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ABSTRACT
The	
  majority	
  of	
  US	
  adults	
  are	
  overweight	
  or	
  obese,	
  and	
  individuals	
  with	
  spinal	
  cord	
  injury	
  tend	
  to	
  have	
  a	
  
greater	
  percent	
  of	
  fat	
  mass	
  than	
  non	
  SCI	
  adults.	
  With	
  the	
  majority	
  of	
  people	
  traveling	
  in	
  vehicles	
  
overweight	
  or	
  obese;	
  it	
  is	
  necessary	
  to	
  examine	
  the	
  effects	
  of	
  obesity	
  on	
  occupant	
  response	
  in	
  frontal	
  
impacts	
  since	
  current	
  motor	
  vehicle	
  safety	
  standards	
  are	
  designed	
  for	
  the	
  50th	
  percenEle	
  male	
  and	
  not	
  
obese	
  individuals.	
  	
  Computer	
  simulaEons	
  were	
  run	
  with	
  a	
  modified	
  anthropomorphic	
  test	
  device	
  (ATD)	
  
to	
  examine	
  the	
  effects	
  of	
  obesity	
  on	
  occupant	
  kinemaEcs	
  in	
  frontal	
  impact.	
  	
  Results	
  show	
  that	
  head,	
  
chest,	
  and	
  pelvis	
  acceleraEons	
  increased	
  with	
  increasing	
  Body	
  Mass	
  Index	
  (BMI)	
  of	
  the	
  ATD.	
  	
  Chest	
  
deformaEon	
  and	
  forward	
  head	
  excursion	
  also	
  increased	
  with	
  increased	
  BMI.	
  Further	
  analysis	
  is	
  needed	
  
to	
  fully	
  describe	
  obese	
  occupant	
  response	
  in	
  order	
  to	
  improve	
  obese	
  occupant	
  safety.
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INTRODUCTION
Sixty	
  four	
  percent	
  of	
  US	
  adults	
  are	
  either	
  overweight	
  or	
  obese,	
  and	
  of	
  the	
  64%	
  approximately	
  34.3%	
  are	
  
considered	
  obese	
  according	
  to	
  the	
  NaEonal	
  Center	
  for	
  Health	
  StaEsEcs	
  [1].	
  	
  This	
  means	
  that	
  
approximately	
  	
  59	
  million	
  people	
  are	
  considered	
  obese	
  in	
  the	
  United	
  States	
  [2].	
  	
  The	
  RehabilitaEon	
  
Research	
  and	
  Training	
  Center	
  reports	
  that	
  people	
  with	
  disability	
  have	
  an	
  11.6%	
  higher	
  rate	
  of	
  obesity	
  
than	
  able-­‐body	
  adults	
  in	
  the	
  US	
  [3],	
  	
  and	
  adults	
  with	
  spinal	
  cord	
  injury	
  tend	
  to	
  have	
  a	
  significantly	
  greater	
  
percent	
  of	
  fat	
  mass	
  than	
  non	
  SCI	
  adults	
  [4].	
  

Several	
  studies	
  have	
  examined	
  the	
  effects	
  of	
  obesity	
  on	
  injury	
  pa^erns	
  and	
  injury	
  severity,	
  and	
  have	
  
reported	
  increased	
  risk	
  of	
  injury	
  for	
  the	
  lower	
  extremiEes,	
  chest,	
  and	
  head	
  for	
  obese	
  individuals	
  in	
  motor	
  
vehicle	
  impacts	
  [5-­‐8].	
  	
  The	
  findings	
  by	
  Mock	
  et	
  al	
  (2002),	
  led	
  them	
  to	
  suggest	
  that	
  occupant	
  restraint	
  
systems,	
  and	
  the	
  interior	
  design	
  of	
  the	
  vehicle	
  may	
  need	
  to	
  be	
  modified	
  to	
  fit	
  a	
  person’s	
  body	
  habitus	
  for	
  
opEmal	
  safety	
  [7].	
  	
  Current	
  motor	
  vehicle	
  occupant	
  restraint	
  systems	
  are	
  designed	
  for	
  the	
  50th	
  
percenEle	
  male	
  [9],	
  and	
  all	
  the	
  research	
  on	
  wheelchair	
  transportaEon	
  safety	
  is	
  based	
  on	
  this	
  average	
  
male	
  (	
  50th	
  percenEle)[10].	
  With	
  the	
  growing	
  number	
  of	
  obese	
  people	
  traveling	
  in	
  motor	
  vehicles,	
  it	
  is	
  
important	
  to	
  understand	
  how	
  these	
  people	
  respond	
  in	
  impacts	
  so	
  that	
  occupant	
  protecEon	
  systems	
  can	
  
be	
  designed	
  to	
  fit	
  an	
  individual	
  and	
  provide	
  maximum	
  safety.	
  	
  

Objective
The	
  purpose	
  of	
  this	
  study	
  was	
  to	
  examine	
  the	
  effects	
  of	
  obesity	
  on	
  occupant	
  response	
  in	
  frontal	
  impact	
  
using	
  computer	
  simulaEon.
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METHODS
The	
  effects	
  of	
  obesity	
  on	
  occupant	
  response	
  in	
  frontal	
  impacts	
  were	
  examined	
  using	
  the	
  computer	
  
simulaEon	
  sogware	
  MADYMOTM	
  (TNO	
  ,Delg,	
  Netherlands).	
  	
  MADYMOTM	
  is	
  a	
  computer	
  sogware	
  
program	
  commonly	
  used	
  in	
  the	
  automoEve	
  industry,	
  and	
  it	
  has	
  a	
  MADYMOTM	
  Anthropomorphic	
  Test	
  
Device	
  (ATD)	
  database,	
  which	
  contains	
  validated	
  computer	
  models	
  of	
  ATDs.	
  	
  The	
  
MADYMOTM	
  Hybrid	
  III	
  ATD	
  was	
  modified	
  to	
  represent	
  varying	
  degrees	
  of	
  obesity	
  using	
  
MADYMOTM	
  Scaler.	
  	
  MADYMOTM	
  Scaler	
  applies	
  different	
  scaling	
  factors	
  to	
  the	
  segments	
  
of	
  the	
  ATD	
  [11].	
  	
  The	
  segment	
  lengths	
  and	
  masses	
  are	
  scaled	
  using	
  EquaEon	
  1.

Where	
  λi	
  is	
  the	
  scaling	
  factor	
  in	
  the	
  i	
  direcEon,	
  Lt	
  is	
  the	
  target	
  length	
  of	
  the	
  segment,	
  Lr	
  is	
  the	
  reference	
  
length,	
  and	
  i	
  varies	
  in	
  the	
  x,	
  y,	
  and	
  z	
  direcEons	
  [11].

Four	
  MADYMOTM	
  ATDs	
  were	
  generated	
  based	
  on	
  the	
  World	
  Health	
  OrganizaEon’s	
  
(WHO)	
  classificaEon	
  of	
  Body	
  Mass	
  Index	
  (BMI).	
  	
  BMI	
  is	
  a	
  method	
  used	
  by	
  the	
  WHO	
  
to	
  classify	
  obesity	
  and	
  it	
  takes	
  into	
  account	
  a	
  person’s	
  height	
  and	
  weight.	
  	
  BMI	
  is	
  
calculated	
  using	
  EquaEon	
  2.

Where	
  weight	
  is	
  measured	
  in	
  kilograms	
  (kg)	
  and	
  height	
  is	
  measured	
  in	
  meters	
  (m)	
  [12].

The	
  ATDs	
  generated	
  included	
  a	
  50th	
  percenEle	
  male	
  Hybrid	
  III	
  ATD	
  (BMI	
  =	
  24),	
  an	
  overweight	
  ATD	
  
(BMI=28),	
  an	
  obese	
  ATD	
  (BMI=30)	
  and	
  an	
  obese	
  class	
  II	
  ATD	
  (BMI=35).	
  	
  Since	
  the	
  abdomen	
  of	
  the	
  Hybrid	
  
III	
  MADYMOTM	
  ATD	
  does	
  not	
  have	
  a	
  biofidelic	
  response[13],	
  and	
  it	
  has	
  been	
  suggested	
  that	
  the	
  lap	
  belt-­‐
obese	
  abdomen	
  interacEon	
  is	
  different	
  in	
  the	
  obese	
  populaEon	
  [5,	
  14],	
  a	
  new	
  material	
  property	
  was	
  
assigned	
  to	
  the	
  modified	
  ATDs	
  in	
  the	
  MADYMOTM	
  program.	
  	
  The	
  abdomen	
  was	
  given	
  force-­‐deformaEon	
  
characterisEcs	
  based	
  on	
  the	
  human	
  cadaver	
  abdomen	
  response	
  corridor	
  for	
  dynamic	
  seatbelt	
  loading	
  
generated	
  by	
  Hardy	
  et	
  al.	
  2001[15].	
  Figure	
  1	
  shows	
  the	
  abdomen	
  force-­‐deflecEon	
  curves	
  used	
  in	
  the	
  
standard	
  MADYMOTM	
  ATD	
  and	
  those	
  reported	
  by	
  Hardy	
  et	
  al	
  2001.

A	
  frontal	
  impact	
  acceleraEon	
  pulse	
  of	
  20g/30mph	
  was	
  applied	
  to	
  all	
  the	
  Modified	
  MAYDMOTM	
  ATDs	
  
which	
  were	
  posiEoned	
  in	
  a	
  generic	
  car	
  seat	
  and	
  restrained	
  by	
  a	
  standard	
  3	
  point	
  occupant	
  restraint	
  
system.	
  	
  Head	
  acceleraEon,	
  chest	
  acceleraEon,	
  pelvis	
  acceleraEon,	
  head	
  excursion,	
  knee	
  excursion,	
  and	
  
chest	
  deformaEon	
  were	
  
recorded	
  for	
  each	
  
simulaEon.	
  	
  AcceleraEons	
  
were	
  measured	
  in	
  units	
  of	
  
g.	
  	
  Two	
  dimensional	
  head	
  
and	
  knee	
  trajectories	
  were	
  
measured	
  in	
  the	
  fore/ag	
  
and	
  verEcal	
  direcEons.	
  	
  
Chest	
  deformaEon	
  was	
  
defined	
  as	
  the	
  relaEve	
  
displacement	
  of	
  the	
  ATD	
  
sternum	
  with	
  respect	
  to	
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Equation 1

Equation 2

Figure 1. Force-displacement curves for the standard MADYMOTM 
ATD abdomen (Left) and the abdomen response reported by Hardy 
et al. 2001 (Right).



the	
  ATD	
  thoracic	
  spine.

RESULTS
The	
  results	
  of	
  the	
  simulaEons	
  are	
  presented	
  in	
  Figures	
  2	
  
and	
  3.	
  	
  Figure	
  2	
  shows	
  that	
  the	
  50th	
  percenEle	
  ATD	
  
experiences	
  a	
  lower	
  head,	
  chest,	
  and	
  pelvis	
  acceleraEon	
  
than	
  the	
  modified	
  BMI	
  trials.	
  The	
  increase	
  in	
  BMI	
  causes	
  
an	
  earlier	
  peak	
  in	
  head	
  acceleraEon	
  at	
  approximately	
  60	
  
ms.	
  	
  There	
  was	
  a	
  slight	
  increase	
  in	
  overweight	
  and	
  obese	
  
peak	
  pelvis	
  acceleraEon	
  but	
  the	
  obese	
  II	
  peak	
  pelvis	
  
acceleraEon	
  was	
  very	
  close	
  to	
  that	
  of	
  the	
  50th	
  percenEle	
  
ATD	
  pelvis	
  acceleraEon.

Figure	
  3	
  shows	
  the	
  results	
  for	
  chest	
  deformaEon	
  and	
  the	
  
head	
  and	
  knee	
  trajectories.	
  	
  	
  As	
  BMI	
  increased	
  so	
  did	
  
chest	
  deformaEon.	
  	
  Head	
  excursion	
  in	
  the	
  forward	
  
(horizontal)	
  direcEon	
  increases	
  as	
  BMI	
  is	
  increased,	
  but	
  
the	
  head	
  excursion	
  in	
  the	
  verEcal	
  direcEon	
  decreases	
  as	
  
BMI	
  is	
  increased.	
  	
  Across	
  BMI	
  scenarios,	
  the	
  knee	
  
excursion	
  varies	
  as	
  the	
  BMI	
  increases	
  with	
  a	
  smaller	
  
amount	
  of	
  overall	
  knee	
  excursion	
  for	
  the	
  overweight	
  trial	
  
compared	
  to	
  the	
  50th	
  percenEle	
  ATD,	
  and	
  increasing	
  
excursion	
  for	
  the	
  obese	
  and	
  obese	
  II	
  trials	
  compared	
  to	
  
the	
  overweight	
  trial.

DISCUSSION
Computer	
  simulaEons	
  were	
  performed	
  to	
  examine	
  the	
  
effect	
  of	
  increasing	
  BMI	
  on	
  occupant	
  kinemaEcs	
  in	
  
frontal	
  impact.	
  	
  The	
  results	
  show	
  that	
  increasing	
  BMI	
  
increases	
  the	
  peak	
  acceleraEon	
  of	
  the	
  head,	
  chest,	
  and	
  pelvis.	
  	
  The	
  Eming	
  of	
  the	
  peak	
  head,	
  chest,	
  and	
  
pelvis	
  acceleraEon	
  was	
  similar	
  for	
  all	
  BMI	
  trials.	
  The	
  increased	
  chest	
  acceleraEon	
  and	
  increased	
  chest	
  
deformaEon	
  could	
  explain	
  why	
  Cormier	
  2008	
  reported	
  that	
  obese	
  occupants	
  have	
  an	
  increased	
  risk	
  of	
  
thoracic	
  injury	
  when	
  compared	
  to	
  non-­‐obese	
  occupants	
  in	
  frontal	
  impacts	
  [8].

The	
  peak	
  obese	
  II	
  pelvis	
  acceleraEon	
  was	
  similar	
  to	
  the	
  50th	
  percenEle	
  peak	
  acceleraEon.	
  	
  This	
  was	
  
unexpected	
  as	
  the	
  other	
  two	
  obesity	
  trials	
  had	
  higher	
  peak	
  acceleraEons	
  compared	
  to	
  the	
  50th	
  
percenEle	
  acceleraEon.	
  	
  Further	
  analysis	
  revealed	
  that	
  this	
  was	
  due	
  to	
  the	
  modified	
  abdomen.	
  	
  In	
  the	
  
obese	
  II	
  trial,	
  the	
  deformaEon	
  of	
  the	
  abdomen	
  was	
  greater	
  due	
  to	
  the	
  increased	
  mass	
  of	
  the	
  ATD.	
  	
  This	
  
resulted	
  in	
  more	
  movement	
  of	
  the	
  ATD	
  pelvis	
  and	
  thus	
  a	
  slightly	
  reduced	
  pelvic	
  acceleraEon.	
  	
  Further	
  
studies	
  on	
  the	
  mechanical	
  response	
  of	
  the	
  obese	
  human	
  abdomen	
  are	
  necessary	
  to	
  understand	
  this	
  
phenomenon.
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Figure 2. Acceleration plots of ATD head 
(Top), chest (Middle), and pelvis 
(Bottom).



The	
  head	
  trajectory	
  shows	
  that	
  increasing	
  BMI	
  causes	
  an	
  
increase	
  in	
  forward	
  movement	
  of	
  the	
  ATD	
  head.	
  	
  This	
  is	
  
most	
  likely	
  due	
  to	
  the	
  fact	
  that	
  there	
  is	
  an	
  increased	
  
mass	
  being	
  accelerated	
  forward	
  during	
  the	
  impact.	
  This	
  
could	
  also	
  explain	
  why	
  obese	
  occupants	
  are	
  more	
  likely	
  
to	
  have	
  traumaEc	
  brain	
  injury	
  in	
  frontal	
  impacts,	
  as	
  
increased	
  forward	
  head	
  excursion	
  increases	
  the	
  
likelihood	
  of	
  contact	
  with	
  the	
  interior	
  of	
  the	
  vehicle	
  [16].	
  
However	
  there	
  was	
  also	
  a	
  decrease	
  in	
  the	
  verEcal	
  
movement	
  of	
  the	
  ATD	
  head.	
  	
  This	
  is	
  most	
  likely	
  due	
  the	
  
changes	
  in	
  body	
  dimensions	
  of	
  obese	
  people.	
  	
  The	
  
movement	
  of	
  the	
  head	
  is	
  governed	
  by	
  a	
  complex	
  
interacEon	
  of	
  the	
  pelvis,	
  chest,	
  and	
  neck,	
  all	
  of	
  which	
  
may	
  alter	
  as	
  BMI	
  increases.

Knee	
  excursion	
  in	
  the	
  forward	
  and	
  increased	
  in	
  the	
  
obese	
  and	
  obese	
  II	
  trials.	
  	
  This	
  was	
  most	
  likely	
  due	
  to	
  the	
  
increased	
  mass	
  of	
  the	
  occupant	
  being	
  accelerated	
  
forward.	
  	
  It	
  could	
  also	
  explain	
  the	
  increased	
  incidence	
  of	
  
lower	
  extremity	
  injuries	
  to	
  obese	
  occupants	
  [6].	
  There	
  
was	
  very	
  li^le	
  difference	
  in	
  the	
  overweight	
  forward	
  knee	
  
excursion	
  and	
  the	
  50th	
  percenEle	
  forward	
  knee	
  
excursion,	
  and	
  the	
  overweight	
  trial	
  showed	
  less	
  verEcal	
  
knee	
  excursion	
  that	
  the	
  other	
  three	
  trials.	
  It	
  is	
  not	
  clear	
  
why	
  this	
  occurred	
  and	
  more	
  research	
  is	
  needed	
  to	
  
explain	
  results	
  of	
  the	
  overweight	
  knee	
  excursion.

Limitations
It	
  is	
  important	
  to	
  note	
  that	
  this	
  is	
  a	
  preliminary	
  study	
  and	
  therefore	
  more	
  research	
  is	
  needed	
  to	
  fully	
  
describe	
  the	
  effects	
  of	
  obesity	
  on	
  occupant	
  kinemaEcs	
  in	
  frontal	
  impacts.	
  	
  While	
  ATDs	
  are	
  the	
  best	
  tool	
  
available	
  to	
  examine	
  impact	
  condiEons,	
  the	
  MADYMOTM	
  ATD	
  does	
  not	
  fully	
  represent	
  human	
  response	
  
or	
  obese	
  human	
  response	
  in	
  frontal	
  impacts.	
  	
  The	
  modificaEon	
  of	
  the	
  MADYMOTM	
  ATD	
  abdomen	
  is	
  a	
  
starEng	
  point	
  but	
  there	
  is	
  no	
  informaEon	
  on	
  the	
  obese	
  abdominal	
  response	
  in	
  frontal	
  impacts.	
  	
  This	
  
limitaEon	
  is	
  currently	
  being	
  invesEgated	
  further.	
  	
  Finally	
  the	
  scaling	
  of	
  the	
  MADYMOTM	
  ATD	
  provides	
  an	
  
obese	
  ATD	
  but	
  it	
  does	
  not	
  necessarily	
  represent	
  the	
  common	
  mass	
  distribuEon	
  of	
  obese	
  people.	
  

CONCLUSION
This	
  preliminary	
  study	
  of	
  the	
  effects	
  of	
  obesity	
  on	
  occupant	
  kinemaEcs	
  shows	
  that	
  increased	
  BMI	
  causes	
  
increased	
  MADYMOTM	
  ATD	
  head,	
  chest	
  and	
  pelvis	
  acceleraEons.	
  	
  BMI	
  also	
  causes	
  increase	
  chest	
  
deformaEon	
  and	
  forward	
  head	
  excursion.	
  	
  The	
  increases	
  in	
  these	
  parameters	
  suggest	
  that	
  obese	
  
individuals	
  may	
  be	
  at	
  a	
  greater	
  risk	
  of	
  injury	
  in	
  motor	
  vehicle	
  impacts.	
  In	
  order	
  to	
  provide	
  improved	
  
occupant	
  protecEon	
  to	
  obese	
  individuals,	
  safety	
  systems	
  need	
  to	
  be	
  designed	
  to	
  “fit”	
  a	
  person’s	
  body	
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Figure 3. ATD chest deformation (Top), 
head trajectory (Middle), and knee 
trajectory (Bottom).



dimensions	
  and	
  withstand	
  the	
  forces	
  associated	
  with	
  frontal	
  impact.	
  	
  This	
  is	
  especially	
  important	
  given	
  
the	
  trends	
  of	
  increased	
  obesity	
  in	
  US	
  adults	
  and	
  people	
  with	
  disabiliEes.	
  	
  Further	
  research	
  is	
  necessary	
  to	
  
accurately	
  describe	
  the	
  effects	
  of	
  obesity	
  on	
  occupants	
  in	
  frontal	
  impacts.
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