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ABSTRACT
This	
  document	
  presents	
  the	
  design	
  process,	
  analysis,	
  and	
  fabrica7on	
  used	
  to	
  create	
  a	
  prototype	
  
Leveraged	
  Freedom	
  Chair	
  (LFC)	
  for	
  trial	
  in	
  East	
  Africa.	
  The	
  LFC	
  is	
  a	
  lever-­‐powered,	
  wheelchair-­‐based	
  
mobility	
  aid	
  designed	
  specifically	
  for	
  use	
  in	
  the	
  developing	
  world.	
  Its	
  drivetrain	
  op7mally	
  converts	
  upper	
  
body	
  in	
  a	
  wide	
  range	
  of	
  terrains,	
  giving	
  the	
  LFC	
  opera7onal	
  capabili7es	
  that	
  extend	
  beyond	
  those	
  of	
  
currently	
  available	
  mobility	
  products.	
  All	
  of	
  the	
  moving	
  parts	
  in	
  the	
  LFC	
  are	
  made	
  from	
  bicycle	
  
components,	
  which	
  allow	
  it	
  to	
  be	
  manufactured	
  and	
  repaired	
  anywhere	
  in	
  the	
  developing	
  world.	
  In	
  
August	
  2009,	
  eight	
  LFC	
  prototypes	
  were	
  produced	
  in	
  Kenya	
  for	
  $195.28	
  each,	
  affirming	
  that	
  the	
  chair	
  can	
  
be	
  built	
  using	
  local	
  tools	
  and	
  materials	
  for	
  the	
  same	
  price	
  as	
  exis7ng	
  mobility	
  aids.	
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INTRODUCTION
The	
  Leveraged	
  Freedom	
  Chair	
  (LFC)	
  is	
  a	
  lever-­‐powered,	
  wheelchair-­‐based	
  mobility	
  aid	
  designed	
  
specifically	
  for	
  use	
  in	
  the	
  developing	
  world.	
  The	
  drivetrain	
  enables	
  an	
  LFC	
  user	
  to	
  nego7ate	
  varied	
  terrain	
  
ranging	
  from	
  steep	
  hills	
  to	
  sandy	
  roads	
  to	
  muddy	
  walking	
  paths.	
  For	
  indoor	
  use,	
  the	
  LFC	
  can	
  operate	
  as	
  a	
  
regular	
  push	
  rim	
  wheelchair	
  by	
  simply	
  removing	
  the	
  levers.	
  The	
  mo7va7on	
  behind	
  this	
  project	
  is	
  to	
  
create	
  a	
  single	
  mobility	
  aid	
  that	
  fully	
  meets	
  the	
  usage	
  requirements	
  of	
  people	
  with	
  disabili7es	
  in	
  
developing	
  countries	
  and	
  transcends	
  the	
  capabili7es	
  of	
  currently	
  available	
  technology.	
  Western-­‐styled	
  
wheelchairs	
  are	
  inefficient	
  to	
  propel	
  [1]	
  and	
  are	
  exhaus7ng	
  to	
  use	
  for	
  long	
  distances	
  on	
  rough	
  roads.	
  
Hand-­‐powered	
  tricycles,	
  which	
  are	
  preferred	
  if	
  the	
  user	
  has	
  adequate	
  torso	
  stability	
  [2],	
  	
  are	
  more	
  
efficient	
  to	
  propel	
  than	
  a	
  wheelchair	
  [1,	
  3,	
  4],	
  but	
  are	
  difficult	
  to	
  maneuver	
  through	
  sand	
  and	
  up	
  steep	
  
hills	
  and	
  are	
  much	
  too	
  large	
  to	
  use	
  within	
  the	
  home.	
  There	
  is	
  great	
  demand	
  for	
  a	
  device	
  like	
  the	
  LFC,	
  as	
  
70%	
  of	
  the	
  20	
  million	
  people	
  in	
  the	
  developing	
  world	
  who	
  require	
  a	
  wheelchair	
  but	
  do	
  not	
  have	
  one	
  live	
  
in	
  rural	
  areas	
  [5-­‐7].	
  

Instead	
  of	
  using	
  mul7ple	
  gears	
  to	
  change	
  speed,	
  an	
  LFC	
  user	
  varies	
  mechanical	
  advantage	
  by	
  sliding	
  his	
  
or	
  her	
  hands	
  up	
  and	
  down	
  the	
  levelers,	
  as	
  shown	
  in	
  Fig.	
  1.	
  Changing	
  user	
  geometry	
  instead	
  of	
  machine	
  
geometry	
  enables	
  the	
  LFC	
  drivetrain	
  to	
  be	
  composed	
  of	
  a	
  lightweight,	
  low-­‐cost,	
  single	
  gear	
  ra7o	
  chain	
  
drive	
  made	
  from	
  bicycle	
  components	
  found	
  anywhere	
  in	
  the	
  developing	
  world.	
  Human	
  power	
  and	
  force	
  
output	
  capabili7es	
  [3,	
  8]	
  were	
  used	
  to	
  determine	
  a	
  lever	
  size	
  and	
  drivetrain	
  geometry	
  that	
  enables	
  the	
  
user	
  to	
  efficiently	
  travel	
  on	
  smooth	
  surfaces	
  and	
  gentle	
  grades,	
  and	
  produce	
  enough	
  torque	
  to	
  overcome	
  
harsh	
  terrain.	
  The	
  lever	
  system	
  achieves	
  a	
  4:1	
  change	
  in	
  mechanical	
  advantage,	
  equa7ng	
  to	
  leverage	
  that	
  
ranges	
  from	
  0.42X	
  to	
  1.65X	
  a	
  standard	
  wheelchair	
  hand	
  rim.	
  In	
  compara7ve	
  user	
  trials,	
  the	
  LFC	
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demonstrated	
  capabili7es	
  that	
  exceed	
  
those	
  of	
  any	
  mobility	
  aid	
  currently	
  
available	
  in	
  the	
  developing	
  world;	
  it	
  
was	
  able	
  to	
  cruise	
  on	
  smooth	
  surfaces	
  
at	
  2m/s	
  (5mph),	
  climb	
  muddy,	
  grassy	
  
hills	
  with	
  a	
  1:3	
  slope,	
  and	
  navigate	
  
terrain	
  with	
  a	
  coefficient	
  of	
  rolling	
  
resistance	
  as	
  high	
  as	
  0.48	
  [9].	
  

This	
  paper	
  describes	
  the	
  design	
  
process	
  and	
  analysis	
  used	
  to	
  create	
  
the	
  East	
  African	
  LFC	
  trial	
  prototype.	
  
East	
  Africa	
  was	
  chosen	
  as	
  the	
  loca7on	
  
for	
  the	
  trial	
  because	
  it	
  contains	
  
members	
  of	
  the	
  LFC’s	
  intended	
  user	
  
popula7on.	
  Addi7onally,	
  it	
  is	
  home	
  to	
  
our	
  partner	
  on	
  the	
  project,	
  the	
  Associa7on	
  for	
  the	
  Physically	
  Disabled	
  of	
  Kenya	
  (APDK),	
  which	
  offered	
  its	
  
wheelchair	
  workshop	
  for	
  produc7on	
  of	
  the	
  trial	
  chairs	
  and	
  iden7fied	
  clients	
  who	
  wanted	
  to	
  test	
  the	
  LFC.	
  	
  

DESIGN AND ANALYSIS OF THE EAST AFRICAN TRIAL LFC
The	
  following	
  design	
  requirements	
  were	
  defined	
  at	
  the	
  onset	
  of	
  the	
  East	
  African	
  Trial	
  LFC	
  design:

• Manufacturable	
  and	
  repairable	
  virtually	
  anywhere	
  in	
  the	
  developing	
  world

• Withstand	
  harsh	
  environments,	
  including	
  mud,	
  sand,	
  and	
  rocky	
  terrains

• Compe77vely	
  priced	
  with	
  exis7ng,	
  locally-­‐made	
  mobility	
  products

• Usable	
  as	
  a	
  wheelchair	
  when	
  levers	
  are	
  removed

• Include	
  necessary	
  support	
  and	
  sea7ng	
  of	
  a	
  wheelchair

The	
  LFC	
  geometry	
  is	
  based	
  on	
  the	
  Worldmade	
  wheelchair	
  designed	
  by	
  the	
  Mo7va7on	
  Charitable	
  Trust	
  
[10].	
  The	
  Worldmade	
  is	
  intended	
  for	
  outdoor	
  use;	
  its	
  three	
  wheels	
  make	
  it	
  kinema7cally	
  constrained	
  
with	
  the	
  ground,	
  as	
  to	
  avoid	
  the	
  rocking	
  instability	
  experienced	
  by	
  conven7onal	
  wheelchairs	
  when	
  one	
  
wheel	
  lims	
  in	
  the	
  air,	
  and	
  its	
  long	
  wheelbase	
  makes	
  it	
  nearly	
  as	
  stable	
  in	
  side	
  7pping	
  as	
  four-­‐wheeled	
  
chairs.	
  As	
  Mo7va7on	
  are	
  experts	
  in	
  sea7ng	
  design,	
  the	
  LFC	
  rider	
  geometry	
  was	
  also	
  adopted	
  from	
  the	
  
Worldmade.	
  

All	
  moving	
  parts	
  on	
  the	
  LFC	
  are	
  made	
  from	
  bicycle	
  components,	
  as	
  shown	
  in	
  Fig.	
  2.	
  This	
  construc7on	
  
strategy	
  was	
  chosen	
  because	
  bicycles,	
  as	
  well	
  as	
  part	
  suppliers	
  and	
  service	
  shops,	
  are	
  ubiquitous	
  in	
  the	
  
developing	
  world,	
  making	
  the	
  LFC	
  manufacturable	
  and	
  repairable	
  virtually	
  anywhere.	
  By	
  collec7ng	
  or	
  
inspec7ng	
  bicycle	
  part	
  samples	
  in	
  Kenya,	
  Tanzania,	
  Zambia,	
  the	
  Philippines,	
  Thailand,	
  Vietnam,	
  
Guatemala,	
  and	
  Nicaragua	
  [11],	
  as	
  well	
  as	
  conferring	
  with	
  other	
  developing	
  country	
  wheelchair	
  groups	
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Figure 1. Moving hand position on the LFC levers changes 
mechanical advantage. a) Placing hands high on the 
levers generates high torque and an effective low gear. b) 
Placing hands low on the levers creates high angular 
velocity in the drivetrain and an effective high gear. 



[12,	
  13],	
  we	
  iden7fied	
  components	
  
from	
  single-­‐speed,	
  steel	
  frame	
  
bicycles	
  derived	
  from	
  early	
  20th	
  
century	
  safety	
  bicycles	
  [14,	
  15]	
  as	
  
the	
  most	
  prevalent	
  in	
  the	
  
developing	
  world	
  and	
  appropriate	
  
for	
  incorpora7on	
  into	
  the	
  LFC.	
  
These	
  components	
  are	
  produced	
  by	
  
the	
  millions	
  by	
  manufactures	
  such	
  
as	
  Avon	
  in	
  India	
  [16]	
  and	
  Phoenix	
  in	
  
China	
  [17],	
  and	
  sell	
  wholesale	
  for	
  
approximately	
  one	
  dollar	
  per	
  
pound	
  [11].	
  

Front Caster Assembly 
Design
The	
  front	
  caster	
  swivel	
  in	
  Fig.	
  2b	
  is	
  
constructed	
  from	
  a	
  boqom	
  bracket	
  
assembly.	
  To	
  take	
  advantage	
  of	
  the	
  
coqer	
  pin	
  coupling	
  that	
  fixtures	
  the	
  
boqom	
  bracket	
  axle	
  to	
  pedal	
  crank	
  
arms,	
  the	
  caster	
  fork	
  bridge	
  
incorporates	
  the	
  head	
  of	
  a	
  crank	
  
arm.	
  A	
  steel	
  strap	
  wrapped	
  and	
  welded	
  around	
  the	
  fork	
  bridge	
  evenly	
  distributes	
  torque	
  and	
  enables	
  the	
  
fork	
  to	
  be	
  made	
  from	
  25mm	
  OD,	
  1.2mm	
  wall	
  thickness	
  mild	
  steel	
  lightweight	
  tubing.	
  Under	
  a	
  sta7c	
  load	
  
of	
  100kg,	
  this	
  design	
  has	
  a	
  safety	
  factor	
  of	
  100	
  for	
  torsional	
  failure,	
  calculated	
  with	
  the	
  Tresca	
  Yield	
  
Criterion	
  [18]	
  and	
  a	
  yield	
  strength	
  of	
  330MPa	
  for	
  1020	
  steel	
  [19].	
  

The	
  fork	
  geometry	
  (caster	
  angle,	
  trail)	
  was	
  adopted	
  from	
  the	
  Worldmade	
  chair,	
  as	
  was	
  the	
  molded	
  
rubber	
  caster	
  wheel.	
  A	
  bicycle	
  front	
  hub,	
  which	
  is	
  pressed	
  into	
  the	
  rubber	
  wheel,	
  serves	
  as	
  the	
  caster	
  
bearing.	
  Pressing	
  bicycle	
  hubs	
  into	
  molded	
  rubber	
  wheels	
  is	
  a	
  process	
  already	
  used	
  by	
  local	
  wheelchair	
  
manufacturers	
  [13,	
  20],	
  as	
  is	
  molding	
  the	
  rubber	
  directly	
  onto	
  the	
  hub	
  [12].	
  

Rear Hub Design
Bicycle	
  hubs	
  provide	
  an	
  ideal	
  interface	
  between	
  an	
  axle	
  and	
  a	
  spoked	
  wheel.	
  However,	
  wheelchair	
  
wheels	
  must	
  be	
  can7levered	
  from	
  the	
  chair	
  for	
  handrim	
  clearance,	
  whereas	
  bicycle	
  hubs	
  are	
  designed	
  to	
  
be	
  simply	
  supported,	
  such	
  as	
  by	
  a	
  fork.	
  Figure	
  2c	
  depicts	
  how	
  a	
  bicycle	
  hub	
  is	
  used	
  to	
  make	
  a	
  rear	
  hub	
  of	
  
the	
  LFC.	
  The	
  hubs	
  are	
  strengthened	
  by	
  first	
  inser7ng	
  one-­‐inch	
  electrical	
  conduit,	
  and	
  then	
  half-­‐inch	
  
schedule	
  40	
  water	
  pipe.	
  Both	
  of	
  these	
  materials	
  are	
  commonly	
  found	
  in	
  hardware	
  stores	
  or	
  steel	
  
companies	
  in	
  the	
  developing	
  world	
  [21].	
  The	
  water	
  pipe	
  is	
  slit	
  axially	
  and	
  pressed	
  onto	
  a	
  sec7on	
  of	
  
boqom	
  bracket	
  axle	
  before	
  it	
  is	
  inserted	
  into	
  the	
  hub.	
  When	
  the	
  hub	
  is	
  welded	
  and	
  the	
  axle	
  sec7on	
  is	
  
removed,	
  the	
  resul7ng	
  hub	
  inner	
  diameter	
  forms	
  an	
  interference	
  fit	
  with	
  a	
  boqom	
  bracket	
  axle,	
  which	
  is	
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Figure 2. LFC bicycle part construction. a) All moving 
parts on the LFC are made from bicycle components. 
b) The front caster assembly. c) The rear hub and axle 
assembly, with hub inserts made from electrical conduit 
and water pipe. d) Lever coupling to drivetrain made 
from water pipe. 



used	
  as	
  the	
  rear	
  axle	
  in	
  the	
  LFC.	
  A	
  bolt	
  is	
  welded	
  to	
  the	
  end	
  of	
  the	
  axle,	
  which	
  passes	
  through	
  the	
  hub	
  
once	
  the	
  two	
  are	
  assembled.	
  A	
  stop	
  nut	
  welded	
  to	
  the	
  bolt	
  posi7ons	
  the	
  hub	
  correctly	
  on	
  the	
  axle,	
  and	
  a	
  
lock	
  nut	
  secures	
  the	
  hub	
  in	
  place.	
  A	
  conven7onal	
  bicycle	
  freewheel,	
  used	
  to	
  transfer	
  power	
  to	
  the	
  wheel	
  
from	
  the	
  LFC	
  drivetrain,	
  is	
  threaded	
  onto	
  each	
  hub	
  and	
  secured	
  with	
  a	
  tack	
  weld.

The	
  safety	
  factor	
  for	
  the	
  rear	
  axles	
  was	
  calculated	
  by	
  comparing	
  loads	
  on	
  the	
  LFC	
  to	
  those	
  exerted	
  on	
  the	
  
same	
  components	
  when	
  used	
  on	
  a	
  bicycle.	
  The	
  force	
  exerted	
  on	
  the	
  bicycle	
  pedal	
  acts	
  at	
  a	
  moment	
  arm	
  
of	
  9cm	
  away	
  from	
  the	
  boqom	
  bracket	
  bearing;	
  the	
  main	
  radial	
  force	
  on	
  an	
  LFC	
  wheel	
  acts	
  at	
  5.5cm	
  away	
  
from	
  the	
  bearing.	
  Assuming,	
  during	
  an	
  impact	
  (such	
  as	
  jumping	
  off	
  a	
  curb),	
  that	
  all	
  iner7al	
  loads	
  are	
  
transferred	
  to	
  the	
  axles,	
  and	
  that	
  the	
  rider’s	
  weight	
  is	
  approximately	
  the	
  same	
  for	
  both	
  cases,	
  the	
  
bending	
  stress	
  in	
  the	
  LFC	
  axles	
  will	
  be	
  1.6X	
  less	
  than	
  that	
  in	
  the	
  bicycle	
  boqom	
  bracket	
  axle.

Levers, Couplings, Brakes, and Drivetrain Design
The	
  boqom	
  of	
  each	
  lever	
  is	
  made	
  from	
  sec7ons	
  of	
  half-­‐inch	
  schedule	
  40	
  water	
  pipe,	
  as	
  shown	
  in	
  Fig.	
  2d.	
  
The	
  water	
  pipe	
  slides	
  into	
  couplings	
  on	
  the	
  drivetrain	
  chainrings.	
  The	
  levers	
  are	
  keyed	
  to	
  align	
  the	
  brake	
  
bars	
  perpendicular	
  to	
  the	
  wheels.	
  Pushing	
  forward	
  on	
  the	
  levers	
  provides	
  the	
  power	
  stroke;	
  pulling	
  back	
  
ratchets	
  the	
  freewheels	
  on	
  the	
  rear	
  hubs.	
  The	
  brakes	
  are	
  applied	
  by	
  pulling	
  the	
  levers	
  back	
  to	
  
approximately	
  five	
  degrees	
  beyond	
  ver7cal,	
  which	
  pushes	
  the	
  brake	
  bars	
  against	
  the	
  7res.	
  

The	
  levers	
  are	
  made	
  from	
  25mm	
  OD,	
  1.2mm	
  wall	
  thickness	
  mild	
  steel	
  lightweight	
  tubing.	
  The	
  water	
  pipe	
  
used	
  in	
  the	
  coupling	
  extends	
  15mm	
  inside	
  the	
  lever.	
  This	
  increases	
  the	
  area	
  moment	
  of	
  iner7a	
  at	
  the	
  
boqom	
  of	
  the	
  lever,	
  where	
  the	
  highest	
  moments	
  are	
  applied.	
  Considering	
  a	
  max	
  pushing	
  load	
  of	
  356N,	
  
corresponding	
  to	
  the	
  50%	
  male	
  [8],	
  ac7ng	
  at	
  40cm	
  from	
  the	
  lever	
  pivot	
  (25cm	
  along	
  the	
  25mm	
  OD	
  
sec7on	
  of	
  tubing),	
  the	
  resul7ng	
  Safety	
  Factor	
  for	
  the	
  lever	
  is	
  two.	
  A	
  higher	
  factor	
  of	
  safety	
  was	
  not	
  
sought	
  in	
  order	
  to	
  minimize	
  the	
  rota7onal	
  iner7a	
  of	
  the	
  levers.	
  Add7onally,	
  duc7le	
  failure	
  of	
  the	
  levers	
  
would	
  not	
  result	
  in	
  a	
  catastrophic	
  failure.

The	
  levers/chainrings	
  rotate	
  on	
  two	
  boqom	
  bracket	
  
axles,	
  whose	
  housings	
  are	
  welded	
  into	
  the	
  LFC	
  frame.	
  
This	
  design	
  reduces	
  the	
  rota7onal	
  iner7a	
  of	
  the	
  levers/
chainrings,	
  which	
  improves	
  propulsion	
  efficiency	
  by	
  
minimizing	
  iner7al	
  losses	
  caused	
  by	
  accelera7ng/
decelera7ng	
  the	
  levers	
  when	
  changing	
  pushing/pulling	
  
direc7on.	
  The	
  chainring	
  axles	
  experience	
  the	
  highest	
  
non-­‐impact	
  loads	
  in	
  the	
  LFC,	
  due	
  to	
  forward	
  and	
  lateral	
  
pushing	
  forces	
  on	
  the	
  levers,	
  and	
  chain	
  tension	
  on	
  the	
  
order	
  of	
  1000N.	
  To	
  prevent	
  deflec7on	
  of	
  the	
  axle,	
  which	
  
could	
  cause	
  the	
  chain	
  to	
  derail,	
  the	
  axle	
  bearing	
  housing	
  
is	
  built	
  into	
  a	
  3-­‐dimensional	
  truss	
  within	
  the	
  frame.	
  
Figure	
  3b	
  shows	
  how	
  forward	
  and	
  ver7cal	
  deflec7ons	
  
are	
  mi7gated	
  via	
  the	
  seat	
  tubes	
  and	
  the	
  diagonal	
  
members	
  that	
  run	
  from	
  the	
  chainring	
  axle	
  bearing	
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Figure 3. LFC frame members make 
a truss that provides a stiff support for 
the lever/chainring pivot axle. 
Stiffness contributions of each 
member are color-coded. 



housings	
  to	
  the	
  rear	
  wheel	
  bolt	
  plates.	
  Lateral	
  and	
  rota7on	
  s7ffness	
  is	
  bolstered	
  by	
  a	
  cross	
  beam	
  that	
  is	
  
welded	
  to	
  both	
  bearing	
  housings	
  and	
  runs	
  under	
  the	
  seat.	
  	
  

Frame Loading and Material Choice
The	
  LFC	
  is	
  constructed	
  from	
  materials	
  commonly	
  available	
  in	
  developing	
  countries:	
  mild	
  steel,	
  wood,	
  
furniture	
  foam,	
  and	
  tex7les.	
  Aluminum	
  and	
  7tanium	
  are	
  either	
  unavailable,	
  too	
  expensive,	
  unworkable	
  
because	
  of	
  the	
  lack	
  of	
  appropriate	
  welding	
  equipment,	
  or	
  of	
  unreliable	
  quality.	
  The	
  highest	
  stress	
  in	
  the	
  
frame	
  occurs	
  in	
  the	
  can7levered	
  tube	
  that	
  supports	
  the	
  front	
  caster.	
  Using	
  available	
  tubing	
  sizes	
  in	
  East	
  
Africa	
  [21],	
  the	
  cross-­‐sec7onal	
  geometry	
  with	
  the	
  highest	
  strength	
  to	
  weight	
  ra7o	
  and	
  safety	
  factor	
  of	
  six	
  
or	
  more	
  (based	
  on	
  sta7c	
  loading)	
  was	
  iden7fied	
  as	
  25mm	
  X	
  50mm	
  rectangular	
  box	
  tubing	
  with	
  1.2mm	
  
wall	
  thickness.	
  This	
  safety	
  factor	
  was	
  chosen	
  by	
  considering:	
  1)	
  the	
  tube	
  would	
  fail	
  in	
  bending;	
  2)	
  failure	
  
could	
  result	
  in	
  injury	
  to	
  the	
  rider;	
  and	
  3)	
  3X	
  sta7c	
  loading	
  on	
  the	
  front	
  wheel	
  is	
  conserva7ve,	
  as	
  impacts,	
  
such	
  as	
  drops	
  off	
  curbs,	
  are	
  absorbed	
  primarily	
  by	
  the	
  rear	
  wheels	
  [22].	
  

TESTING AND FABRICATION RESULTS
The	
  LFC	
  underwent	
  a	
  200,000	
  cycle	
  double-­‐drum	
  test	
  [23]	
  at	
  Whirlwind	
  Wheelchair	
  Interna7onal	
  in	
  June	
  
2009.	
  At	
  99,061	
  cycles	
  the	
  lem	
  rear	
  wheel	
  bearing	
  failed.	
  Upon	
  inspec7on,	
  it	
  was	
  determined	
  that	
  the	
  
cause	
  of	
  failure	
  was	
  plas7c	
  deforma7on	
  of	
  the	
  outer	
  bearing	
  race.	
  During	
  the	
  produc7on	
  of	
  this	
  LFC	
  
prototype,	
  the	
  failed	
  bearing	
  race	
  was	
  heated	
  red-­‐hot	
  from	
  nearby	
  welding.	
  This	
  most	
  likely	
  annealed	
  
the	
  race,	
  causing	
  it	
  to	
  fail.	
  Amer	
  the	
  bearing	
  cups	
  were	
  replaced,	
  the	
  LFC	
  prototype	
  completed	
  the	
  
double-­‐drum	
  test	
  without	
  incident.	
  All	
  of	
  the	
  bearings	
  in	
  subsequent	
  prototypes	
  have	
  been	
  assembled	
  
amer	
  welding	
  and	
  no	
  further	
  failures	
  have	
  been	
  experienced.	
  

In	
  August	
  2009,	
  the	
  authors,	
  in	
  collabora7on	
  with	
  APDK,	
  produced	
  eight	
  LFC	
  trial	
  prototypes	
  in	
  Kenya,	
  
two	
  of	
  which	
  are	
  shown	
  in	
  Fig.	
  1.	
  This	
  exercise	
  proved	
  that	
  the	
  LFC	
  could	
  be	
  completely	
  manufactured	
  
with	
  developing	
  country	
  tools	
  and	
  materials.	
  The	
  total	
  cost	
  per	
  chair,	
  including	
  30%	
  overhead	
  for	
  labor	
  
and	
  electricity,	
  was	
  $195.28,	
  which	
  is	
  in	
  the	
  $150	
  to	
  $300	
  price	
  range	
  of	
  other	
  locally-­‐made	
  wheelchairs	
  
[13,	
  20,	
  24].	
  Six	
  of	
  the	
  prototypes	
  were	
  given	
  to	
  APDK	
  clients	
  for	
  a	
  four-­‐month-­‐long	
  trial.	
  Each	
  LFC	
  was	
  
custom-­‐fit	
  to	
  its	
  user,	
  following	
  the	
  WHO’s	
  Guidelines	
  for	
  the	
  Provision	
  of	
  Manual	
  Wheelchairs	
  in	
  Less	
  
Resourced	
  Seungs	
  [25].	
  Each	
  client	
  was	
  required	
  to	
  have	
  an	
  exis7ng	
  mobility	
  aid	
  to	
  use	
  in	
  the	
  case	
  the	
  
LFC	
  became	
  unsafe	
  or	
  uncomfortable.	
  The	
  trial	
  was	
  approved	
  by	
  both	
  MIT’s	
  and	
  APDK’s	
  Ins7tu7onal	
  
Review	
  Boards.	
  

CONCLUSIONS AND FUTURE WORK
At	
  the	
  7me	
  of	
  wri7ng	
  this	
  paper,	
  the	
  LFC	
  was	
  s7ll	
  being	
  trialed	
  in	
  East	
  Africa.	
  None	
  of	
  the	
  prototypes	
  had	
  
experienced	
  mechanical	
  problems	
  beyond	
  7re	
  punctures.	
  All	
  of	
  the	
  trial	
  subjects	
  will	
  be	
  interviewed	
  
during	
  January	
  2010.	
  The	
  data	
  collected	
  during	
  the	
  trial	
  follow-­‐up	
  will	
  be	
  used	
  to	
  refine	
  and	
  improve	
  the	
  
design	
  of	
  the	
  LFC.	
  Complaints	
  received	
  thus	
  far	
  focus	
  on	
  the	
  chair’s	
  width	
  and	
  weight;	
  the	
  LFC’s	
  
drivetrain	
  forces	
  the	
  wheels	
  to	
  be	
  set	
  out	
  approximately	
  8cm	
  beyond	
  the	
  width	
  of	
  an	
  equivalently	
  sized	
  
Worldmade	
  chair,	
  and	
  adds	
  about	
  5kg	
  to	
  the	
  chair’s	
  mass.	
  Our	
  future	
  work	
  will	
  focus	
  on	
  reducing	
  the	
  
width	
  and	
  weight	
  of	
  the	
  LFC,	
  such	
  that	
  when	
  the	
  levers	
  are	
  removed	
  it	
  can	
  func7on	
  indoors	
  as	
  effec7vely	
  
as	
  a	
  conven7onal	
  wheelchair.	
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