99 

* , =  0.814

k j

=  I because the  tem pera tu re  <  450° C

k .

estim ate  Af, =  3 an d  take  N otch  sensitivity  q  to  be equa l to  un ity  :

" f c f
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K f : fatigue stress-concentration  facto r 

K , : geom etric stress-concen tration  factor

. . k t — =  0.33

k f

T he m iscellaneous effects facto r w as estim ated  to  be 0.8

.5 ,  =  K k > k ( k4 k t k fS , '  =  0 .83 x 0 88 x 0.814 x 1 x 0.33 x 0.8 x 140 =  22 M P a

T he stress is estim ated  to vary  between 0  and  m axim um  stress

( 1)

<?»: am plitude o f varying stress 

om : m ean stress

T he fram e was designed so th a t its m axim um  stress fell w ithin the area in the 

modified G oodm an d iag ram  w here theoretically  infinite life was expected. From  

th e  G oodm an  d iagram  the  following equa tion  w as derived for the intersection o f 

the two lines.

22

Alternating

Mean *, 400

Figure C .5 A nalysis using the  modified G o odm an  diagram

(2)
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S u b stitu te  E qua tion  1 into eq ua tion  2 :

. a ,  =  20.85 S tP a  

- . a*  =  20.85 M P a  

<7m« =  »■, +  »« =  41.7 M Pa

T h e  m axim um  stress in the  fram e for norm al use w ith  a  seated  user w as found 

to  be 32 M P a , which falls w ithin the  designed range.

C.6 Natural Frequency Analysis o f  the Castors

C asto r tube
C a s to r fork

C o n ta c t po in t 

w ith  th e  ground

Figure C .6  A nalysing the  N a tu ra l F requency  o f  the C asto r Fork

T h e  sym bols in following expressions are  defined  as: V: Potential Energy 

7 : K inetic Energy 

L: C as to r  Lag

F: force app lied  by the fram e on  The casto rs  

0: angle c a s to r m akes with the  direction  o f  m otion  

/ :  M ass m om en t o f  inertia o f  th e  castors
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w . N a tiin l angular frequency 

Natural frequency 

The natural frequency was analysed using the energy method (T se(l9)).

(U  +  T -  constant)

From  Figure C.6 

(, =  / - % ! - c o s  0)

=  FA sin @

for small f  sin 9 *  6

d f /
d t

a r  ae  
ar : %

ar a.

(F L 8  +  J  — ~ ) -™—- =  0 d ^  0
a r '  %

By using 9 =  9 ^ , cos wr =  -  (u^9

/ f y
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C .6.1 M odified  C astor A rrangem ent

T he expression, above, indicates th a t the  frequency can be increased by 

increasing the lag, L, and decreasing th e  ro ta tio n a l inertia , J. H ow ever, J includes 

a fac to r p ropo rtional to  the square  o f  the  lag and  a definite increase in / . c a n  only 

be accom plished  by reducing m ass. T h is  w as achieved by reducing the section o f 

the  fo rk  (from  40 x 5 mm flat ba r to  15.88 x 1.2 tubing). T hen , even though the 

lag w as increased  from  50 to  90m m , ca lcu la tions o f  inertias indicated  an  increase 

o f  12 in th e  n a tu ra l frequency.

C.7 Square - Round Tubing Comparison

Sections o f  equa l w eight and  th ickness were com pared  for bo th  torsion and 

bending

Bending

F igure C .7  D im ensions o f sections fo r bending
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A  ra t io  o f ™- x needs to  be evaluated . 
/,

w here

s: refers to  the  square section 

r: refers to  the  round section

for these sections (F igure C.7)

square : A, ■= L 2 -  (L  -  2 t): = 4L ( -  4 r2 =  4 t(L  -  t)

Sections o f equal w eight and  thickness w ere com pared so th a t an  equivalent 

expression in term s o f  d iam eter D could be found for the length L

A , = A r

4 tL  —4 t2 — n tD  — rtf2 

Z. =  y D  +  0 .2 i ; ;

say  t ~  aD

w here a is a p roportionality  factor

(Z-4 -  (L  -  2 t f )

su b stitu te  L  =  a 'D  and  t = aD

w here a ' =  +  0.215s
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=  — - ( ( a T ^ 4 - ( ( « ' - 2a)D)*)

= —  ([a’f - ( a ' - 2 a Y ) D '

1 Y  ( ( t + -  ( t  - '

= ^ - ( 0 ‘ - ((l -2a)0)*)

=  (£>* - ( I  - l a f D ' )

_Al = 2 zl I -  (1 -2a)4_________
/, 16 +  o .2 1 5 a ) -  ( - 2 - -1 .7 8 5 a )

fo r the square  section c is sm allest a t the ou te r edge when it is -— and is greatest
7 ^

a t the  corners w here c  = ——
J T

.  It (Cj)r»tiri/e!t
A  program  w as w ritten  to  eva luate  - —  ------

Is (C-Jiiuur

It was found th a t th e  value w as ab o u t 0.96 for all values o f  a between 0 and  0.3. 

A t ( C W  the value w ould be ab o u t 0 .96x/2 =  1.36 . In general therefore the 

round  tube has g rea te r s treng th  than  sauare  tube  in bending.

G
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Torsion

If n lD

L

F igure C .8 D im ensions o f  sections for torsion

F or torsion it w as assum ed th a t the  thickness o f  the  section w as sm all com pared  

to  the  cross-sectional length. T he torsional stress could therefore be found  using:

w here

t : to rsional stress

0 :  M ean area th a t the cross section con tains 

t: th ickness

T: T orsion  ac ting  on the section

sim ilar to  the analysis done for bending  A, =  A,

sq u a re  tube: A , =  4 1 /

round  tube: A, =  n D t
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T h e  round  section is also stronger in torsion th a n  the square  section.

Appendix C. GtleulatL.ts



Appendix D. Documents from the surveys

D .l The Questionnaire

SU ftV tV  O f  PARAPLEGIC* IN RURAL A *fA *

| i  p if ro ic t  r u v t u i p

tVILUCtl
J  ___________    ij mti or urn

> »cc« pf tiotmtl or icci6Etd __ 1i ,hi«  t t u p
tfvtt or T totaJ  b m i» u  ho D»rt or fust wxTMi^Tf

orct.Ttriow ic ro M  ih j v t i

t  tDOCATIOml. LEVEL t.ctiMrvi Acrtvtrr
rtA H tT l I io t h l t I 4 HAmTfcl STATUS

icrogxjml I 4TTTXDAWT M l l M U

9 Mrott or *ttinpavt|
10  AO  I CtT-TVKAL Aenvinl
11. AStiaXTVUAl lN\OLVX*g.>»T OF D15*ilXD Pt»:

■cm m v m  13 . COST TO ^lAKEST TOW

S CM*»OE row WffitLC>UI>lWSStSTWCT MOO
S .P itU f tC M  ( tp p r o i i r r m U ly )

> m u c  rnxvsporr
C P r t v n t  Mob.litv Aid*

ikffUUKU

3 COKPITiO* U)
7.W^wkhtit

iM cptncAiiya

, WHO WjtOtAStO THE WXttLCWAHl 3 COST O f VKULCKAtl

t r m  a»  win s u u
• vm unuii ntfAiw
9.\ne> units to Rt!>*tK SKILLS
U KLHn mqi*NCT 12 AVAtUWIUTY OT SUMS
t3 mvtota m tia u itsT
14 TUCTIOW PKOWUH 

14.nAIW OtSTACIXS

trowmcLcs non an*cam _
14 0014 MIN IWUItMCt PWTWS

I lM U N C t AWOOWI »0»tt 

I n  VHEEtnUlW StlLlT"
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1t1

:  urn
4 LOkt* LEG
I  LlM l A*S

tLSJtcrl letOVEBALL fO*V**fll !bj5IOO.«,Tsl .................
B .CeoeewhKil —

h-U M U Ctfcl

U .p m  o u o itx r l

l .T rsn sw *rt
2 .COST TO NEABEST #
S.AVAILAIILITT

10. Distances (apprexUnatetv)
i m s 2 HOSPITAL

t  CLINIC, $HQ,
H .O ther
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J

D.2 The Introduction to the Surveys

M y nam e is H einrich Bartels. I am  an engineering  s tu d en t a t W its U niversity  

presently  involved in a  project to  develop a w heelchair fo r your type o f  area . This 

m eans th a t I need to  look a t your present env ironm en t to  understand  your needs. 

Y our m obility  will be a  im p o rtan t aspect o f  m y s tudy . W ithout know ing w hat 

your difficulties are  I will no t be able to  develop  a  b e tte r  w heelchair. T he new 

w heelchair m ay  no t influence your life im m ediately , b u t it will benefit you even 

if som eone else com pletes the  project.

F or the s tu d y  to  be useful, I need your help. W ithou t it I will not be able to  

progress.

F or the pu rpose  o f  collecting inform ation  I h ave  set up  a  questionnaire , so th a t I 

can  record  info rm ation  I ob ta in  from  you. T h e  questionnaire has three types o f  

questions:

1. Q uestions th a t I will ask  you to  answ er.

2. Q uestions w hich 1 will answ er m yself, including questions on your 

env ironm en t and  w heelchair.

3. M easurem ents w hich will include your body  dim ensions. These are needed to 

size th e  w heelchair so th a t you will be ab le  to  fit in to  it.

I hope th e  questionnaire  will n o t inconvenience you, for my only wish is to 

im prove y o u r mobility.
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Appendix E. Estimated cost of a manufactured 

wheelchair

T he prices listed w ere estim ated  using prices paid  for items o f  the p ro to type. 

T hese items w ere purchased  in D ecem ber 1988 and  Jan u ary  1989.

Material

Steel tub ing  19.88

B ackrest m aterial 13.46

V elcrotape 11 00

12"(304mm) BM X  plastic wheels 17.00

16*'(405mm) BM X  spoked wheels 34.80

N o-m ore-flats tubes 40.00

C hain s  9.50

B ottom -B racket (Axle) fittings 7.00

C as to r fork fittings 7.50

Sprockets fixed 18 teeth  2.00

Sprockets fixed 14 tee th  2.00

Foam  for backrest 4.37

W ood 8.00

Work:

B ackrest stitching 20.00

P ain ting  40.00

Pedal C ranks 50.00

P edal H andles 10.00

Estim ate 12 hours w ork a t R 30 /hou r 360.00

M iscellaneous 40.00

T o ta l 696.51
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Appendix F. ABAQUS Input files and and an

excerpt from an output file.

F.1 Abaqus Input

F.1.1 Complete input for the loading conditions according to the CG 

•H E A D IN G

A N A L Y S IS  O F  A  M O B IL IT Y  A ID  F O R  PA R A PL E G IC S  IN  R U R A L  A R E A S

• • •D A T A  C H E C K

•N O D E

1010,-160,-235,985 

1030,-120,-235,1010 

1040,-84,-23:,1016 

1050,-50,-235 990 

1070,50,-235,";40 

1000,240,-235,565

1110,70,-235,430

1130.0,-165,210

1150.0,-275,210

1170.400,-235,265

1190.400,-235,510 

1210,685,-235,390 

1250,710,-235,260

1270,750,-220,150 

1310,930,-140,260 

1390,890,-235,330 

1410,895,-235,410

1430.1090,-280,425

1450.1090,-280,375

1470.1090,-280,350

1490,1040,-280,150 

1089,60,-235,585 

1129,35,-255,320 

1138,320,-235,537.5 

1139,235,-235,347.5 

1149,200,-200,237.5 

1209,555.-235^62.5
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1309.790,-235,400 

1419,9% ,-257.5,352.5

1510,1040,-280,0 

1930 0.-220,0 

2089,60,235,585 

2129,35,255,320

2138.320.235.537.5

2139.235.235.347.5

2149.200.200.237.5

2209.555.235.262.5

2309.790,B 5 ,400

2419.990.257.5.352.5 

2010,-160,235,985 

2030,-120,235,1010 

2040,-84,235,1016 

2050,-50,235,990 

2070,50,235,740 

2090,240,235,565

2110.70.235.430

2130.0.165.210

2150.0.275.210

2170.400.235.265

2190.400.235.510 

2210,685,235,390

2250.710.235.260 

227Q,750,220,!50

2310.930.140.260 

2390,890,235,330 

2410,895,235,410 

2430,1090,280,425 

2450,1090,280,375 

2470,1090,280,350

2490,1040,280,150 

2510,1040 280,0

2930.0.220.0

3010,70,-225,430

3070.70.225.430

3110.400,-225,510

3170.400.225.510

3210.400,-225,265

3270.400.225.265
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3310,850,-180,188

3370,850,180,188

•N O D E ,N S E T  =  B O A R D S

4110,65,-225,449

4170,65,225,449

4710,395,-225,529

4770,395,225,529

5110,750,-220,150

5170,750,220,150

55:0,930,-140,260

5570,930,140,260

•N G E N .N S E T  =  B O A R D S

4110.4710.100

4170.4770.100

4110.4170.10

4310.4370.10 

4510 4570,10

4710.4770.10

4130.4330.100

4330.4530.100

4530.4730.100

4150.4350.100

4350.4550.100

4550.4750.100

5110.5510.100

5170.5570.100

5110.5170.10

5310.5370.10

5510.5570.10

5130.5330.100

5330.5530.100

5150.5350.100

5350.5550.100 

•N G E N

1010.1030.10

1050.1070.10

1070.1090.10

1090.1110.10

1110.1130.10

1130.1150.10

1150.1170.10
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1170.1190.10
1190.1210.10

1210.1250.20

1250.1270.10 

1270 1310,10

1250.1390.70

1390.1410.10

1410.1430.10

1430.1450.10

1450.1470.10 

MTO,1490,10

2010.2030.10

2050.2070.10

2070.2090.10

2090.2110.10

2110.2130.10

2130.2150.10

2150.2170.10

2170.2190.10
2190.2210.10

2210.2250.20

2250.2270.10

2270.2310.10

2250.2390.70

2390.2410.10

2410.2430.10

2430.2450.10 

2450,247r), 10

2470,2490 10

1130.1930.400 

115v, 1930.390

2130.2930.400 

21 .>0,2930,390

1490.1510.10

2490.2510.10

3010.3070.10

3110.3170.10

3210.3270.10

3310.3370.10

*E L E M E N T ,T Y P E  = B 32.ELSE T = M A IN  1 

lOlO.IOlO '"20.1030
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I02C. 1030. IW0.1050

1030, 1050, l%0,1070

1040, 1070,

11

1050, 1070, 1089,1110
1060, 1090, 1100,1110

1120. 1110, 1139,1170

1130, 1090, 1138,1190

1140, 1170, 1180,1190

1150, 1190, 1200,1210

116u 1170, 1209,1250

1170, 1210, 1230,1250

1210, 1250, 1320.1390

1220. 1210, 1309,1410

1230, 1390, 1400,1410

1260. 1430, 1440,1450

1270, 1450, 1460,1470

1280, 1470, 1480,1490

•E L I M E N T .T Y P E

2010, 2010, 2020,2030
2020, 2030, 2040,2050

2030, 2050, 2060,2070

2040. 2070, 2080,2090

2050, 2070, 2089,2110

2060, 2090, 2100,2110

2120,2110, 2139.2170

zl30.2090.2l38,2190
2140,2170.2)80,2190

2150,2190.2200,2210

2160.2170.2209.2250

2170.2210.2230.2250 

2210,2250,2320,2390

2220.2210.2309.2410

2230.2390.2400.2410

2260,2430,2440,2450 

2270,2450,2460,2470

2280,2470,2480,2490 

♦ E L E M E N T ,T Y P E  

1180,1250,1260,1270 

•E L E M E N T ,T Y P E  

2180,2250,2260,2270 

♦E L E M E N T ,T Y P E

B 3 2 .E L S E T - M A1N2

B31EL3ET-FO O TSLPI

B 3 2 ,E L S E r ~ E O O T S L P 2  

B 3 2 ,E L S E T = F O O T l
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1190,1170,1280,1290

1200,1290,1300,1310

•E L E M E X  f.T Y P E  = B 32.EESE T = FO O T 2

2190,2270,2280,2290

2200,2290,23W ,2310

♦ E L E M E N T ,T Y P E  -  B32 E L S E T  = A N G !,E1

1240,1410,1420 1430

1250,1390,1419,1450

♦ E L T M E N T ,! Y PE  = B32 E L S E T  = A N G L E 2

22^0,2410,2420,2430

2250,2390,2419,2450

•E L E M E N T ,T Y P E  = B 32 ,t:L S B l -  FO R K SB 1 

1070,1110,1120,1130 

1080,1110,1129, I '. j O

•E L E M E N T  3 Y P E  -  B32 E L S E T  -  F O R X S F i 

1100,1130,1 .49 ,i r o

1110.1150 1 160,1170

♦E L E M E N T ,T Y P E  =  B 32.ELSE T = E O R K SB 2

2070,2110,2120,2130

2080.2110.2129.2150

♦E L E M E N T ,T Y P E  -  B32,E1»SET = F O R K S F 2

2100.2130.2149.2170

2110.2150.2160.2170

•E L E M E N T ,T Y P E  = B32.Hl.Nb 1 = A X L E 1

1090.1130.1140.1150

♦E L E M E N T ,T Y P E  - B 32Ti.N ET =A X 1 I 2

2090.2130.2140.2150

•E L E M E N T ,T Y P E  B32.EUSET -  A C R O SS

3010,>010,3020,3030 

3020,3030,3040,3050 

3030,3059,3060,3070

3110,3110,3120,3130 

3120,3130,3140,3150 

3130,3150,3160,3170 

3210,3210,3220,3230 

3220.3230,3240,3250 

3230,3250,3260,3270 

3310,3310,3320,3330 

3320,3330,3340,3350

3330,3350,3360,3370 

•E L S E T ,E L S E T =  F O O ! R E ST

Appendix F. ABAQUS Input files and and an excerpt from an output file.



F O O T I,F O O T 2 ,F C O T S L P 1 ,F O O T S U H 2  

•E L S E T .E L S E T  =  B O T L O A D

3910,3020,3030

•E L S E T ,E L S E T  = T O P L O A D

3110,3120,3130

♦ E L E M E N T T Y P E  = S 8 R ,E L S E T  = B O A R D S 

4010,4110,4310,4330,4130,4210,4320,4230,4120 

5010,5110,5310,5330,5130,5210,5320,5230,5120 

♦ E L G E N ,E L S E T =  B O A R D S

4010.3.200.100.3.20.10

5010.2.200.100.3.20.10 

* E L 3 E T ,F L S E T «  F O O T B O R D  

5010,5110,5020,5120,5030,5130 

•E IS E T .E I S E T  = S E A T B O R D

4 0 10,4020,4030,4110,4120,4130 4210,4220,4230 

•E L E M E S T ,T Y P E =  B 3 2 ,E L S E r=  W H E E L S

6110.1130.1530.1930

6120.1150.1540.1930

6130.2130.2530.2930

6140.2150.2540.2930 

6210,1490,1500,1510 

6220,2490,2500,2510 

* N SE T ,N SE T  = S ID E  1

1110,1190,1170,1290 

•N S E T .N S ' ' - S I D E 2  

2110,2190,2170,22^

•N S E T .N S E T *  C R O SS  1

3010,3110,3210,3310

•N S E T .N S E T  = C R O SS 2

3070,3170,3270,3370

•N S E T .N S E T  = B O A R D E D

4120,4140,4160,4720,4740,4760,5320,5340,5360

♦N S E T .N S E T  = B E A M IO A D

3020,3040,3060,3120,3140,3160,3220.3240,3260

•E Q U A T IO N

2
C R O SS 1,1,1 .S ID E 1,1 1 

2

C R O SS 1,2,1 .SID E 1,2,-1 

2

C R O SS L 3,1,S ID E ! 3,-1
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2
C R O S S !,4 , l ,S I D E i ,4,-1 

2

C R O SS  1,5,1,SID E 1,5,-!

2

C R O S S ! ,6 ,1 ,SI D E 1 ,6,-1 

2

C  R O S S 2 ,1,1 .S1D E 2,1 1  

2
C R O S S 2 ,2 ,l,S ID E 2 ,2 ,-l

2

C R O S S 2 ,3 ,i,S lD E 2 ,3 ,- l

2

C R O SS2,4,1,SID E2,4,-1 

2

C R O SS 2 ,5 .1 ,S ID E 2 ,5 l- l

2

C R O SS 2 .6 ,1 ,S1D E 2,6 ,'!

2
B O A R D E D , i , 1,B E A M L O A D , I 1 

2

B O A R P L D ,2 ,l,8 E A M L O A D ,2 ,- l

2

B O A R D E D ,3 ,! ,B E A M L O A D ,3,-1 

2

B O A R D E D 4 ,1 .B E A M L O A D ,4, I 

2
B O A R D E D ,5, ! ,B E A M L O A D ,5 ,-1 

2

B O A R D L D ,6 ,L B E A M L O A D ,6 ,-i

•B E A M  GENERAL. S E C T IO N ,S E C T IO N  = P IP E ,E L S E T  = M A IM ,D E N S IT Y  = 7.6E-9

22,1.6

0 , 1,0

200.E3.80.E3

•B E A M  G E N E R A L  S E C T IO N .S E C T IO N  =  P iP E .E L S E T  = M A 1N 2,D EN SITY  = 7.6E-?

22 , 1.6 

0,1,0
2O0.E3.S0.E3

•B E A M  G E N E R A L  S E C T IO N ,S E C T IO N  =  P IP E ,E L S E T  = F O O T S U P l,D E N S IT Y  = 7.6E-9

22, 1.6

110,0,40
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X

o

C'

J

200.E3,80.E3

•B E A M  GENERAL SECT10N,SECTI0N = PIPE1ELSET=F00TSUP2,DENSrrY= 7.6E-9

22.L6
110,0,40

200.E3.80.E3

•B E A M  G E N E R A L  S E C T IO N ,S E C T IO N  = P IP E .E L S E T  = F O O T 1 ,D E N S IT Y  = 7.6E-9 

2 2 , 1,6 

-180,0,110 

20G.E3,80.E3

•B E A M  G E N E R A L  S E C T IO N ,S E C T IO N =  P IP E .E L S E T  -  F O O T 2 .D E N S IT Y  = 7.6E-9

2 2 , 1.6 

-180,0,110 

200.E3.80.E3

•B E A M  G E N E R A L  S E C T IO N .S E C T IO N  = P IP E ,E 1 .^E T  = A N G L E  1,D E N S IT Y  = 7.6E-9

22.1.6 
-55,-155,0 

200.E3,80.E3

•B E A M  G E N E R A L  S E C T IO N ,S E C T IO N  = P IP E ,E 1 5 E T  = A N G L E 2 .D E N S IT Y  = 7.6E-9

2 2 , 1.6 

-55,155,0 

2W .E3,80.E3

•B E A M  G E N E R A L  S E C T IO N .S E C T IO N  =  P IP E .E lS E T  = E O R K SF1 .D E N S IT Y  =  7.6E-9

15.1.6 

-55,0,400 

200.E3,80.E3

•B E A M  G E N E R A L  S E C T IO N .S E C T IO N  = P IP E .E L S E T  = J O R K S F Z .D E N S IT Y  = 7.6E-9

15.1.6 

-55,0,400 

20G.E3,80.E3

•B E A M  G E N E R A L  S E C T IO N .S E C T IO N  = P IP E .E L S E T  = F O R K S B 1,D E N S IT Y  = 7.6E-9 

■ 5,1.6

-220,0,70

200.E3,80.E3

•B E A M  G E N E R A L  S E C T IO N ,S E C T IO N  = P IP E .E L S E T "  F O R K S B 2 ,D E N S IT Y - 7.6E-9

15.1.6

-220,0,70

200.E3,80.E3

•B E A M  G E N E R A L  S E C T IO N ,S E C T 1 0 N  = P IP E .E L S E T -A X L E i,D E N S IT Y ~  7.6E-9

10,4.9

0 ,0,1

200.E3.80.E3
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'B E A M  G E N E R A L  S E C T IO N .S E C T IO N  -  P I P E fL S E T -  A X I ^ Z D E X S rT Y -  7 6E 9

10,4.9

0 ,0,1

200.E3.80.E3

•B E A M  G E N E R A L  S E C T IO N ,S E C T IO N  = P IP E .E L S E T  = A C R O SS .D E N SIT Y  = 7.6E-9

2 5 ,1 6

0 ,0 , !

200.E3,80.E3

•B E A M  G E N E R A L  SECT IO N  SI C H O N - P I P E .E L S E T  = W H E E L S

100.5 

1,0,0

200.E3.80.E3

•S H E L L  S E C T IO N  M A T E R IA L -W O O D  E L S E T -  B O A R D S

20.5

•M A T E R IA L N A M E  *  W O O D  

•D E N SIT Y

S00.0E-12

• E IA S T IC

200E3,0-33

•E I-S E T ,E L S E T - S iD E i

M -3'.N I .F O O T S U P L F O O T L F O R K S F ' E O R K S B I.A X L E IA N G L E I 

N h l ,E L S E T  = SID I 2

M A IN 2 ,F O O T 2 ,F O O T S L P 2 ,E O R K S E 2 ,F O R K S B 2 A X L E 2 A N G L E 2

• E I ^ E T .E i^ E T - B E A M S

S ID E I.S ID E 2 A C R O S S

•E T S E T .E IS E T  -  S ID E C R O S

S ID E L 3 1 10,3210,3310

•E L S E T  .E L SE T  = A I .IE I .E M

B E A M S ,B O A R D S,W H E E L S

•E L S E T ,E L S E T  M O S T E l M

B E A M S,B O A R D S

•B O U N D A R Y ,O P  -  N EW

1930.1.3

2930.1.2.3

2510.3

•P L O T ,P L O T  S IZ E  = 4

3 -D  V IE W P O IN T :! ,1,1

•D E T A IL .E L S B T  -  A L L E L E M

•V IE W P O IN T

1 , I , L

•D R A W
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♦D R A W .E L N L M  

•P L O T ,P L O T  SIZE *  4 

3 -D  V IE W P O IN T :! ,1,1 

•D E T A IL ,E J ^ E T  = M O S T E L E M  

•V IE W P O IN T

•D R A W

•D R A W .E L N U M

•P L O T .P L O T  SIZE *  4

S ID E V IE W O .I.O

•D E T A IL ,E L S E T  =  SID E C R O S

•V IE W P O IN T

0..L,0.
•D R A W

•D R A W .E L N U M

•P L O T ,P L O T  SIZE = 4

3 -D  V IE W P O IN T :! ,! ,!

•D E T A IL ,E L S E T  =  A L L E L E M

•V IE W P O IN T

L .L .L

•D R A W

•D R A W .E L N L M  

♦ P L O T .P L O T  SIZ E  = 4 

T O P  V IE W

♦ D E T A IL .E L S B T  = A L L E L E M

•V IE W P O IN T

O-.O.l.
•D R A W

•S T E P ,L IN E A R  = N EW  

L O A D  F R A M E  

•S T A T IC  

•D L O A D

A L L E L E M ,G R A V ,9800 ,0 ,0,-1 

T O P L O A D ,P Z , L5311 

B O T L O A D ,P Z ,-0.3578 

IO P L O A D ,P X ,0 .3 7 1 ! 

B u T L O A D .P X ,0.0867 

•C L O A D

1070.1,-103

1070,3,-25

2070.1.-103
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arojrzs
•E L  PR IN  f  . r O S n  IO N  = N O D E  

•E N D  S T E P

F.I.2  Loading Conditions for a distributed load on the top cross-member

* S T E P ,L IN E A R ~  N EW  

L O A D  F R A M E  

•S T A T IC  

•D L O A D

A L L E L E M .G R A V  ,9800,0,0,-1 

T O P L O A D ,P Z .-2  

•E L  P R IN T .P O S IT IO N  = N O D E  

•E N D  S T E P

F.1.3 Loading Conditions for a concentrated load on the seat corner

•S T E P ,L IN E A R  = N EW  

L O A D  F R A M E  

•S T A T IC  

•D L O A D

A L L L  L E M ,G R A V ,9800,0 ,0 ,-i

•C L O A D

3110,3,-900

•E L  P R I N T .P O S I T IO N - N O D E  

•E N D  S T E P
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F.2 Excerpt e f  Output

$ - 2

TTT7T
i t ?

; % m i *  \  
: " ; ;

1 l

i !
I !

.  ? f ? ? V

* »OOC

!  7 7 ;  5

I : U m i H
^ e d e d d  $ 5 -

I U i

I '  ! ! ;
III:# N i
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Appendix G. Pascal Source Code for the Stress 

Analysis

P R O G R A M  StressA nalysis(datain dataout,M aterial); 

T Y P E  AHElements =  0..255 ,

V A R  S F I,

SF2,

SF3,

S M I,

SM 2,

SM 3,

M axTresca,

M axM ises: Real;

R adiusO uter,

k cd iu sln n er ,

Area,

A  eaM oduIus.

T h iik n e s ',

Ib n K n a lA r r a :  A R R A Y ! \ 3 i O F  real:

I.

Set E lem entC onversion ,

M a^Elem ent.

Elem ent: Integer;

datain,

da 'a o u t,

M aterial: T ext;

M ain,

Forks,

C rossM em bers,

Axles: S E T  O F  AHElements,

Heading: Boolean;

P R O C E D V P  E Inpu tO utpu tIn itia lisa tion ,

B E G IN  { In p u t/O u tp u t Initialisation }

reset(M aterial);

reset(datain);

re •Tite(dataou'.);

E N D , (In p u t/O u tp u t Irutialisation)

P R O C E D L R E  N um berlnitialisation;

B E G IN
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M axTresca: = 0,0,

M axM ises: = 0.0;

I X'D; { N um ber initialisation }

P R O C E D U R E  Elcm entlnitialisation;

BEGIN
A x k i -  ( 9 MW );
F w t.  -  ( 1,107,108.110,111.);

M ain:" ( I !99 EA xlc FoHo;

CmuMcmben: -  ( 200 255):
F \D ;  ( Elementkutiabafioa )
P R O C E D U R E  ReadM aleriaj;

VAR j  Integer;

B EG IN

F O R  I  =  1 T O  3 DO

readln( M aterial,Area( .J.),A reaM odulus( J  ),

T h ick n e ss(J  ),T orsionalA rca(J ),R ad iu sIn n c r(J  ),R ad:usO utcr( J )); 

E N D ; ( ReadM atenal }

P R O C E D U R E  W riteH eadingForPipes;

B E G IN

w n teln (da taou t,' E lem ent-/  M ax N orm al ’/  T orsional ,

'von  Mises

E N D ; ( V n teH vad tngfo rP ipes }

P R O C E D U R E  R eadlnform ation;

B E G IN

re ad ln (d a ta iu J:iem ent,SE l,SF2,SE 3.SM  !,SM 2,SM 3);

E N D ; ( R eadlnform ation  }

P R O C E D U R E  FindM axStressInP ipes;

V A R  M axM om cnt,

AxialSiress,

BendmgStress,

M axN orm alStress,

Direct ShearStress,

T orsionalShearStress,

M axD irectionalShearStress,

M axShearStress,

S ig m a !,

Sigma2,

T  rescaM axStress,

M isesM axStress,

T h eta rea l;
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C heck boolean;

B E G IN

M axM om ent: =  sq rt(sq r(S M l) + sqr(SM 2));

AxialStrcss: =  S FI/A rea(.I.);

Bendin^itfess: =  M aA M om cnt AreaM o^uius< I );
M axN om alS trcss: =  abs( AxialStrcss) +  BcndingStress;

P irvetShearStress: =  {4/3)*(sqrt(sqr<SF2) -* sqr<SF3)))/Arca(-I.)*

(fsqr(R adiusO uter<.!.))■♦■ R adiusO uter( I I4 P adiuslnner< I )

+  sqr(R adiuslnner< .!.)))/

(« |r(R ad iu$O uter(.I.)) + sq r(R adiuslnner(.I.))));

TorsionalShearS tress: =  SM 3/(Thickness( I )*2eTorsionalA rca( I.)); 

N U xD uectionalShearS  tress: =  abs<TorsionalShearStress) + DirectShearStress;

T heta : =  arctan(M axD ircctioiialShearS tress*2 M axN orm aiSlrcss);

M axShearSlress: =  a b ^ M a x  Norm  ’Stress, 2) cos(Theia);

S ip n a  I =  M ax N orm alS tress/ 2 + M axShearStress;

Sigma2: =  M axN orm ajiStress/2-M axSheai Stress;

Tre<raM axStress: =  S igm ai-Sigm a2;

IF  (T rescaM axStress/M axN orm alStress > i 2) A N i)  (T rrxyM axS tress  > 15.0) T H E N  

Check: =  true  

U S E
Check: =  false;

IF  T rescaM axStress > M axTresca T H E N  

B E G IN

M axTresva: =  TrescaM axStress;

M axElem ent: =  Element;

E N D ;

M isesM axStress: =  sqrt(sqr(Sigm a 1 )-Sigma 1 *Sigma2 + sqr(Sigma2));

IF  M isesM axStress > M axM iscs T H E N  

M axM ises: =  M isesM axStress;

IF  M isesM axStress > 0.0 T H E N  

B EG IN

v .n teln(dataout,E !em ent:5 ,' .M axN orm alStres-, 9:1 

T orsionalShearS tress:9 :!,' ',M isesM axStress:9:l);

E N D ; { IF  }

E N D ; : F indM axStressInPipes)

P R O C E D U R E  M uS trcssW ritc ;

B EG IN

w nteln(dataout);

w nteln (da taou t, M ax von Mises Stress in S tructure = ,M axM ises:9); 

w riteln(dataout);

w rite!n(dataout,'A t E lem ent' .M axE lenicn t);
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E N D , { M axSiressW rite }

B E G IN  { M ain P ro f 'tm }

Inp iitO utputlm tialisa tion ;

N um berlm tiahsation ;

F lcm entlm tialisation;

R eadM alerial;

readf d a lam , E lem en t),

reset(da!am );

SetE tem cntC onversion  =  (E lem enl D IV  10)-100;

IF  SetE ikm entConversion IN  C rossM em bers T H E N  

Heading: =  false 

E L SE  

Heading: -  true 

R E P E A T  

Read In fo rm ation ;

SeiE lem entC onversion: = (E lem ent DIV 10)-100;

IE SetE km en tC onversion  IN  M ain T H E N  

B EG IN

IF  Heading = tn je  T l iE N  

B EG IN

W rite H eadingForPipes;

Heading: =  false;

K \D .
I = 1;
FindM axStressInPipes;

E N D

EL SE

IF S e tE lem en tO .iv ers io n  IN  Forks T H E N

B E G IN

IF H eading -  true T H E N  

B E G IN

W riteH eadingForPipes;

H eading: = false,

E N D ;

1 = 2 ;

FindM axStressInPipes;

E N D

ELSE

IF SetE lem entC onversion  IN  C rosiM em bers T H E N  

B E G IN

IF  H eading = tra e  T H E N
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B E G IN

W rite H eadingForPipes, 

Heading: ^  false;

E N D ;

I: =  3;

FmdMaxSutislnPipM;
EN D ; f IF  }

U N T IL  rofTdatain); 

M axSiressW rite;

E N D .

Appendix G. Pascal Source Code for the Stress Analysis



Appendix H. Drawings

D raw ing N o Description

2 I General Assembly

2 2 Detail o f  frame

2 ,3  M iscclleieous

2 4 Modifications

Appendix H Drawings











Author Bartels Heinrich
Name of thesis Development Of A Mobility Aid For Paraplegics In Rural Areas. 1989 

PUBLISHER:
University of the Witwatersrand, Johannesburg 
©2013

LEGAL NOTICES:

Copyright Notice: All materials on the U n i v e r s i t y  of  t h e  W i t w a t e r s r a n d ,  J o h a n n e s b u r g  L i b r a r y  website 
are protected by South African copyright law and may not be distributed, transm itted, displayed, or otherwise 
published in any format, without the prior written permission of the copyright owner.

Disclaimer and Terms of Use: Provided that you maintain all copyright and other notices contained therein, you
may download material (one machine readable copy and one print copy per page) for your personal and/or 
educational non-commercial use only.

The University of th e  W itw a te rsran d , J o h a n n e s b u r g ,  is not responsible for any errors or omissions and excludes any
and all liability for any errors in or omissions from the information on the Library website.


