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1.0 INTRODUCTION 

The I n d u s t r i a l  Truck Assoc ia t io !n  (ITA) has been conduct ing an 

exper imenta l  s tudy e n t i t l e d  "Operator R e s t r a i n t  Tes t  Program," t o  

s imu la te ,  i n  a  c o n t r o l l e d  environment, t he  o v e r t u r n i n g  o f  f o r k l i f t  

t r ucks  and t o  record  and measure t he  response o f  t he  t r u c k  opera to r  

d u r i n g  t h e  ove r t u rn .  

1 . 1  Background 

The f i r s t  phase o f  t h e  program was c a r r i e d  ou t  d u r i n g  1980, when 

some 36 o v e r t u r n  t e s t s  were performed. The r e s u l t s  o f  t h i s  phase a re  

g i ven  i n  t he  f i n a l  r e p o r t  t o  ITA.' 

One o f  the  o b j e c t i v e s  o f  Phase I  was t o  s imu la te  repor ted  f i e l d  

acc iden ts  i n  which t he  t r u c k  opera to r  i s  s t ruck  by t he  overhead guard 

d u r i n g  a  l a t e r a l  t r uck  ove r t u rn .  However, none o f  t he  a t tempts  i n  

Phase I  succeeded i n  produc ing t h i s  i n t e r a c t i o n  between the  opera to r  and 

the  overhead guard. 

Another o b j e c t i v e  o f  Phase I o f  t he  t e s t i n g  program was t o  eva lua te  

the  e f f e c t s  o f  r e s t r a i n t  systems on t he  k inemat ics  o f  the  occupant 

d u r i n g  t r u c k  ove r t u rns .  T h i s  was t o  be done by a  comparat ive study o f  

the  occupan t ' s  k inemat i c  response i n  t e s t s  s i m i l a r  i n  a l l  respects  

except f o r  the  presence (or absence) o f  and the  type o f  r e s t r a i n i n g  

dev i ce. 

Such a  study would f i r s t  r e q u i r e  t h a t  a  s e r i e s  o f  " i d e n t i c a l "  t e s t s  

be conducted w i t hou t  any r e s t r a i n t  t o  produce a  repea tab le  occupant 

'King, A .  I .  Operator R e s t r a i n t  Test  Program, F i na l  Repor t .  
Sou th f i e l d ,  M i . :  A . I .  K ing,  Inc . ,  January 1981. 



response. Another s e r i e s  o f  t e s t s ,  i d e n t i c a l  t o  t h e  f i r s t  s e r i e s  except  

f o r  t he  i n t r o d u c t i o n  o f  t he  r e s t r a i n t  dev ice,  would then be conducted t o  

produce a  repeatab le ,  and h o p e f u l l y  improved, occupant response. Us ing 

t h i s  approach, the  e f f e c t s  o f  armre!sts and s e a t b e l t s  were i n v e s t i g a t e d  

i n  Phase I ,  However, because o f  the  complex i ty  o f  v a r i a b l e s  a f f e c t i n g  

t he  occupant response and t he  l i m i t e d  number o f  repea tab le  t e s t s  t h a t  

were obta ined,  i t  was no t  poss ib l e  t o  draw s t a t i s t i c a l l y  v a l i d  

conc lus ions  about t he  e f f ec t i veness  o f  any t es ted  r e s t r a i n t  device,  

The r e s u l t s  o f  Phase I and the e.xperience gained from i t  l ed  ITA t o  

i n i t i a t e  a  second phase o f  the  "Operfator R e s t r a i n t  T e s t i n g  Program," i n  

which t he  t e s t  methods and cond i t i ons  and the  t e s t  m a t r i x  were c a r e f u l l y  

designed. Because the  f i r s t  t e s t i n g  phase was performed by ITA a t  t he  

Corporate Labora to r ies  o f  C lark  Equipment Company, ITA sought an 

independent , t e s t i n g  l abo ra to r y  t o  conduct t h e  nex t  s e r i e s  o f  t e s t s .  The 

Highway Safety  Research l n s t i  t u t e  (HSRl) o f  the U n i v e r s i t y  o f  Mich igan 

was con t rac ted  t o  per form Phase l l  o f  t he  t e s t i n g  program. 

Th i s  r e p o r t  descr ibes the t e s t s  performed i n  Phase I I  d u r i n g  t h e  

3-month pe r i od  ending w i t h  January 1982. The r e s u l t s  o f  t he  t e s t s  a re  

a l s o  inc luded,  along w i t h  eva lua t ions  o f  the  t e s t  methods and a  

d i scuss ion  o f  r e s u l t s .  

1.2 Ob iec t i ves  

Phase I  I o f  the t e s t i n g  program ,was conceived by ITA t o  accompl ish 

c e r t a i n  o b j e c t i v e s  by s imu la t i ng  two types of  o v e r t u r n  acc idents :  those 

t h a t  occur w h i l e  the  t r u c k  i s  t r a v e l i n g  and a t t emp t i ng  a  l e f t  t u rn ,  and 

t h a t  which occur w h i l e  the  operator  i s  engaged i n  maneuvering a c t i v i t i e s  

on a  load ing  dock. The o b j e c t i v e s  were: 



(a) Obta in  repea tab le  occupant responses from o v e r t u r n  t e s t s  where t e s t  

c o n d i t i o n s  a re  d u p l i c a t e d  from Phase I .  

(b) Conduct o v e r t u r n  t e s t s  under mod i f i ed  b u t  r e a l i s t i c  ope ra t i ng  

c o n d i t i o n s  t h a t  were more l i k e l y  t o  produce the  f i e l d -obse rved  

i n t e r a c t l o n  between t he  opera to r  and t he  overhead guard. 

(c) Document t he  e f f e c t s  o f  r e s t r a i n t  systems on the  opera to r  response 

d u r i n g  t r u c k  over tu rns .  

A f t e r  the  f i r s t  n i n e  l a t e r a l  dynamic o v e r t u r n  t e s t s ,  d u r i n g  which 

t he  e f f e c t s  o f  s e a t b e l t s  and armrests were be ing  s y s t e m a t i c a l l y  s tud ied ,  

i t  became c l e a r  t h a t  the  t e s t  c o n d i t i o n s  i n  the  dynamic t e s t  s e r i e s  were 

no t  p roduc ing  t he  des i red  i n t e r a c t  i on  between t h e  overhead guard and t he  

"opera to r " .  The remaining t e s t s  were subsequent ly conducted w i t h o u t  

operator  r e s t r a i n t ,  w i t h  t h e  o b j e c t i v e  o f  de te rmin ing  t he  p r e c i s e  

v e h i c l e  and occupant dynamics t h a t  wciuld r e s u l t  i n  the opera to r  be ing  

caught between t he  o v e r t u r n i n g  guard and t he  ground. 

1 .3  Approach 

I n o rder  t o  achieve t he  above o b j e c t i v e s  o f  Phase l I , the  t e s t  p l a n  

c a l l e d  f o r  two ca tegor ies  o f  test is i d e n t i f i e d  as (1) L a t e r a l  Dynamic 

Over tu rn ing  Tests ,  and ( 2 )  S t a t i c  Doc:k-Related Tests .  

The e f f e c t s  o f  r e s t r a i n t  systems were t o  be s tud ied  by conduct ing 

" repeat"  t e s t s  w i t h  ( 1 )  un res t r a i ned  ope ra to r ,  (2) opera to r  i n  a  seat 

wi t h  armrests ,  and (3) opera to r  wear i  ng seatbe l  t s .  

Var ious modes o f  o v e r t u r n i n g  were t o  be performed, s i m u l a t i n g  

va r i ous  types o f  repor ted  o r  p r o j e c t e d  acc iden ts ,  Thus, t he  dynamic 

t e s t s  were t o  be conducted w h i l e  the t r uck  was moving a t  i t s  maximum 

speed, and ( 1 )  execu t ing  a  sharp J - t u r n  t o  the  l e f t  causing the  t r u c k  t o  

ove r t u rn  on i t s  r i g h t  s ide,  ( 2 )  exec:uting a  sharp S- turn a l s o  r e s u l t i n g  



i n  an o v e r t u r n  on t he  t r u c k ' s  r i g h t  s ide,  and (3) execu t ing  a  sharp 

J - t u r n  b u t  w i t h  t he  t r u c k  t r a v e l i n g  i n  reverse  f o r  a  r i g h t - s i d e  

over t u r n .  

The s t a t i c  (dock- re la ted)  t e s t s  were t o  i nc l ude  ( 1 )  l o n g i t u d i n a l  

o v e r t u r n i n g  ( t i p p i n g  forward) w i t h  t h e  t r u c k  c a r r y i n g  i t s  maximum r a t e d  

capac i t y  load, and w i t h  t h e  load a t  i t s  maximum f o r k  he igh t ,  (2) r ea r  

d rop -o f f  where t he  f o r k l i f t ,  w i t h  i t s  f r o n t  wheels parked on a t r a i l e r ,  

i s  dragged by the  moving t r a i  l e r  away f rom the dock, and (3) l a t e r a l  

ove r t u rn i ng ,  whece t he  opera to r ,  s t e e r i n g  away from the  edge o f  the  

dock, causes the  s tee r  wheel t o  f a l l  o f f  t he  edge and o v e r t u r n  t he  t r u c k  

on i t s  s ide .  

The t r u c k  opera to r  i n  a l l  o f  these t e s t s  was s imulated by an 

anthropomorphic dummy instrumented w i t h  accelerometers a t  the  head 

cen te r  o f  mass, the  mid-chest,  and the  p e l v i s ,  as w e l l  as  w i t h  load 

c e l l s  t o  measure knee loads. 

The t e s t  p l an  c a l l e d  f o r  comprehensive documentation o f  the t r uck  

mot ion and dummy k inemat ics  through t he  use of  t ransducers  and h igh-  

speed movies. F i n a l l y ,  the  t e s t  da ta  were t o  be processed and analyzed, 

and t he  t e s t  r e s u l t s  presented and d iscussed.  



2.0 LATERAL DYNAI4I C TEST SERIES 

I n  t h i s  s e r i e s  o f  t e s t s ,  the l i f t  t r u c k  was made t o  over tu rn ,  by 

remote c o n t r o l ,  on to  i t s  r i g h t  s i de  w h i l e  t r a v e l i n g  a t  maximum speed. A 

t o t a l  o f  21 successfu l  l a t e r a l  dynamic over tu rns  were completed, i n  

v a r i o u s  modes and under cond i t i ons  descr ibed l a t e r  i n  t h i s  sec t i on .  

2.1 Tes t  S i t e  P repa ra t i on  

The dynamic t e s t  s e r i e s  was conducted i n  a  pa rk i ng  l o t  ad jacent  t o  

t he  HSRI  b u i l d i n g  i n  Ann Arbor,  Michigan, One area i n  t h e  vacated l o t  

was used as the  s i t e  where t h e  t r uck  would ove r t u rn .  A 20x20-foot 

g r idwork  was pa in ted  on t he  pavement i n  1x1- foot  squares. The runway 

was 100 f e e t  long t o  a l l o w  t h e  t r u c k  t o  reach i t s  maximum speed o f  about 

1 2  mph as i t  t r a v e l e d  toward the g r idded  t e s t  s i t e .  See F igu re  2-1. 

Two high-speed, 16-mm movie cameras (Photosonics 18) were p laced a t  

r i g h t  angles and aimed toward the  cen te r  o f  the g r i d  a long  t he  g r i d  

d iagonals .  Because o f  the  l ayou t  o f  the  runway and t he  pa rk i ng  l o t ,  t he  

two cameras were aimed i n  the  general  southern d i r e c t i o n ,  t h a t  i s ,  

l o o k i n g  i n t o  the  sun. Thus, i t  was necessary t o  p rov i de  h i g h - i n t e n s i t y  

1 i g h t s  over the t e s t  pad, t o t a l  i ng  over 20,000 w a t t s ,  t o  e l i m i n a t e  t he  

shadows from the f i l m e d  event .  V e r t i c a l  markers were p laced a longs ide  

t he  edges o f  the  square t e s t  pad t o  p rov i de  accura te  s c a l i n g  o f  the  

p r o j e c t e d  image f o r  q u a n t i t a t i v e  f i l m  ana l ys i s .  I n  a d d i t i o n ,  t e s t  

i d e n t i f i c a t i o n  s l a t e s  were inc luded i n  the  f i e l d  o f  v iew.  I n  most of 

t he  e a r l y  t e s t s ,  however, these I D ' S  cou ld  no t  be c l e a r l y  seen. I n  

l a t e r  t e s t s ,  l a rge r  t e s t  numbers were at tached t o  the  s i de  o f  the  t r uck ,  

and a c lose-up o f  the  t e s t  I D  and cond i t i ons  was s p l i c e d  t o  the o r i g i n a l  





film of each test before copying. Finally, an additional hand-held zoom 

movie camera was used in later tests to obtain a 64 frames/second movie 

of the truck approach and a close-up cf the dummy motion at impact. The 

test site, runway, and camera locations are shown in Figure 2-2. 

2.2 Equipment 

Two major pieces of equipment were used in this testing program: 

(1) the fork1 ift truck itself, modif iled for remote control, and (2) a 

95th percentile male anthrpomorphic dummy simulating the truck operator. 

2.2.1 The Test Vehicle and Controller. The forklift truck used in 

this series was a Clark model number C500 Y30 that was equipped with a 

steering control system allowing for remote control of the steering 

function. A l l  dynamic tests were conducted with the vehicle in the 

unloaded condition with the forks set twelve inches above the ground. 

The standard hydraul ic steer'ing valve (actuated by turning the 

steering wheel) was replaced by an electro-hydraulic servo-control 

valve. The steer cylinder was equipped with a linear variable 

different i a1 transformer (LVDT) to provide the necessary feedback signal 

for the control system. A n  umbilical cord, trailed from the vehicle, 

provided the means to transmit the necessary electrical signals to and 

from the vehicle. 

Steering position commands were generated for this system by two 

sources. As the vehicle approached the immediate rollover sight, the 

experimenter controlled steering directly by turning a control dial on a 

hand-held control box. To initiate the actual event, the vehicle passed 

through a "gate" consisting of two standards, between which was strung a 

trip-wire. When the vehicle h i t  the wire, a switch was thrown that 

introduced a new level of steering position command. The servo-system 



S t a r t i n g  P o s i t i o n  i 
F i g u r e  2 - 2 :  Diagram o f  Dynamic Tes, t  S i t e  and Camera L o c a t i o n s  



would then cause s tee r  wheels t o  t u r n  a t  the  maximum r a t e  toward t he  new 

command p o s i t i o n .  Two successive gatles cou ld  be employed i n  one run  t o  

p rov i de  two d i f f e r e n t  s t e e r i n g  p o s i t i o n  commands, F i gu re  2-3 shows a  

s i m p l i f i e d d i a g r a m o f  t h e c o n t r o l  system. (The system was i n i t i a l l y  

p rov ided  by t he  sponsor i n  a  somewhat d i f f e r e n t  form. F i gu re  2-3 

i l l u s t r a t e s  t he  system as mod i f i ed  by H S R l  i n  o rder  t o  p rov i de  a  broader 

range o f  i n p u t  p o s s i b i l i t i e s  than i n i t i a l l y  a v a i l a b l e . )  

The v e h i c l e  was a l s o  equipped w i t h  a  so l eno id  t h a t ,  when ac t i va ted ,  

t r i p p e d  t he  t h r o t t l e  from the  "IDLE" t o  t he  "ON" p o s i t i o n .  The rea f t e r ,  

t he  v e h i c l e  speed was c o n t r o l l e d  by the  engine governor, and the  v e h i c l e  

proceeded a t  maximum speed. 

F i n a l l y ,  the  system inc luded  a  shut-down sw i tch ,  t h a t  tu rned  o f f  

the  engines and a c t i v a t e d  t he  brakes. 

2 . 2 . 2  The Test  Subiect .  Th i s  was a  95 th  p e r c e n t i l e  male 

anthropomorphic dummy, which i s  t y p i c a l l y  used i n  automot ive s a f e t y  

t e s t i n g .  T h i s  dummy i s  the  bes t  c u r r e n t l y  a v a i l a b l e  s u b s t i t u t e  f o r  man, 

and i s  used whenever the  t e s t i n g  environment i s  t oo  dangerous f o r  human 

vo lun tee rs .  To he lp  the dummy m a i n t a i n  a  c e r t a i n  posture,  muscle tone 

was s imu la ted  by " s e t t i n g "  t he  j o i n t s  t o  1 g. Th i s  i s  done by 

t i g h t e n i n g  t he  j o i n t s  a t  t he  elbows, shoulders,  h ips ,  and knees j u s t  

enough so they w i l l  ho l d  the  weights  o f  the  e x t r e m i t i e s .  Ac t i ve  muscle 

tone i s  absent i n  t h i s  and a l l  dummies, because they cannot " tense up" 

i n  r e a c t i o n  t o ,  or  i n  a n t i c i p a t i o n  o f ,  t he  impact. 

2 . 3  I ns t r umen ta t i on  

I n  a d d i t i o n  t o  the two high-speed cameras f i l m i n g  the sequence o f  

events,  v a r i o u s  t i m e - h i s t o r i e s  o f  t he  t r u c k  mot ion and t he  dummy 

k inemat ics  were monitored. 





The t r uck  was instrumented w i t h  a  t r i a x i a l  accelerometer package t o  

mon i to r  i t s  dece le ra t i on  a t  impact i n  the A-P (anter  i o r - pos te r  i o r )  , L-R 

( l e f  t-r i ght )  , and S-I ( super io r -  i n f e r i o r )  d i r e c t  ions.  The t r u c k  

v e l o c i t y  was ob ta ined  f rom one o f  t he  t r uck  wheels v i a  a  v e l o c i t y  

t ransducer .  Th i s  t ransducer  generates magnetic pulses,  t h a t  a re  i n  t u r n  

conver ted t o  a  v o l t a g e  p r o p o r t i o n a l  t o  the t r u c k  v e l o c i t y .  F i n a l l y ,  a  

mercury sw i t ch  was a t tached  t o  t he  t r uck  counterweight  a t  a  45-degree 

angle  so t h a t  i t  c losed  when t he  t r uck  was about t o  ove r t u rn .  The 

s w i t c h  c l osu re  was recorded a long  a l l  o ther  s i gna l s ,  and i t  was a l s o  

used t o  f i r e  a  f l a s h b u l b  mounted on the  t r uck  t o  synchron ize t h e  events 

f rom the  movies w i t h  the  analog s i g n a l s  recorded on tape. 

Standard dummy i ns t r umen ta t i on  inc luded  t r i a x i a l  accelerometer 

packages t o  measure the  A-P,  I - R ,  and S - I  a cce le ra t i ons  a t  t he  head 

cen te r  o f  g r a v i t y ,  t he  mid-chest, and the  p e l v i s .  For most o f  the  

dynamic t e s t s ,  knee load c e l l s  were r ~ o t  used. The f o r ces  exer ted  by t he  

dummy's hands on the s t e e r i n g  wheel were measured w i t h  a  s t e e r i n g  column 

load c e l l ,  which inc luded t h ree  orthclgonal f o r c e  t ransducers  i n  the  A-P 

and L-R d i r e c t i o n s  (perpend icu la r  t.o the column long a x i s )  , and i n  t he  

S-I d i r e c t i o n  (along t he  column a x i s ) ,  as w e l l  as two torque t ransducers  

about t he  A-P and L-R axes. F i n a l l y ,  i n  t e s t s  i n  which the  dummy was 

wearing a s e a t b e l t ,  t h e  l e f t  and r i g h t  b e l t  tens ions were a l s o  recorded. 

A 1  1 cab1 i ng t o  the  t ransducers  emerged as one bundle and was 

channel led t o  t he  HSRl indoor ins t rumenta t ion  room v i a  two 350-foot 

u m b i l i c a l  cables.  The s i g n a l s  were cond i t i oned  b u t  no t  f i l t e r e d .  The 

cond i t i oned  s i gna l s  were rou ted  t o  two FM analog tape recorders  where 

they were recorded on magnetic tape f o r  s torage and f o r  l a t e r  analog-to- 

d i g i t a l  convers ion and da ta  process ing.  



2.4 Processinq 

At the end of one day's testing, all movie films were labeled, 

packed, and shipped for developing. The processed original film was 

usually returned after one business day. The original was edited to 

remove the beginning of the film showing the empty test site, and to 

include only the film segment which showed the truck or occupant in 

motion. A close-up of test title, cotle, and conditions was spliced with 

every test, and the original was then sent back to the processing lab to 

make a workprinf. Movies from only two tests were totally lost, while 

several movies of unsuccessful overturn attempts were obtained. 

The analog tapes containing the recorded signals were converted to 

digital signals, and those signals were processed on the University's 

Amdhal/V'/ computer, A special purpose program was written to handle the 

exceptionally long (approximately 640 ms) digitized signals. The 

sampl i ng rate was 6400 Hz (samples/sacond) for each signal, for a total 

of 4096 points per signal. Since the synchronization signal from the 

mercury switch did not function at all in some cases, or since it fired 

too late in others, the beginning of the digitized signal was manually 

controlled. 

The raw (unfiltered) signals were then plotted in their entirety to 

determine whether a cable was broken or a signal was lost before it was 

included in the final processing. With these raw plots in hand, the 

processing was carried out by specifying not only which signals would be 

processed, but also what 320-ms segment of the total 640 ms should be 

extracted. 

Once the desired segment of data was selected to include all the 

impact information, the signals were digitally filtered in accordance 



with SAE J211b instrumentation guidelines. Different classes of filters 

having different cut-off frequencies were used depending on the signal 

source. Thus, 

* Class 1000 f i 1 ter (corner @ 1650 Hz) was used for the head 
accelerations, 

* Class 180 f i 1 ter (corner @ 30Cl Hz) was used for the chest and 
pelvic accelerations and for the seatbelt loads, 

* C 1 ass 600 f i 1 ter (corner @ 1OClO Hz) was used for the femur (knee) 
loads, and 

* Class 60 fj 1 ter (corner @ 100 Hz) was used on the truck 
deceleration , signals, and for the steering wheel 
signals. 

Resultant accelerationsa were c:alcuIated point-by-point for the 

head, chest, pelvis, truck, and steering column signals. The Head 

Injury Criterion (HIE)) was calc~~lated from the head resultant 

acceleration. The time-histories of all signals were scanned to find 

their minima and maxima and their time of occurrence. Then these time- 

histories were computer-plotted in a specially-designed format, suitable 

for slide presentation. Finally, a one-page summary of all values was 

printed for inclusion in this report. 

Detailed results and computer output of dynamic overturn tests are 

assembled in Appendix A. A summary of the results is given in section 

2.6, whi le the evaluation of and disc:ussion are presented in section 3. 

ZSquare root of sum of squares of A-P, L-R, and S-l components 

)Described by the following expression, where "a" is the resultant 
acceleration of the head and "ti" ancl 'It2'' are any two points in time 
during the impact: 



2.5 D e s c r i p t i o n  o f  Dynamic Tests  

The o r i g i n a l  p l a n  c a l l e d  f o r  20 l a t e r a l  dynamic o v e r t u r n  t e s t s  t o  

be conducted under c a r e f u l l y  s p e c i f i e d  t e s t  c o n d i t i o n s ,  As t e s t i n g  

progressed, t h e  o r i g i n a l  p l a n  was m o d i f i e d  t o  produce t h e  d e s i r e d  t r uck /  

dummy I n t e r a c t i o n .  

In t h e  dynamic t es t s ,  t h e  dummy was seated i n  an u p r i g h t  pos tu re  as 

shown i n  F i gu re  2-4 ,  and i t s  hands were t i e d  t o  t he  s t e e r i n g  wheel w i t h  

a  s i n g l e  s t r and  o f  40-pound t e s t  ny l on  f i s h i n g  l i n e .  The sea t i ng  

p o s i t i o n  was mainta ined d u r i n g  t he  a c c e l e r a t i o n  phase o f  the  t r uck  w i t h  

a  ches t  t e t h e r  (a 40-pound ny l on  f i s h i n g  l i n e )  t h a t  was au toma t i ca l l y  

c u t  immediately be fo re  the  o v e r t u r n  w i t h  a  k n i f e / s o l e n o i d  dev ice 

a c t i v a t e d  by the  mercury sw i t ch  descr ibed e a r l i e r .  Al though the dev ice 

d i d  n o t  f u n c t i o n  p rope r l y  i n  some t e s t s ,  i t  was f e l t  t h a t  the  i n e r t i a l  

f o r ces  a c t i n g  on the chest  were more than s u f f i c i e n t  t o  break t h i s  

t e t h e r .  That  i s  t o  say t h a t  t he  t e t h e r  had n e g l i g i b l e  e f f e c t s  on the 

mot ion  o f  the  dummy d u r i n g  ove r t u rn ,  w h i l e  i t  served i t s  purpose o f  

m a i n t a i n i n g  t he  des i red  i n i t i a l  pos tu re  o f  t he  dummy. 

I n  t he  f i r s t  9 t e s t s ,  a  sharp J - t u r n  maneuver was executed w h i l e  

the  l i f t  t r u c k  was t r a v e l i n g  a t  i t s  maximum speed o f  approx imate ly  

12 mph. The rad ius  o f  t u r n  was approx imate ly  6 f e e t ,  and the  t r uck  

over tu rned  on i t s  r i g h t  s i de .  The nex t  t h ree  t e s t s  were S- tu rn  

maneuvers i n  which a  sharp r i g h t  t u r n  was executed f i r s t ,  fo l l owed 

immediately by another sharp J - t u r n  t o  the  l e f t  caus ing the  t r uck  t o  

o v e r t u r n  on to  i t s  r i g h t  s i de .  

The d i f f e r e n c e  between the  groups o f  t e s t s  was t h e  presence or 

absence of  r e s t r a i n i n g  dev ices.  Thus, some t e s t s  were r un  w i t h  the 

dummy r e s t r a i n e d  on l y  by t he  armrests o f  the seat ,  some were run  w i t h  





t he  occupant i n  a  seat  w i t h o u t  armrests b u t  wear ing sea tbe l t s ,  w h i l e  

o the r  t e s t s  were r u n  w i t h  the  (occupant complete ly  unres t ra ined ,  

i .e .  w i t h o u t  s e a t b e l t s  and w i t h o u t  armrests.  A f t e r  t he  f i r s t  9 t e s t s  

(J- turns)  were conducted as descr i bed above and t he  r e s u l  t i  ng v e h i c l e  

and occupant dynamics examined, i t  became ev iden t  t h a t  t h r e e  a d d i t i o n a l  

f a c t o r s  were a f f e c t i n g  t he  truck/dummy i n t e r a c t i o n s .  

F i r s t ,  i t  was determined t h a t  t he  hand t i e s  t o  t he  s t e e r i n g  wheel 

were i n c o n s i s t e n t l y  b reak ing  a t  d i f f e r e n t  f o r c e  l e v e l s ,  produc ing bo th  

e j e c t  i on  and non-e ject  i on  o f  t he  dummy under supposed1 y  i d e n t i c a l  t e s t  

cond i t i ons .  Th i s  was subsequent ly re~ved ied  by e l i m i n a t i n g  the  s t r e s s  

concen t ra t ions  a t  t h e  kno t  i n  t h e  ny l on  l i n e  by wrapping t he  l i n e  

severa l  t imes over the  hand be fo re  t a k i n g  i t  t o  t h e  s t e e r i n g  wheel rim. 

The l i n e  gage was a l s o  changed t o  20 pounds, then t o  10 pounds, and 

severa l  combinat ions o f  s i n g l e  and double  s t rands  were a l s o  t r i e d  ou t .  

Second, i t  was found t h a t  the  dummy always e j e c t e d  from the  rear  i n  

those t e s t s  i n  which e j e c t i o n  occurred.  The s e a t i n g  pos tu re  was 

subsequent ly mod i f i ed  f rom "up r i gh t "  t o  s l i g h t l y  " lean ing"  forward, as 

most ope ra to r s  do when d r i v i n g  a  f o r k l i f t  t r uck ,  as shown i n  F igure  2-5. 

F i n a l l y ,  a f t e r  t r y i n g  o u t  va r i ous  hand t y i n g  schemes and sea t i ng  

the  dummy i n  a  forward- lean ing posture,  i t  was determined t h a t  t he re  was 

l i t t l e  d i f f e r e n c e  i n  the  dummy mot ion between the  J - t u r n  and the  S- turn 

t e s t s ,  and t h a t  the  f i n a l  J - t u r n  causing the  o v e r t u r n  was too  severe t o  

produce t he  des i r ed  e j e c t i o n  mode o f  t he  dummy. 

Thus, a t t e n t i o n  was turned t o  mod i f y i ng  t he  v e h i c l e  dynamics by 

changing t he  rad ius  o f  t u r n  t o  18 f e e t  i ns tead  o f  t he  sharp 6 - foo t  

r ad ius .  A f t e r  severa l  t e s t s  were conducted, i t  was found t h a t  such a 

slow t u r n  was causing premature s i d e - e j e c t i o n  o f  the  dummy, because the  





sus ta ined  o v e r t u r n i n g  mot ion  was t oo  long, a l l o w i n g  the dummy t o  e j e c t  

f rom t h e  cag- and h i t  t he  pavement be fo re  t he  t r u c k  was f i n a l l y  

over turned.  A d e t a i l e d  d i scuss ion  o f  t he  v e h i c l e  and occupant dynamics 

i s  g i ven  i n  s e c t i o n  3. 

Subsequently, t he  t u r n  r ad ius  was reduced t o  about 15 f e e t .  The 

l a s t  s i x  t e s t s  were conducted a t  t h i s  t u r n  rad ius ,  produc ing severa l  

d i f f e r e n t  types o f  dummy i n t e r a c t i o n  w i t h  t he  overhead guard. Two o f  

these i nvo l ved  the  guard impact ing the  dummy a f t e r  i t  had e jec ted .  

Table  2-1 summarizes the  t e s t  c o n d i t i o n s  o f  a l l  l a t e r a l  dynamic o v e r t u r n  

t e s t s  conducted i n  Phase I I .  

2.6 Resu l t s  of Dynamic Tests  

The r e s u l t s  o f  21 dynamic l a t e r a l  o v e r t u r n  t e s t s  a re  summarized i n  

Tab le  2-2. D e t a i l e d  ou tpu t  o f  da ta  process ing i s  g iven  i n  Appendix A .  

H i g h l i g h t s  o f  these r e s u l t s  a re  presented i n  the  next  subsect ions,  

2.6.1 Resu l t s  of 01,02, and Q. These were severe J - t u rns  w i t h  

s e a t b e l t s  b u t  no armrests.  The b e l t  anchors were a t  the  l e f t  and r i g h t  

mount ing b o l t s  o f  t he  overhead guard r ea r  legs ,  Review o f  the  h igh-  

speed movies i nd i ca ted  t h a t  the dummy stayed i n s i d e  the cage (overhead 

guard) b u t  s l  i d  sideways on the  seat  as t h e  t r uck  s t r uck  t he  ground. 

The l ap  b e l t  kep t  the  head o f  the  dunimy f rom h i t t i n g  the  top  o f  t he  cage 

i n  the  t e s t s .  The dummy h i t  t he  ground a t  the  shoulder f i r s t ,  a f t e r  t he  

t r u c k  had a l ready  s t r uck  t he  ground. I n  t e s t  Q 1  t he  head d i d  no t  s t r i k e  

t he  ground. The dummy f i n a l  p o s i t i o n s  i n  these t e s t s  were t y p i c a l l y  as 

shown i n  F igures 2-6 and 2-7. The peak r e s u l t a n t  acce le ra t i ons  averaged 

30 g f o r  t he  chest  and 27 g f o r  the p e l v i s .  The head peak r e s u l t a n t  

ranged from 7 3  g t o  417 g, and the  H I C  f rom 132 t o  1636. 



TABLE 2-1: TEST CONDITIONS OF DYNAMIC OVERTURNS 

T e s t  Code T e s t  C o n d i t i o n s  

9 T e s t s  o f  6 - f t .  J-Turn, U p r i g h t  Dummy 
S i n g l e  W r i s t  T i e s  o f  40# L ine:  

Q1,  Q2, Q3 .... W i t h  S e a t b e l t s  (no armrests)  
R1, R2, R 3 .  ... W i t h  Armrests  (no s e a t b e l t s )  .. S1, S2, S3.. U n r e s t r a i n e d  (no s e a t b e l  t s  o r  a rmres ts )  

- - - - - -- 

3 T e s t s  o f  6 - f t . ,  S-Turn: 

U l  ............ W i  t h  a rmres ts  (no s e a t b e l  t s )  . 
1x40# w r i s t  1 ine ,  Dummy u p r i g h t  

V3, V4 ........ U n r e s t r a i n e d ,  Double w r i s t  t i e s  o f  20# l i n e ,  
Fo rward - lean ing  dummy 

- - -- 

3 T e s t s  o f  18-f t. J-Turn,  Forward-Leani ng Dummy: 

. U2.. .......... W i t h  a rmres ts  (no s e a t b e l  t s )  
S i n g l e  w r i s t  t i e s  o f  40# l i n e  . U4.. .......... Wi th  a rmres ts  (no s e a t b e l  t s )  
Double w r i s t  t i e s  o f  20# l i n e  

Vl . . . ;  ........ U n r e s t r a i n e d ,  Double w r i s t  t i e s  o f  20# l i n e  

6  T e s t s  o f  15-f t. J-Turn,  Forward-Leani ng Dummy, 
Double W r i s t  T i e s  o f  20# l i n e :  

S 5 ,  56, 57.. .. Wi th  Armrests (no s e a t b e l  t s )  
S8, 59, 510.. . U n r e s t r a i n e d  (no s e a t b e l t s  o r  a rmres ts )  

2.6.2 R e s u l t s  o f  R1, R2, and Rj. These were a l s o  severe  J - t u r n s  

w i t h o u t  s e a t b e l t s  b u t  w i t h  a  sea t  equipped w i t h  a rmres ts .  I n  these  

t e s t s  t h e  dummy e j e c t e d  f r o m  t h e  r e a r ,  sw ing ing  t h e  a rmres ts  upward 

( w i t h  t h e  t h i g h s )  as i t  e x i t e d  f rom t h e  cage. I n  t e s t  R 1 ,  t h e  head 

missed t h e  t o p  o f  t h e  cage, b u t ,  as t h e  dummy h i t  t h e  ground, i t  bounced 

about  1 f o o t  b e f o r e  i t  assumed t h e  f i n a l  p o s i t i o n  shown i n  F i g u r e  2-8. 

In t e s t  R2, t h e  dummy h i t  t h e  ground a t  t h e  same t i m e  as t h e  t r u c k ,  t hen  

bounced away f rom t h e  r e a r  open ing o f  t h e  cage, and assumed a  f i n a l  



TABLE 2-2: SUMMARY OF DYNAMIC OVERTURN TEST RESULTS 

Peak Resul t a n t  G ' s Restrail;; 1 H , c  1 1 
Test  Seat Observat ions 

Be1 t Rest Head Chest P e l v i s  

Q 1  
(22 
43 

R 1  
R2 
R 3  

w w/o 
w w/o 
W w/o 

S l  
S2 
S 3  

w/o w 
w/o w 
w/o w 

U 1  
V3 
V 4  

132 
606 

1636 

w/o w/o 
w/o w/o 
w/o w/o 

U2 
U4 
V l  

1166 
1766 
709 

- 

w/o w 
w/o w/o 
w/o w/o 

55 
56 
S 7  

p o s i t i o n  s i m i l a r  t o  F igure  2-8. F i n a l l y ,  i n  t e s t  R 3 ,  t he  dummy a l s o  

e j ec ted  from the  rea r ,  and bounc:ed o f f  i t s  own shoulder 4 t o  5 f e e t  

7 3 2,8 28 
245 2.9 30 
417 21 3 21 

790 
1646 

7 1 

w/o w 
w/o w 
W/O W/O 

~8 
S9 
S10 

above the  ground w i t h  no apparent head/ground con tac t .  I t s  f i n a l  

p o s i t i o n  i s  shown i n  F igure  2-9, The H I C  va lues ranged between 709 and 

1766. Peak acce le ra t i ons  averaged 245, 33 ,  and 27 g f o r  the  head, 

chest ,  and p e l v i s ,  r e s p e c t i v e l y .  

Reta i ned by Be1 t s  
Retained by B e l t s  
Retained by B e l t s  

363 5; 0 181 
439 61 2 96 
298 21 5 165 

4299 
376 
272 

w/o w 
w/o w 
w/o w 

P a r t i a l l y  Ejected/Rear 
P a r t i a l l y  Ejected/Rear 
P a r t i a l l y  Ejected/Rear 

371 8 3 202 
415 21 9 99 
9 6 5; 4 189 

414 
686 
277 

w/o w/o 
W / O  W/O 

w/o w/o 

E jec ted  f rom Rear 
E jec ted  f rom Rear 
E jec ted  from Rear 

925 5; 2 99 
116 21 2 49 
112 4& 6 71  

5858 
12 

2934 

E jec ted  from Rear 
Reta i  ned by Cage Top 
Retained by Cage Top 

275 3; 3 54 
198 5; 6 41 
146 3 9 '106 

2281 
8595 
4745 

Remained w i t h  Truck 
Remained w i t h  Truck 
Remained w i t h  Truck 

691 . 44 18 
8 4 8 32  

624 5; 6 95 

D i v i n g  E j e c t i o n  
D i v i n g  E j e c t i o n  
D i v i n g  E j e c t i o n  

475 57 129 
831 ti 4 51 
606 11 8 96 

Caught i n  Abdomen 
Retained by Cage Top 
Caught on Head 









F i g u r e  2-9: F i n a l  Dumniy P o s i t i o n  i n  T e s t  R3 



2 . 6 . 3  Resul ts  of S1, S2, and S j . .  Also severe J - tu rns ,  these t e s t s  

were r u n  wi t h  the  u n r e s t r a i n e d  dummy (no seatbebts o r  armrests) . I n  a1 1 

t h r e e  t e s t s ,  the  dummy e j e c t e d  comple.tely f rom the  rea r  opening o f  t he  

cage, assuming t h ree  d i f f e r e n t  f i n a l  p o s i t i o n s  on t he  ground as shown i n  

F i gu re  2-10, 2-11, and 2 - 1 1 ,  Review o f  t h e  high-speed movies revea led  

t h a t  i n  t e s t  S 1 ,  t he  p e l v i s  h i t  t he  ground f i r s t ,  f o l l owed  by t h e  

shoulder and then t he  head. I n  t e s t  S2, the  r i g h t  l e g  was thrown o u t  

f i r s t ,  was then caught under t h e  truc.k s ide ,  b u t  e v e n t u a l l y  was p u l l e d  

away f rom under t he  t r u c k  as t he  dun~my s l i d  on t he  ground away from t h e  

t r uck ,  The p e l v i s  landed on t he  overhead guard suppor t  ( r i g h t  r ea r )  

r e s u l t i n g  i n  lower p e l v i c  acce le ra t i ons .  I n  t e s t  53, t he  dummy was 

p a r t i a l l y  e j e c t e d  a t  t h e  t ime o f  truc:k/ground impact, b u t  t he  e j e c t i o n  

was e v e n t u a l l y  completed a f t e r  t he  t r u c k  stopped sk i dd ing .  The head d i d  

no t  s t r i k e  the  ground due t o  shoulder con tac t .  The s i g n a l s  f o r  t e s t s  S 1  

and 52 r e s u l t e d  i n  HI C va lues crf 790 and 1646. Peak r e s u l t a n t  

acce le ra t i ons  were 371 and 415 g  f o r  t h e  head, 83 and 39 g  f o r  t he  

chest ,  and 202 and 99 g f o r  the  p e l v i s .  The lack o f  head con tac t  i n  

t e s t  53 r e s u l t e d  i n  a H I C  o f  71 w i t h  peak r e s u l t a n t  acce le ra t i ons  o f  96 

g f o r  t he  head, 54 g  f o r  the  chest ,  and 189 g f o r  t he  p e l v i s .  

2.6.4 Resu l t s  of U1, _V_Z iG 2. These 3 t e s t s  were the o n l y  

S- tu rn  t e s t s  t h a t  were conducted. The movies revealed t h a t  the  dummy's 

i n i t i a l  p o s i t i o n  p r i o r  t o  the  second J - t u r n  was lean ing  s l i g h t l y  t o  t he  

l e f t  as a  r e s u l t  o f  the f i r s t  J - t u rn .  The dummy e j e c t e d  from the  rea r  

on l y  i n  t e s t  U 1 ,  m iss ing  the  r i g h t - r e a r  corner o f  the  top  o f  t he  

cage. I n  t e s t s  V 3  and V4, the  head impacted the top  o f  t he  cage d u r i n g  

the  dummy's upward/rearward mot ion,  r e s u l t i n g  i n  i t s  f i n a l  r e t e n t i o n  

i n s i d e  the  cage. F igures 2 - 1 3 ,  2-14, and 2-15 show the  f i n a l  p o s i t i o n s  



Figure 2-10: Final Dummy P o s i t i o n  i n  T e s t  S1 



F i g u r e  2-11 : F i n a l  Dummy P o s i t i o n  i n  T e s t  S2 





i n  these t h r e e  t e s t s .  The HIC f o r  t e s t  U1 was 4299 w i t h  peak 

acce le ra t i ons  o f  925, 52, and 99 g  f o r  t he  head, chest ,  and p e l v i s .  

Averages f o r  t e s t s  V 3  and V 4  were 3 19 f o r  t he  H I C ,  and 1 14, 39, and 60 g  

f o r  t he  head, chest ,  and p e l v i c  acce le ra t i ons ,  r e s p e c t i v e l y .  
\ 

2.6.5 Resu l t s  of U2, U4, and fi, These t e s t s  were m i l d  

(approx imate ly  18- foot  rad ius )  J- turns,  a1 1 w i t h o u t  seatbe l  t s .  I  n  these 

3 t e s t s ,  t h e  dummy stayed i n  the seat and w i t h  the  t r u c k  as i t  

over turned.  As a  r e s u l t ,  t he  dummy remained i n s i d e  t he  cage and s ide-  

impacted t he  grqund a t  t he  same t ime as t he  t r uck .  The H I C  ranged 

between 277 and 686, wh i l e  t h e  peak r e s u l  t a n t  acce le ra t i ons  averaged 

206, 43, and 67 g  f o r  t he  head, chest ,  and p e l v i s ,  r e s p e c t i v e l y .  The 

f i n a l  dummy p o s i t i o n s  i n  these t e s t s  a re  shown i n  F igures 2-16, 2-17, 

and 2-18, F i gu re  2-19 shows the t r u c k ' s  impending o v e r t u r n  t h a t  never 

occurred i n  t h e  a t tempt  o f  t e s t  U3 .  

2.6.6 Resul t s  o f  S L  56, SJ. The J - t u r n  r ad ius  was reduced 

from 18 f e e t  t o  approx imate ly  15 f e e t .  These 3 t e s t s  were then run  w i t h  

the  un res t r a i ned  dummy. I n  a l l  these t e s t s ,  t he  dummy was e j e c t e d  head 

f i r s t  from the  s i d e  opening o f  t h e  overhead guard. The dummy 

subsequent ly dove i n t o  the  ground w h i l e  t he  t r u c k  cont inued i t s  fo rward  

mot ion.  By t he  t ime t he  t r u c k  was over turned,  the  dummy had a l ready  h i t  

the  ground, and, subsequently, was dragged by the  u m b i l i c a l  cab le  as t he  

t r uck  skidded on i t s  s ide .  The f i n a l  p o s i t i o n s  a re  shown i n  F igures 

2-20, 2-21, and 2-22. I n  t e s t  56, the  dummy's l eg  was caught under t he  

t r u c k ' s  counterweight .  Because o f  t he  premature e j e c t i o n ,  t e s t  56 

process ing missed the p r imary  impact., and o n l y  the secondary impact was 

processed. The respec t i ve  r e s u l t s  o f  t e s t s  55 and 5 7  were H I C  va lues o f  



F i g u r e  2-13: F i n a l  Dummy P o s i t i o n  i n  T e s t  U1 





F i g u r e  2-15: Final Dumm,y Pos i t i on  i n  Test V4 



F i g u r e  2-1 6: F i n a l  Dummy P o s i t i o n  i n  T e s t  U2 









5858 and 2934; head acce le ra t i ons  o f  691 and 624 g, chest  acce le ra t i ons  

o f  44 and 56 g, and p e l v i c  acce le ra t i ons  o f  18 and 95 g .  

2.6.7 Resu l t s  o f  S8, Se, and Si[l. These were 15- foot  J - t u rns  w i t h  

the  dummy unres t ra ined ,  I n  t e s t  S8, t h e  dummy was e j e c t e d  f rom the  s i d e  

o f  t he  cage i n  a  d i v i n g  mot ion  and Impacted t he  ground head f i r s t .  I t  

then bounced o f f  t he  ground w i t h  enough d i s t ance  and j u s t  i n  t ime t o  be 

s t r uck  i n  t he  abdomen by the  r e a r - r i g h t  l e g  o f  the overhead guard. The 

f i n a l  p o s i t i o n  i s  shown i n  F igures 2-23 and 2-24, 

I n  t e s t  S 9 ,  the  dummy's upward mot ion  caused the  dummy t o  s t r i k e  

i t s  head on the  overhead guard top,, pushing i t  back i n t o  t he  seat  and 

r e t a i n i n g  i t  i n s i d e  t he  cage d u r i n g  t r u c k  ove r t u rn .  I t s  f i n a l  p o s i t i o n  

i s  shown i n  F igure  2-25. 

I n  t e s t  S10, the  dummy's mot ion  be fo re  impact was s i m i l a r  t o  58 

and S 9 ,  except t h a t  i t s  head missed t he  r i g h t  edge o f  t he  cage top  as i t  

e j e c t e d  f rom the  s ide .  But t he  t i m i n g  o f  t he  t r uck  o v e r t u r n  and dummy 

e j e c t i o n  were such t h a t  the  head h i t  t he  ground a t  t he  same t ime and 

l o c a t i o n  as t he  overhead guard, caus ing t he  dummy's head t o  be trapped 

momentar i ly  between t he  ground anti t h e  f a l l i n g  guard. The f i n a l  

p o s i t i o n  and l o c a t i o n  o f  impact t o  the  head a re  shown i n  F igures  2-26 

and 2-27. 

Resu l t s  f o r  S 8 ,  Sg, and S10 ranged from 2281 t o  8595 f o r  the  HIC, 

and from 475 t o  831 g f o r  head, 48 t o  57 g f o r  chest,  and 51 t o  129 g  

f o r  p e l v i c  acce le ra t i ons .  



F i g u r e  2-20:  F i n a l  Dummy P o s i t i o n  i n  T e s t  S 5  







F i g u r e  2-23:  F i n a l  Dummy P o s i t i o n  i n  T e s t  S8 



F i g u r e  2-24:  Close-Up o f  F i n a l  Dummy P o s i t i o n  i n  T e s t  S8 



F i g u r e  2-25 :  F i n a l  Dummy P o s i t i o n  i n  Test S 9  







The l a t e r a l  dynamic o v e r t u r n  s e r i e s  o f  t e s t s  was in tended t o  

s imu la te  a  p a r t i c u l a r  r ea l -wo r l d  r o l l o v e r  acc iden t .  The e s s e n t i a l  

aspect o f  t h i s  event i s  t ha t ,  d u r i n g  the  r o l l o v e r ,  t he  f o r k l i f t  opera to r  

i s  e j e c t e d  f rom the  v e h i c l e  i n  such a manner t h a t  he i s  s t r uck  and 

pinned down by the  overhead guard when t he  v e h i c l e  lands on i t s  s ide .  

I n  r e a l - w o r l d  events of t h i s  na tu re ,  t he  operator  may at tempt  t o  

jump ou t  o f  h i s  seat  d u r i n g  a susta ined t u r n ,  o r  he may a c t u a l l y  be 

thrown o u t  by t h e  i n e r t i a l  f o r ces  generated i n  the  t u r n .  I n  these 

exper iments employing a  95th p e r c e n t i l e  anthropometr ic  dummy, i t  was 

necessary t o  depend on i n e r t i a l  fo rces  t o  e j e c t  t he  "operator , "  

S imu la t i on  o f  opera to r  a c t i o n  was l i m i t e d  t o  t y i n g  the hands t o  t he  

s t e e r i n g  wheel as descr ibed i n  s e c t i o n  2.5, Accord ing ly ,  t h e  f o l l o w i n g  

d i scuss ion  i s  v a l i d  o n l y  under t he  assumption t h a t  the  opera to r  i s  

e s s e n t i a l l y  a  passive,  i n e r t i a l  ob jec: t .  To the  ex ten t  t h a t  the opera to r  

a l t e r s  t he  e j e c t i o n  mechanism by a c t i v e  p a r t i c i p a t i o n ,  t he  observa t ions  

t o  f o l l o w  may no t  app ly .  

3 . 1  The Dynamic Test  Maneuvers 

I n i t i a l l y ,  t he  t e s t  s e r i e s  was designed around two dynamic t u r n i n g  

maneuvers w i t h  t he  assumption t h a t  a t  l e a s t  one o f  the  t e s t  types would 

r e s u l t  i n  t he  t e s t  dummy be ing  s t r u c k  by t he  overhead guard. The two 

t e s t  maneuvers were: 

(1) Severe J-Turn. Th i s  maneuver begins w i t h  the  v e h i c l e  i n i t i a l l y  

t r a v e l i n g  i n  a s t r a i g h t  l i n e  a t  maximum speed (10-12.mph). As the  

v e h i c l e  passes through the  s t a r t  gate  and h i t s  the  t r i p  w i r e  . The 



l e f t  t u r n  i s  i n i t i a t e d  and cont inues a t  a  h i gh  r a t e  u n t i l  t he  

maximum p o s s i b l e  l e f t - s t e e r  angle  i s  obta ined.  

(2) Severe S-Turn. Th i s  maneuver i s  much 1 i ke t he  J-Turn, except t h a t  

i t  i s  i n i t i a t e d  w i t h  a  s h o r t - l i v e d  r i g h t  t u rn .  That i s ,  w i t h  the  

v e h i c l e  i n i t i a l l y  t r a v e l i n g  i n  a  s t r a i g h t  l i n e  a t  maximum speed, 

t he  s t a r t  gate  t r i p  w i r e  i s  used t o  i n i t i a t e  a  h i gh  r a t e  o f  

s t e e r i n g  t o  t he  r i g h t .  However, w i t h i n  46 inches o f  v e h i c l e  t r a v e l  

(about 1 /4  second a t  10 mph), a  second t r i p  w i r e  reverses t he  

s t e e r i n g  t o  a maximum l e f t - t u r n  r a t e  t h a t  aga in  proceeds t o  a  

maximum l e f t - t u r n  s t ee r  l e v e l .  

A f t e r  conduct ing severa l  t e s t s  based on these two maneuver types, 

i t  became c l e a r  t h a t  n e i t h e r  was l i k e l y  t o  ever produce t he  des i r ed  

acc i den t  events.  An exp lana t i on  f o r  t h i s  i s  g iven  i n  the  f o l l o w i n g  

s e c t i o n .  A t h i r d  maneuver was then in t roduced:  

(3) M i l d  J-Turn. T h i s  maneuver i s  e x a c t l y  l i k e  t he  Severe J-Turn 

except t h a t  t he  maximum s t e e r i n g  l e v e l  ob ta ined  by t he  s t e e r i n g  

c o n t r o l  system was l i m i t e d  e l e c t r o n i c a l l y  and t h i s  l i m i t  was 

ad jus tab le .  Thus, t he  sever i t y  of t he  t u r n  cou ld  be '!programmed1' 

by t he  exper imenters,  t h e  i n t e n t i o n  be ing  t o  o b t a i n  a s e v e r i t y  o f  

t u r n  j u s t  s u f f i c i e n t  o r  s l i g h t l y  g rea te r  than t h a t  necessary t o  

cause v e h i c l e  r o l l o v e r .  

3 .2  The Dynamics o f  Tu rn i ng  

As noted i n  t he  p rev ious  sec t i on ,  the  mechanism by which the  dummy 

would be e j ec ted  from the  v e h i c l e  invo lved  the  dynamic fo rces  t h a t  i t  

would exper ience d u r i n g  t h e  t u r n i n g  maneuvers. I t  i s  appropr ia te ,  

t h e r e f o r e ,  t o  d iscuss b r i e f l y  the  dynamic fo rces  invo lved  i n  t u r n i n g  

maneuvers i n  genera l .  



When a  body t r a v e l s  on a  curved path,  a  c e n t r i f u a a l  f o r c e  tends t o  

push t h a t  body outward, away f rom the  center  o f  t he  t u rn ,  Conversely, 

t o  remain on t he  curved path,  t h a t  body must be sub jec t  t o  some 

e x t e r n a l l y  a p p l i e d  c e n t r i p e t a l  f o r ce ,  which pushes inward on the  body, 

thereby h o l d i n g  i t  on the  curved path.  The c e n t r i f u g a l  f o r c e  i s  a  

dynamic f o r c e  t h a t  develops because o f  t he  ex is tence  o f  acce le ra t i ons  

exper ienced by t he  body i n  ques t ion .  As such, i t  always ac t s  through 

t he  cen te r  o f  g r a v i t y  (c,g.) o f  t he  body. The c e n t r i p e t a l  f o r ce  i s  

a p p l i e d  e x t e r n a l l y ,  and t h e r e f o r e  may be app l i ed  t o  some o ther  p o i n t  o r  

p o i n t s  on t he  body. 

A v e h i c l e  i n  a  t u r n  exper iences bo th  c e n t r i f u g a l  and c e n t r i p e t a l  

f o r ces .  As always, the  c e n t r i f u g a l  f o r c e  pushes outward, away from the  

cen te r  o f  t he  t u r n  and ac t s  through t he  c.g. I n  the  case o f  a  v e h i c l e ,  

t he  c e n t r i p e t a l  f o r c e  i s  produced by t he  t i r e s  through t h e i r  f r i c t i o n a l  

coup l i ng  w i t h  t he  ground. F i gu re  3-1  d e p i c t s  the  general  s i t u a t i o n  o f  a  

v e h i c l e  i n  a  t u r n .  

F i gu re  3-1 a l s o  exp la i ns  why a  v e h i c l e  i n  a  t u r n  i s  sub jec t  t o  

r o l l o v e r .  The c e n t r i f u g a l  f o r c e  ac t s  r e l a t i v e l y  h i gh  on the  v e h i c l e  and 

pushes outward, w h i l e  the  c e n t r i p e t a l  f o r c e  i s  a c t i n g  a t  a  ve ry  low 

p o s i t i o n  and pushing inward. These two f o r ces  tend t o  r o t a t e  t h e  v e h i c l e  

i n  a  r o l l  such t ha t ,  i f  they alre l a r g e  enough, they w i l l  r o l l  t he  

v e h i c l e  over toward the  ou t s i de  o f  t he  curve. As e i t h e r  t he  curve gets  

t i g h t e r  o r  t he  v e h i c l e  speed increases,  these fo rces  become l a r g e r .  

F i n a l l y ,  we need t o  remember t h a t  the  v e h i c l e  opera to r  i s  a l s o  a  

body f o l l o w i n g  a  curved path.  He too  exper iences c e n t r i f u g a l '  and 

c e n t r i p e t a l  f o r ces .  Again, c e n t r i f u g a l  f o r c e  i s  pushing him toward the  

o u t s i d e  o f  the  t u r n  and i s  a c t i n g  through h i s  c.g. The c e n t r i p e t a l  
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Figure 3-1: Forces Acting on  a Vehicle in a Turn 



fo rce ,  which pushes inward and ho lds  him i n  h i s  curved pa th  and 

t h e r e f o r e  i n  p lace  i n  t h e  v e h i c l e ,  i s  composed o f  f r i c t i o n a l  fo rces  

between him and t he  sea t  p l u s  any a c t i v e l y  app l i ed  r e s t r a i n t s ,  such as 

h i s  g r i p  on the  s t e e r i n g  wheel. F i gu re  3-2 i l l u s t r a t e s  t h i s  s i t u a t i o n .  

3.3 Dynamics the  Severe Maneuvers 

Al though two severe maneuvers were de f ined ,  they w i l l  be discussed 

here as a  s i n g l e  e n t i t y ,  because t he  5-Turn i s  b a s i c a l l y  a  J-Turn w i t h  a  

l a r g e l y  s u p e r f i c i a l  i n i t i a l  d i s tu rban~ce .  I t  i s  t r u e  t h a t  the  i n i t i a l  

r i g h t  t u r n  i s  s u b s t a n t i a l  and i s  c e r t a i n l y  v i s u a l l y  impressive.  I n  

dynamic terms, however, t h e  t e s t  v e h i c l e  i s  a  r e l a t i v e l y  f a s t - r e a c t i n g  

v e h i c l e ,  such t h a t  t he  e f f e c t  o f  t h i s  i n i t i a l  d i s t u rbance  i s  r a the r  

s h o r t - l i v e d .  Th i s  i s  t o  say, by t he  t ime the  l e f t  t u r n  i s  w e l l  under 

way and the  ac tua l  r o l l o v e r  event i s  t a k i n g  p lace ,  t he  e f f e c t s  o f  the  

i n i t i a l  ( r i gh t -hand  tu rn )  d i s t u rbance  have d i ed  ou t  and consequent ly do 

no t  appear t o  s u b s t a n t i a l l y  i n f l uence  events d u r i n g  the c r i t i c a l  

p o r t i o n s  o f  the exper iment.  Accord ing ly ,  the  f o l l o w i n g  d iscuss ion  

g e n e r a l l y  r e f e r s  t o  t he  Severe J-Turn maneuver, t h i s  be ing  s u f f i c i e n t  t o  

b r i n g  ou t  a l l  the  s a l i e n t  p o i n t s ,  

As i nd i ca ted  above, a f t e r  the  f i r s t  n i ne  t e s t  runs employing t he  

severe t e s t  maneuvers, i t s  was c l e a r  t h a t  these maneuvers were no t  

l i k e l y  t o  ever reproduce t he  des i r ed  acc iden t  events .  The s t e e r i n g  

i npu t  was so extreme t h a t  t he  c e n t r i f u g a l  f o r c e  was no t  p rope r l y  

d i r e c t e d  t o  e j e c t  the passenger from the  s i d e  o f  the  v e h i c l e ;  r a t h e r ,  i t  

tended t o  d i r e c t  him ou t  t he  rear  opening o f  the  r o l l  cage s t r u c t u r e ,  an 

e j e c t i o n  mode be l i eved  t o  be un rep resen ta t i ve  o f  r e a l  wo r l d  i nc i den t s .  

F i gu re  3-3 and 3-4 a re  s i m p l i f i e d  approx imat ions o f  the r e a l  

s i t u a t i o n  b u t  serve the  purpose of t h i s  exp lana t i on  w e l l .  As shown i n  
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Figure 3-4: Centrifugal Forces i n  Seve re  J-Turns 



the figures, the center of turn of a vehicle is located at the 

intersection of lines drawn at right angles to each of the vehicle's 

wheels. The centrifugal force acting on the vehicle and the operator 

pushes him away exactly from the center of the turn. Figure 3-3 

illustrates the case for a relatively mild turn. The vehicle's wheels 

are not steered excessively, so the turn center is to one side of the 

vehicle and the centrifugal force pushes the operator virtually straight 

out the other side. On the other hand, Figure 3-4 i l lustrates the case 

for the Severe J-Turn maneuver. Here, the wheels of the vehicle are 

turned to a very extreme angle, a capability of forklifts that allows a 

high level of low-speed maneuverability. As a result, the turn center 

is not along side the operator, but more in front of him. Thus, 

centrifugal force pushes him in a more rearward direction. This 

situation was confirmed by the experiments in which the anthropometric 

dummy was often ejected through the rear opening of the overhead guard 

structure while bending the seat backrest backwards. 

3.4 Dynamics of Mi Id J-Turns 

The experience with the severe maneuvers clearly pointed the way 

toward using milder maneuvers to produce the desired results, Mild, as 

used here, however, still implies a maneuver that is sufficiently severe 

to produce rollover. With practice, a steering level just sufficient 

to produce rollover was determined, and a limited number of experiments 

using the Mild J-Turn maneuver were begun, 

Early runs of this series of tests also failed to produce the 

desired results. As mentioned in section 2.4, the hands of the dummy 

were bound to the steering wheel in order to simulate an operator's grip 

on the wheel. Initially, this bond was so strong as to prevent any 



ejection under the reduced level of centrifugal force now experienced by 

the dummy. 

Next, the strength of the bonds was reduced, and the experiments 

were continued. As the turn was Initiated, the dummy's centrifugal 

force was sufficient to overcome the strength of the bonds as well as 

his frictional coupling to the seat, and he was ejected. However, the 

severity of the turn was so marginal (with respect to producing 

rol lover) that the rol lover event proceeded too slowly. That is to say, 

relatively early in the turn, the dummy was ejected out the side of the 

vehicle, landing on the ground, but the vehicle proceeded farther 

through the turn, leaving the dummy behind, before rolling over. 

In the remaining runs, the level of steering was increased somewhat 

over the minimum necessary for rollover. The final series of 

experiments were sufficiently variable that three qua1 i tatively 

different results were obtained: 

( 1 )  The rollover event was slightly too slow, producing results much 

like those described above. 

(2) The rol lover event was sl ightly too fast, and the vehicle rol led 

over before the dummy was ejected. In these cases, the dummy 

tended to strike its head on the inside-top of the overhead guard 

when the rollover was nearly complete. 

(3) The rollover and ejection events were properly timed so that the 

dummy was, indeed, caught between the overhead guard and the ground 

as the vehicle rolled over. In one case, the guard struck the 

dummy across the mid-section of the trunk. In the other, the guard 

struck the dummy's head bending the left-most overhead rail of the 

guard at the strike point. 



3.5 General Observations 

In sections 3.3 and 3.4, the mi ld and severe turning maneuvers were 

addressed separately. However, our experience with the two types of 

experiments provides a basis for commenting on forklift rollover in 

general and the likelihood of a rollover resulting in the operator being 

caught by the guard, as well as on the particular experimental 

techniques. Our experience strongly indicates that, given the 

hypothesized passive operator, the likelihood of a rollover event 

resulting in the particular accident situation of interest is rather 

si'all. It appears that the event must be rather precisely timed for the 

operator to be caught between the overhead guard and the ground. If the 

vehicle rolls over too slowly, the operator can be thrown clear of the 

vehicle; i f  it rolls too quickly, the operator may not be ejected at 

all. Among the broad range of rollover accidents that occur in the 

real world, probably only a small percentage meet the required timing 

cr i ter ia. Furthermore, the timi ng of eject ion and overhead guard 

interaction with the dummy would be somewhat different depending on the 

structural geometry of the guard itself and the mounting position of the 

seat inside this structure. 

The same necessity for relatively precise timing of the rollover 

makes this accident event somewhat difficult to study experimentally. 

In the final series of dynamic tests, six runs were conducted in which 

the steering system controller settings were all the same. Yet of these 

six tests, two resulted in the dummy being thrown clear; in two others 

the dummy was not ejected; and in the remaining two the dummy was struck 

by the guard, once in the head and once in the midsection. This 

variability results from the peculiar sensitivity to timing and to the 



i n a b i l i t y  o f  the  s p e c i f i c  s t e e r i n g  c o n t r o l l e r  used t o  p rov i de  

s u f f i c i e n t l y  repea tab le  inpu ts .  

Al though some progress was made i n  unders tanding t he  parameters 

l ead ing  t o  a  r e a l i s t i c  s i m u l a t i o n  o f  f i e l d -obse rved  o v e r t u r n  i nc i den t s ,  

t h e  v a r i a b i l i t y  o f  the  r e s u l t s  o f  t h e  l a s t  severa l  t e s t s  suggest t h a t  

a d d i t i o n a l  t e s t i n g  i s  r equ i r ed  t o  ensure r e p e a t a b i l i t y  o f  t he  t e s t  

c o n d i t i o n s  and r e s u l t s .  

3 . 6  D i scuss i on of Operator K i  nemat i c  Response 

As noted i n  t he  p rev ious  sec t ions ,  t he re  a re  many f a c t o r s  p resen t  

i n  the  t e s t s  t h a t  have an i n f l u e n c e  on t he  outcome o f  the exper iment.  

The t i m i n g  o f  the  events lead ing  up t o  dummy mot ions r e l a t i v e  t o  the  

t r uck ,  the  presence (or absence) o f  arm r e s t s  o r  seatbe l  t s ,  t he  geometry 

o f  t he  overhead guard, and t he  t r u c k  mot ions themselves a l l  combine t o  

i n f l u e n c e  the  sequence o f  events i n  any one t e s t .  As a  r e s u l t ,  t he  

occurrence o f  dummy e j e c t i o n ,  t he  d i r e c t i o n  o f  e j e c t i o n ,  the  a t t i t u d e  o f  

t he  dummy as i t  s t r i k e s  the  ground, and t he  i n t e r a c t i o n  o f  t he  dummy 

w i t h  the  overhead guard can vary  f rom t e s t  t o  t e s t .  I t  i s ,  t he re fo re ,  

ve ry  d i f f i c u l t  t o  o b t a i n  repea tab le  r e s u l t s  f rom the  l i m i t e d  number o f  

t e s t s  conducted i n  t h i s  s tudy.  Al though some conc lus ions may be drawn 

from these t e s t  r e s u l t s ,  the  conc lus ions must necessa r i l y  be t e s t -  

s p e c i f i c ,  w h i l e  general  conc lus ions a re  u s u a l l y  based on the r e s u l t s  o f  

a  se t  o f  repea tab le  t e s t s .  

A d d i t i o n a l l y ,  the  c o n s t r u c t i o n  o f  t he  dummy can exe r t  a  s t r ong  

i n f l u e n c e  on t he  na tu re  o f  the  dummy/ground i n t e r a c t i o n .  For example, 

the  s t i f F  shoulder s t r u c t u r e ,  used i n  a l l  automot ive t e s t  dummies, i s  

no t  w e l l  s u i t e d  t o  l a t e r a l  impact. I n  some o f  the  dynamic t e s t s ,  t he  

head of  the  dummy d i d  no t  con tac t  the  ground even though t he re  was 



strong shoulder contact (tests Q1 and 53) . A human operator would most 

likely have incurred a head impact under the same conditions due to the 

lateral flexibility of the human shoulder structure. 

These problems are not the result of poor experimental technique, 

but rather they are due to the general complexity of the truck-overturn/ 

operator-ejection process and the limited state-of-the art in dummy 

des i gn. 

Finally, it should be pointed out that the dummy's response is 

quantified and reported here as peaks of accelerations at the centers of 

the head, chest, and pelvis, with the Head Injury Criterion (HIC) as an 

additional head response indicator, These are all kinematic responses 

that are meaningful1 as injury severity measures only when correlated 

with clinical observations of injuries. These numbers should, 

therefore, be interpreted in 1 ight of known human tolerance data and' the 

type of impact producing these number. Thus, for example, the HIC may 

be a valid measure for assessing head injury in blunt head impacts. 

However, an acceptable HIC level for impacts along one direction, say 

the anterior-posterior axis of the head, may not be an acceptable level 

for impacts along other directions, or for other than head impacts. A 

single indicator of injury level should, therefore, be used only for 

comparing results of similar tests rather than as an absolute measure of 

injury severity. In all cases, a well-established human tolerance 

level, using the same criterion, should be the basis for projecting 

conclusions from tests conducted with an anthropomorphic dummy to human 

subjects. 

In the following discussion, the test results are grouped into 

broad categories and descriptions of each test are necessarily brief. 



To f u l l y  apprec ia te  t he  comp' lexi t ies o f  these t e s t s  and the  v a r i a t i o n s  

among them, i t  i s  necessary t o  a l s o  v iew the  high-speed movies. 

3.6.1 Operator Res t ra ined  b~ Seatbel  t s .  These were t e s t s  Q1, Q2 

and 43. The s e a t b e l t  i n s t a l l a t i o n  on t he  t e s t  v e h i c l e  used b e l t  anchor 

p o i n t s  t h a t  were w ide l y  spaced and n o t  c l ose  t o  t he  s ides  o f  the  v e h i c l e  

seat .  Th i s  was because t he re  were no s u i t a b l e  anchor p o i n t  s t r u c t u r e s  

near t he  seat  edges. The r e s u l t i n g  b e l t  c o n f i g u r a t i o n  tended t o  

r e s t r i c t  l a t e r a l  mot ion o f  t h e  dummy's p e l v i s  l ess  than closer-spaced 

anchor p o i n t s  would have done. Dur ing  t he  ove r t u rn i ng  o f  t he  t r uck ,  t he  

dummy moved l a t e r a l l y  w i t h  t he  t r u c k  u n t i l  t he  s i d e  o f  t he  t r u c k  s t r uck  

t he  ground. Fo l low ing  t r u c k  s i d e  impact, however, t he  dummy cont inued 

t o  t r a n s l a t e  l a t e r a l l y  r a t h e r  than p i v o t i n g . a r o u n d  t he  l ap  b e l t ,  as 

would have occurred w i t h  a  more l a t e r a l l y  r e s t r i c t i v e  b e l t .  

The con tac t  o f  t he  dummy w i t h  t he  ground produced t h ree  d i f f e r e n t  

head impact s  i t u a t  ions t h a t  were t he  r e s u l t  o f  dummy c h a r a c t e r i s t i c s ,  

v e h i c l e  dynamics, and coup l i ng  o f  t he  dummy t o  the v e h i c l e  through t he  

s e a t b e l t .  I n  t e s t  Ql, the  head d i d  no t  h i t  t he  ground due t o  t he  

combinat ion o f  dummy o r i e n t a t i o n  a t  impact and shoulder s t i f f n e s s .  I n  

t e s t  Q2, t he  dummy appeared t o  be more t i g h t l y  coupled w i t h  the  v e h i c l e ,  

and t h e  head impacted the  ground w i t h  a  peak a c c e l e r a t i o n  o f  245 g .  I n  

the  t h i r d  t e s t ,  03, t he  dummy o r i e n t a t i o n  a t  impact produced a  more 

severe head impact (417 g) w i t h  the  ground. The peak chest  and p e l v i c  

acce le ra t i ons  were s i m i l a r  i n  a l l  t h r e e  t e s t s .  I t  i s  ve ry  l i k e l y  t h a t  a  

more r e a l  i s t i c  ( less  s t i f f )  dummy shoulder s t r u c t u r e  would have r e s u l t e d  

i n  head/ground impact i n  t e s t  Q 1 ,  j u s t  as i t  would have i n  t e s t s  Q2 and 

43. 



3.6.2 Operator Remained w i t h  Truck.  These were t e s t s  V3 ,  V4 ,  U2, 

U4,  and V 1 .  A 1  1 o f  t he  these produced c h a r a c t e r i s t i c a l  l y  lower head 

acce le ra t i ons  (1 12 - 275 g) than any o the r  t e s t s  i n  which head/ground 

con tac t  occurred,  A t  t he  same t ime,  the  ches t  acce le ra t i ons  were 

s l i g h t l y  h igher  (32 - 56 g ) ,  and the  p e l v i c  acce le ra t i ons  were much 

h igher  (41 - 106) than those o f  t he  be1 t e d  dummy. 

I n  two o f  t he  cases (V3 and V4) , t h e  dummy remained w i  t h  t he  t r u c k  

because o f  head con tac t  w i t h  t he  overhead guard e a r l y  i n  the  r o l l o v e r .  

Th i s  was probably  due t o  the  forward lean ing  a t t i t u d e  o f  the  dummy and/ 

o r  t o  i t s  a l t e r e d  i n i t i a l  p o s i t i o n  caused by the  5 - t u r n  maneuver used i n  

these t e s t s .  The o the r  t h ree  t e s t s  (U2, U4 and V1) used a  l a r g e  t u r n i n g  

rad ius  w i t h  the  r e s u l t  t h a t  the  dummy moved w i t h  the  t r u c k  u n t i l  i t  

s t r uck  t he  ground. 

As i n  t he  sea tbe l t ed  dummy t e s t s ,  the  i n f l u e n c e  o f  the  dummy 

shoulder i n  mod i f y i ng  t he  head impact dynamics cannot be over looked. A 

more r e a l i s t i c  shoulder cou ld  ve ry  w e l l  have changed the  s e v e r i t y  o f  the  

head impacts i n  these t e s t s  a l so .  

3.6.3 Operator E jec ted  from Rear. These were t e s t s  R 1 ,  R2, R 3 ,  

S 1 ,  52, 53, and U 1 ,  i n  which t he  f i n a l  p o s i t i o n  o f  t he  dummy showed 

e j e c t i o n  f rom the  rea r  opening o f  t he  overhead s t r u c t u r e ,  A l l  o f  these 

t e s t s  i nvo l ved  an u p r i g h t  dummy and a  6 - f oo t  r ad ius  t u rn ,  The t e s t s  

were cha rac te r i zed  by h i  gh head acce le ra t i ons  (298 - 925 g) , except i n  

S 3  when no head/ground con tac t  occurred,  as w e l l  as h i gh  chest  

acce le ra t i ons  (35 - 83 g) and h i gh  p e l v i c  acce le ra t i ons  (96 - 202 g ) .  

As noted i n  Sec t ion  3.3, t he  severe n a t u r e  of t he  6 - f o o t  r ad ius  t u r n  

produced a  dynamic s i t u a t i o n  t h a t  fo rced  the  pass ive dummy t o  move 

rearward d u r i n g  t he  t u r n ,  r e s u l t i n g  i n  the dummy be ing  p a r t i a l l y  



e j e c t e d  f rom the v e h i c l e  through the rear  o f  t he  overhead guard 

s t r u c t u r e .  As t he  v e h i c l e  over turned,  t he  dummy a l s o  moved sideways, 

r e s u l t i n g  i n  t he  dummy c o n t a c t i n g  the  ground rearward o f  the  guard, 

Again, t he  i n f l uence  o f  t h e  dummy shoulder was ev i den t  i n  a f f e c t i n g  the  

head impacts . 
Because t h i s  e j e c t i o n  mode i s  no t  obvserved i n  most r e a l  wo r l d  

i nc i den t s ,  the severe J - t u r n  was deemed t o  be u n r e a l i s t i c  as a  

s i m u l a t i o n  of r e a l  wo r l d  events.  Consequently, t he  da ta  produced i n  

t he  severe J - t u r n  t e s t s  w i t h  o r  w i t hou t  t h e  s e a t b e l t s  should no t  be used 

as t he  b a s i s  f o r  making conc lus ions  as t o  the  e f f ec t i veness  o f  

s e a t b e l t s  i n  r e a l i s t i c  acc i den t  s i t u a t i o n s .  

3.6.4 Operator E jec ted  f rom Side. These were t e s t s  S 5 ,  S6, S 7 ,  

58, S 9 ,  and S10, i n  which t h e  dummy was e j ec ted  from the  s i de  opening o f  

the  overhead s t r u c t u r e .  These t e s t s ,  which made up t he  f i n a l  se r i es ,  

were a l l  15 - foo t  r ad ius  t u r n s .  The wider t u r n  i n  t h i s  maneuver a l lowed 

t he  dummy s u f f i c i e n t  t ime  t o  reach a  h igher  v e l o c i t y  r e l a t i v e  t o  t he  

v e h i c l e  and thus impact t he  ground i n  an a t t i t u d e  t h a t  r e s u l t e d  i n  

severe head/ground i n t e r a c t i o n .  Th i s  s i t u a t i o n  produced h i gh  head 

acce le ra t i ons ,  i n d i c a t i n g  g rea te r  head impact v e l o c i t i e s  than those 

assoc ia ted  w i t h  e j e c t i o n s  through the rea r  o f  t he  guard. I n  t e s t  Sg, 

t he  dummy was r e t a i n e d  f rom i n i t i a l  e j e c t i o n  by con tac t  w i t h  the  

overhead guard, b u t  the n a t u r e  o f  the f i n a l  dummy/ground i n t e r a c t i o n  was 

s t i l l  one o f  e j e c t i o n  r a t h e r  than s tay i ng  w i t h  t he  v e h i c l e .  The chest  

acce le ra t i ons  were more c o n s i s t e n t  (44 - 57 g) here than were those o f  

t he  r ea r  e j e c t i o n s ,  b u t  t h e  average va lues were s i m i l a r  between the  two 

types o f  e j e c t i o n .  The p e l v i c  acce le ra t i ons  were somewhat lower ( 1 8  - 

129 g) i n  these s i de  e j e c t i o n s  than i n  the  r ea r  e j e c t i o n  cases. 



I n  a d d i t i o n  t o  severe ground con tac ts  i n  these t e s t s ,  two cases (S8 

and S10) o f  overhea i  guard i n t e r a c t i o n  w i t h  t he  dummy were produced. I n  

t e s t  S8,  t he  guard contacted the abdomen o f  t he  dummy a f t e r  the  dummy 

had e jec ted .  I n  t e s t  S10, the  guard s t r uck  the  dummy head s h o r t l y  a f t e r  

the  head had h i t  t he  ground. The load ing  produced on the dummy by the  

guard d i d  no t  i nvo l ve  as h igh  a c c e l e r a t i o n  values as the  ground con tac ts  

produced. The nature o f  loading,  however, was more t h a t  o f  crushing 

than impact. 

Because o f  t ime and budget c o n s t r a i n t s ,  t e s t i n g  was h a l t e d  a f t e r  

t e s t  1 Thus, no f u r t h e r  t e s t s  were conducted t o  i n v e s t i g a t h  the  

e f f e c t i v e n e s s  o f  sea tbe l t s  o r  any o ther  r e s t r a i n i n g  or p r o t e c t i v e  

devices under cond i t i ons  s i m i l a r  t o  those o f  the  l a s t  s i x  t e s t s ,  Given 

a d d i t i o n a l  t ime and money, e f f o r t  should f i r s t  be focused on r e f i n i n g  

the  t e s t s  procedures t o  produce repeatable t e s t  r e s u l t s ,  be fo re  t e s t i n g  

the e f f e c t  ivenes o f  r e s t r a  i n t  systems and/or p r o t e c t i v e  devices. 

3 . 7  Comparison of Resul ts  from Phases L and 

The t e s t s  conducted i n  t h i s  Phase I I  program have been discussed i n  

the p rev ious  sect ions.  O f  t he  f ou r  ca tegor ies  of t e s t s ,  there  were 

t h ree  t h a t  can be compared t o  t h e  r e s u l t s  o f  the Phase I  program, They 

a re  ( 1 )  sea tbe l ted  operator  (dummy) t e s t s ,  ( 2 )  t e s t s  i n  which the  

un res t ra i ned  operator  (dummy) remained w i t h  the  t r uck ,  and (3) the  t e s t s  

i n  which the  operator  (dummy) was e jec ted  through the rear  o f  the 

overhead guard s t r u c t u r e .  The f o u r t h  t e s t  category i n  which the  

operator  (dummy) was e jec ted  through the s i d e  o f  the overhead guard 

s t r u c t u r e ,  was unique t o  the Phase I I  program. Phase I a l s o  had a 

noncomparable category i n  which the dummy was re ta i ned  by a chest  s t r ap .  



The data a re  summarized f o r  bo th  Phase I I  and Phase I  i n  Table 3-1.  

For the  sea tbe l ted  dummies, the  head acce le ra t i ons  were more c o n s i s t e n t  

i n  Phase I ,  w h i l e  t he  chest  acce le ra t i ons  were more cons i s ten t  i n  Phase 

I I ,  Both phases had cons i s ten t  p e l v i c  a c c e l e r a t i o n  values, w h i l e  the  

Phase I I  r e s u l t s  tended t o  be h igher ,  probably  due t o  the  wider  b e l t  

anchor spacing i n  those t e s t s .  

For the  category o f  t e s t s  i n  which the  unres t ra ined  opera to r  

remained w i t h  the  t r u c k ,  bo th  phases e x h i b i t e d  s i m i l a r  peak va lues i n  

head, chest ,  and p e l v i c  acce le ra t ions ,  b u t  the  HIC va lues i n  Phase I 

were h igher .  Th is  i nd i ca tes  a  longer t ime d u r a t i o n  o f  the  head 

acce le ra t i ons  i n  those t e s t s .  Tests i n  the  t h i r d  category,  i n v o l v i n g  

rear  e j e c t i o n ,  were gene ra l l y  comparable i n  peak acce le ra t i ons  and i n  

HIC, w i t h  the except ion o f  head acce le ra t i ons  i n  t e s t s  5 3  and U 1 .  



T A B L E  3-1: COMPARISON OF PHASES I AND I I  T E S T  R E S U L T S  

OPERATOR R E S T R A I N E D  B Y  S E A T B E L T S  

U N R E S T R A I N E D  OPERATOR R E M A I N E D  W I T H  TRUCK 

R e s u l t s  of  P h a s e  I I  

U N R E S T R A I N E D  OPERATOR E J E C T E D  FROM REAR 

R e s u i t s  o f  P h a s e  I  

T e s t  
C o d e  

T e s t  
C o d e  

H I C  H I C  
P e a k  A c c  G ' s  

H E 0  C S T  P L V  

P e a k  A c c  GI s  
. 

HED C S T  P L V  



4.0 STAT1 C DOCK-RELATED TEST S E R I ~ S  

I n  t h i s  s e r i e s  o f  t e s t s ,  another f o r k l i f t  t r u c k  was made t o  

o v e r t u r n  f rom a  s imu la ted  4 - f oo t  h i gh  dock on to  t he  pavement o f  the  t e s t  

s i t e .  A d d i t i o n a l  t e s t s  were conducted i n  some cases because o f  l o ss  o f  

camera coverage o r  loss  o f  i n s t r umen ta t i on  o f  the  dummy's head. Other 

intended t e s t s  were complete ly  e l i m i n a t e d  because o f  severe damage t o  

the  mast and, toward t he  end o f  the  se r i es ,  because o f  ex tens ive  damage 

t o  the  overhead guard and t he  counterweight .  Of the t e s t s  conducted, 12 

were cons idered "successfu l "  and a r e  t h e r e f o r e  repor ted  here.  

4.1 Tes t  S i t e  

The s t a t i c  t e s t s  were conducted i n  the same HSRl pa rk i ng  l o t  where 

the  dynamic ones were conducted, b u t  i n  a  d i f f e r e n t  area. The e x i s t i n g  

dock, which i s  e s s e n t i a l l y  15 f e e t  wide w i t h  about a  30- foo t  long ramp, 

had t o  be mod i f i ed  t o  r a i s e  i t  t o  t he  requested 52- inch he igh t .  The 

edge o f  t h e  ramp was p ro tec ted  w i t h  s t ee l  angles t o  min imize the  

f r i c t i o n  o f  the  l i f t  t r uck  counterweight  du r i ng  some o v e r t u r n  modes. 

The apron i n  f r o n t  o f  t he  dock was paved, and a  10x10-foot gr idwork was 

pa in ted  on t he  pavement i n  1x1- foot  squares. 

Two high-speed movie cameras were a l s o  used i n  t h i s  s e r i e s ,  a long 

w i t h  t h e  hand-held zoom movie camera. Because o f  the  l ayou t  o f  the dock 

and t e s t  s i t e  w i t h  respec t  t o  t h e  sun, no a d d i t i o n a l  l i g h t i n g  was 

necessary here.  The l oca t i ons  o f  the  cameras were changed f o r  every 

category  of t e s t s  t o  p rov i de  t he  bes t  coverage. Thus, f o r  the rear  

d rop -o f f  s e r i e s  , one overhead camera was used w i t h  a  wide-angle lens a t  

a  d i s t ance  o f  approx imate ly  16 f e e t ,  d i r e c t l y  look ing  down on the  t r uck ,  



as shown in Figure 4-1. For the lateral series, one camera was placed 

directly in front of the test pad. The other camera in both series was 

located to the side and aimed para1 lel to the dock's edge. 

4.2 Equipment, Instrumentation, and Processing 

A lift truck with a non-functional engine was used. For one test 

mode, the truck hydraulic lines that control the mast vertical and tilt 

motion were modified to be actuated externally by the hydraulic system 

on an H S R l  crane. The steer wheel mechanism was also modified to be 

locked into one extreme position for another test mode. Final ly, the 

brakes on the stationary front wheels were repaired to be used in a 

third mode o f  testing. 

The test subject was the same anthropomorphic dummy used in the 

dynamic test series and described in section 2.2. 

The instrumentation packages used for the dynamic series of tests 

were also used for the these dock-related static tests, except for the 

six force and moment transducers on the steering column. These were 

described earlier in section 2.3. 

Finally, the same data handling procedures and software were used 

in this static test series as those used in the dynamic one. These were 

described earlier in section 2.4. The only differences were that no 

steering column signals were processed, and that the synchronization 

signal could ,not be reliably included in the processing. 

4.3 Description of Static Tests 

There were three modes of overturns in the dock-related static 

tests. The first was the rear drop-off overturn in which the lift truck 

rear (steer) wheels were on the dock, while the front wheels were locked 



F i g u r e  4-1 : I n i t i a l  Fork1 i f t  P o s i t i o n  f o r  Rear Drop-Of f  T e s t  



on a movable t r a i  l e r  parked aga ins t  t h e  edge o f  the  dock, (See F igure  

1 As t he  t r a i  l e r  p u l l e d  away f rom the  dock w i t h  the  f r o n t  wheels 

locked on t h e  t r a i l e r  sur face,  t h e  l i f t  t r u c k  was dragged over t he  

dock ' s  edge and was made t o  o v e r t u r n  backwards on the  pavement below. 

The second mode was a l o n g i t u d i n a l  forward o v e r t u r n  t e s t  i n  which 

t he  l i f t  t r u c k  was parked on t he  dock w i t h  t he  f r o n t  wheels r i g h t  a t  t he  

edge. The f o r k s  were loaded w i t h  a  3000-pound s tee l  b l ock  (maximum 

r a t e d  capac i t y )  and then l i f t e d  t o  the  maximum h e i g h t .  The mast was 

remote ly  t i l t e d  forward u n t i l  t he re  was enough imbalance t o  cause the  

t r uck  t o  o v e r t u r n  l o n g i t u d i n a l l y  forward on to  t he  pavement, 4 f e e t  

below. Only one t e s t  was conducted i n  t h i s  mode, s i nce  t h e  mast was 

damaged and cou ld  no t  be operated w i t h o u t  ex tens ive  r e p a i r s .  

The t h i r d  mode was the  l a t e r a l  ove r t u rn  t e s t s ,  i n  which the  

unloaded l i f t  t r u c k  was parked a longs ide  t he  edge o f  t h e  dock w i t h  the  

s teer  wheels turned maximal ly f o r  a  l e f t  t u rn ,  causing i t  t o  f a l l  o f f  

t he  edge and o v e r t u r n  on i t s  r i g h t  s i de .  Th i s  was f i r s t  done w i t h  a l l  

four  wheels on t he  dock and w i t h  a  push from the  crane a long t he  

d i r e c t i o n  o f  the  s teer  wheels. However, a f t e r  the  r i g h t  r ea r  wheel 

dropped o f f  the  edge, t he  f o r k l i f t  s a t  on i t s  undercar r iage  and d i d  no t  

ove r t u rn .  Ins tead  the t r u c k  s l i d  a long  t h e  edge o f  t he  dock. F i gu re  

4-2 i l l u s t r a t e s  t h i s  p o s i t i o n .  Subsequent t e s t s  were conducted us i ng  

t h a t  i n i t i a l  p o s i t i o n ,  i . e . ,  w i t h  t he  r i g h t  r ea r  wheel o f f  the  edge 

w h i l e  a l l  o t he r  t i r e s  remained on t he  dock. The t r u c k  was made t o  

o v e r t u r n  w i t h  t he  a i d  o f  another ope ra t i ng  l i f t  t r uck  t h a t  l i f t e d  the  

l e f t  s i d e  o f  the  t e s t  t r uck ,  as shown i n  F igure  4-3,  causing i t  t o  

o v e r t u r n  on the  pavement, 4  f e e t  below. 



Figure  4-2:  Modified I n i t i a l  P o s i t i o n  f o r  La te ra l  Overturn S t a t i c  Tes t  



Figure 4-3: Ini t ia t ing the Lateral Overturn Off the Dock 



There were 12 successfu l  dock - re la ted  t e s t s  conducted i n  Phase I I  

and repo r t ed  here. I n  a l l  these t e s t s  the  dummy was seated, i n  a  

s l i g h t l y  fo rward - lean ing  posture,  and i t s  w r i s t s  were t i e d  t o  the  

s t e e r i n g  wheel us i ng  a  double s t r and  o f  20-pound f i s h i n g  l i n e .  The t e s t  

c o n d i t i o n s ,  which were v a r i e d  f o r  each mode, were t he  presence or  

absence o f  t h e  same r e s t r a i n i n g  dev ices used i n  t he  dynamic se r i es ,  

namely, the  seatbe l  t s  and t he  armrests.  Table  4-1 1 i s t s  these 12 dock- 

r e l a t e d  s t a t i c  t e s t s .  

TABLE 4- 1 : SUMMARY OF DOCK-RELATED STAT l  C TEST RESULTS 

- 

Tes t  Code Tes t  Condi t ions 

7 Tests  i n  Rear Drop-Off Mode 
( t r a i l e r  p u l l i n g  away from dock) 

L2, L3, L4, LS... Wi th  sea tbe l t s ,  no armrests .  
M I ,  M2, M3..  ..... Unrest ra ined (no seatbe l  t s ,  no armrests) 

1 Test  i n  Long i t ud ina l  Over turn 
(max. load, max. he igh t ,  t i  1 t i n g  forward)  

J 2 . . . . . . . . . . . . . . .  With sea tbe l t s ,  no armrests 
- - 

4 Tests  i n  L a t e r a l  Over turn Mode 

N2, N j . . . .  ....... With sea tbe l t s ,  no armrests 
P I ,  P2........... Unrest ra ined (no sea tbe l t s ,  no armrests) 

- 4 . 4  Resu l t s  o f  S t a t i c  Tests  

The r e s u l t s  from 10 successful  dock - re la ted  s t a t i c  t e s t s  a re  

summarized i n  Table 4 - 2 .  Deta i l ed  r e s u l t s  o f  da ta  p rocess ing  a re  

assembled i n  Appendix 8, and a re  b r i e f l y  descr ibed i n  t he  f o l l o w i n g  

subsect ions.  



TABLE 4-2: SUMMARY O F  STATIC TESTS RESULTS 

4.4.1 Resu l t s  of Rear Drop-Off Test. These were t he  L - t e s t s  ( w i t h  

seatbe l  t s )  and t h e  M-tests  (w i t hou t  seatbe l  t s . )  Both movies and s i g n a l s  

were l o s t  i n  t e s t  L l ,  w h i l e  o n l y  head s i g n a l s  were l o s t  i n  t e s t  L2 .  

Review o f  t he  high-speed movies revea led  a c o n s i s t e n t  p a t t e r n  o f  

events i n  these s imu la ted  acc iden ts .  F i r s t ,  t h e  t r u c k  r o t a t e d  ( i n  

p i t c h )  backward whi l e  t he  f r o n t  wheels moved away f rom t h e  dock a long  

w i t h  the  moving t r a i l e r ,  As the  counterweight  f e l l  o f f  t he  dock, t he  

overhead guard h i t  t he  edge of t he  dock f i r s t .  Dur ing  t h i s  backward 

p i t c h ,  t he  dummy stayed u p r i g h t  w i t h  respec t  t o  the  v e r t i c a l ,  making i t  

appear as i f  i t s  body p i t c h e d  fo rward  r e l a t i v e  t o  t he  t r u c k .  Once t h e  

overhead guard h i t  t he  dock, the  dummy then f e l l  back i n  the  seat ,  

pushed on the  seatback, and s t r uck  the  edge o f  t he  dock across t he  

shoulders o r  on the  back of the  head, depending on severa l  f a c t o r s  t h a t  

inc luded how f a r  the  t r u c k  had moved away from the  dock, A l l  mot ion 

stopped when the  impact fo rces  on t he  overhead guard pushed the  r e c l i n e d  

Peak Resul t a n t  g '  s 

Head Chest Pe 1 v  i s 

175 143 147 
405 7 9 55 
539 2 3 2 8 

676 2 5 70 
631  19 18 

7 8 8 7 127 

756 29 5 6 
712 4 2 3 1 

134  8 7 3 3 
792 159 5 4 

H I C .  

377 
3598 
2883 

7657 
4584 

172 

, 5886 
6292 

196 
7192 

Tes t  

L 3 
L 4 
L5 

M 1 
M 2 
/I 3 

N 2 
N 3 

P 1 
P 2 

Observat ions 

N o d i r e c t h e a d  impact 

No d i r e c t  head impact 

Sea tbe l t s  

w 
W 

w 

w/o 
W / O  

W / O  

w 
w 

w/o 
w/o 



t r u c k  back i n t o  an u p r i g h t  p o s i t i o n ,  moving the seated dummy forward 

i n s i d e  t h e  overhead cage, 

I n  t e s t  L2, most o f  t he  impact was rece ived  by t he  shoulders,  w h i l e  

the  head r o t a t e d  backward i n  a  ' l ~ h i p l a s h ' ~  mot ion.  No head s i g n a l s  were 

processed from t h i s  run. I n  t e s t  L3, the  dummyis back a t  the  t ime o f  

t ruck/dock impact was r o t a t e d  about 45 degrees from the  seatback, and 

the  dummy was a  few inches o f f  t he  seat.  A t  impact, t he  dummy f e l l  i n t o  

the  seat  produc ing a  peak p e l v i c  a c c e l e r a t i o n  o f  147 g. The dummy then 

s t r uck  t h e  edge o f  t he  dock across t he  shoulders  produc ing a  peak 143 g 

a c c e l e r a t i o n  i n  t he  chest .  The head mot ion was p r i m a r i l y  a  rearward 

p i t c h  w i t h  no apparent hard impact w i t h  t h e  ground, r e s u l t i n g  i n  peak 

head a c c e l e r a t i o n  o f  175 g  and a  HIC va lue  o f  377. 

S l i g h t l y  d i f f e r e n t  k inemat i cs  were produced i n  t e s t s  L4 and L5. I n  

bo th  these t e s t s ,  the  l o c a t i o n  o f  the  dummy/dock s t r i k e  was the  back o f  

the  head and no t  across t h e  shoulders.  The r e s u l t s  o f  these two t e s t s  

averaged 3240 f o r  the  H I C ,  and 472 g, 45 g, and 39 g  f o r  the  peak 

r e s u l t a n t  head, chest,  and p e l v i c  acce le ra t i ons ,  r e s p e c t i v e l y .  U n l i k e  

o ther  I - t e s t s ,  a l l  mot ion o f  t he  t r u c k  and dummy stopped a t  t he  p o s i t i o n  

shown i n  F i gu re  4-4. Th i s  photograph i s  inc luded t o  demonstrate head 

s t r i k e  aga ins t  the  edge o f  t he  dock. 

The M-tests  used an un res t r a i ned  dummy and produced r e s u l t s  s i m i l a r  

t o  the  L - t es t s .  Tests M I  and M2 produced a  s t r i k e  on the  back o f  the  

dummy's head, a t  the l o c a t i o n  shown i n  F i gu re  4-5. The HIC va lues were 

7657 and 4584. Peak acce le ra t i ons  from these two t e s t s  were 676 g and 

631 g  f o r  t he  head, 25 g  and 19 g  f o r  the chest ,  and 70 g  and 18 g  f o r  

the p e l v i s .  F i n a l l y ,  t e s t  M3  produced a  s t r i k e  across t he  shoulders 

aga ins t  t h e  dock 's  edge, r e s u l t i n g  i n  acce le ra t i ons  o f  87 g  i n  the  chest  
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F i g u r e  4-4 :  F i n a l  P o s i t i o n  o f  Rear D r o p - O f f  T e s t  L 5  



and 127 g  i n  t h e  p e l v i s ,  w h i l e  t he  head a c c e l e r a t i o n  peak was 78 g  w i t h  

a  HIC va lue  of 172. 

4.4.2 Resu l t s  of L a t e r a l  Oock Over turns,  These were t he  N- tes ts  

( w i t h  sea tbe l t s )  and P- tes ts  (w i thou t  sea tbe l t s )  . S igna l s  from t e s t  P3 

were no t  processed, b u t  movies f rom N2,  N3, PI ,  P2, and P3 were ob ta ined  

and reviewed, The f i l m  rev iew revea led  t h a t ,  as t h e  t r uck  was t i pped  

over the  dock 's  edge s t a r t i n g  w i t h  t h e  r i g h t - r e a r  wheel a l ready  o f f  the  

edge, the  counterweight  impacted t he  ground f i r s t  on i t s  r i g h t - r e a r  

co rner .  A t  impact, t h e  dummy began i t s  e j e c t i o n  d i r e c t l y  o u t  t h e  r ea r  

opening of t he  overhead guard a t  about a  45 degree angle  w i t h  respec t  t o  

t he  t r u c k ' s  long a x i s .  Once t h e  counterweight  impacted t he  ground and 

stopped the  t r u c k ' s  f a1  1 ,  t he  dummy con t inued  i t s  fa1  1 u n t i  l i t  e x i t e d  

f rom the  rea r  and s t r uck  t he  ground e i t h e r  head f i r s t  o r  shoulders  

f i r s t .  The t r uck  then p i v o t e d  about the  counterweight  corner and landed 

on i t s  r i g h t  s ide .  Only i n  t e s t  PI d i d  the  t r u c k  land on i t s  s i d e  

be fo re  the  dummy impacted the  ground. F igures 4-6 and 4 -7  show two 

d i f f e r e n t  f i n a l  p o s i t i o n s  o f  the  dummy from t e s t s  N2 and P 3 .  

Resu l t s  o f  t e s t s  N2, N3, and P2, which had s i m i l a r  dummy and t r u c k  

k inemat i cs ,  averaged a  H I C va l ue  o f  6457, and peak acce le ra t i ons  o f  753 

g ,  77 g, and 47 g f o r  t he  head, chest  and p e l v i s ,  r e s p e c t i v e l y .  The H I C  

va l ue  from t e s t  P1 was 196, and the  peak acce le ra t i ons  from these t e s t s  

were 134 g ,  87 g ,  and 33 g  f o r  the  head, chest ,  and p e l v i s .  

4.4.3 Resu l t s  of Long i t ud ina l  Dock Over turn.  Only one t e s t  was 

run, t e s t  J-2. The s i g n a l s  were no t  processed, b u t  the  movies showed 

t h a t ,  w i t h  the  maximal ly  loaded and r a i s e d  f o r ks ,  the  t r u c k  over tu rned  

l o n g i t u d i n a l l y  and f e l l  forward on t he  pavement below the  dock. A t  i t s  

maximum r o t a t i o n ,  t he  t r u c k ' s  long a x i s  was p o i n t i n g  d i r e c t l y  i n t o  the  



F i g u r e  4 -5 :  L o c a t i o n  o f  D o c k ' s  Edge S t r i k e  o n  Dummy's Head 





F i g u r e  4 -7 :  F i n a l  Dummy P o s i t i o n  i n  Test P3 



ground. The dummy remained i n  the  seat  because o f  the  load on i t s  back 

by the seatback.  As the  t ruck bounced back t o  an u p r i g h t  p o s i t i o n ,  the 

dummy was kept  i n  the  seat  by the  s e a t b e l t .  



5.0 DlSCUSSlON OF STATIC TESTS 

The f i r s t  and t h i r d  modes were in tended t o  s imu la te  r e a l i s t i c  

f o r k l i f t  opera to r  maneuvers and ope ra t i ng  s i t u a t i o n s ,  The t h i r d  l a t e r a l  

o v e r t u r n  mode cou ld  occur when t he  ope ra to r ,  hav ing found h imse l f  

d r i v i n g  t oo  c l ose  t o  the  edge o f  t he  pathway from which h i s  v e h i c l e  

cou ld  f a l l ,  would a t tempt  t o  s t ee r  away from the  dangerous edge. 

However, because of t h e  rear-wheel s t ee r  arrangement o f  f o r k l i f t  t r ucks ,  

i n  so do ing  he would a c t u a l l y  make t he  rear-end move forward a long t he  

tu rned  rear-wheel pa th  and toward t he  edge o f  the  dock, caus ing ra the r  

than p reven t i ng  t he  acc iden t .  

The ques t ion  a r i s e s  as t o  t he  v a l i d i t y  o f  t he  t e s t  procedure used 

i n  t he  second mode ( l a t e r a l  over tu rn )  . Th i s  t e s t  procedure assumes 

v i r t u a l l y  no dynamic mot ion o f  t he  v e h i c l e  be fo re  i t  r o l l s  o f f  the  dock, 

I f  the  procedure i s  in tended t o  s imu la te  an acc iden t  i n  which the  

f o r k l i f t  i s  moving fo rward  a t  a very  low speed, so t h a t  i t  would leave 

the  dock from a  v i r t u a l l y  s t a t i c  i n i t i a l  cond i t i on ,  then the  procedure 

p rov ides  a  reasonable s imu la t i on .  

Conversely, i f  these t e s t s  a re  in tended t o  s imu la te  a  s i t u a t i o n  i n  

which t he  f o r k l i f t  i s  t r a v e l i n g  a t  a  s i g n i f i c a n t  speed p r i o r  t o  the  

f a l l ,  then the  procedure i s  n o t  v a l i d .  A v e h i c l e  t r a v e l i n g  a t  speed and 

hav ing i n i t i a t e d  a  t u r n  p r i o r  t o  t he  moment o f  f a l l ,  would depar t  the  

dock sur face  w i t h  cons iderab le  r o t a t i o n a l  momentum i n  yaw ( turn i .ng) .  

The v e h i c l e  would con t inue  t o  r o t a t e  i n  yaw as i t  moved through space 

and would f i n a l l y  s t r i k e  the  ground i n  a  s i g n i f i c a n t l y  d i f f e r e n t  

a t t i t u d e  than occurred i n  these t e s t s .  The v e h i c l e  would probably  



strike the ground rear-end first or even rotate sufficiently to strike 

the left side, as opposed to striking the right side or right-rear as 

occurred in the actual tests. 

In all of the static dock-related tests where the transducer 

signals were processed, severe accelerations due either to head or chest 

contact were observed. This is indicative of the harsh environment 

associated with the dock and surrounding pavement structures. In 

particular, the dock's edge presented a serious problem for rear drop- 

o f f  tests regardless of whether the seatbelts were used or not. Given 

the particular model of the test truck, the overhead guard rear legs 

were the first ones to strike the edge of the dock, followed by the 

dummy's head or its shoulders during its rearward rotation. It is 

likely that a different model truck, in which the overhead structure 

rear legs are mounted further back, would have resulted in an earlier 

dock/guard interact ion, possibly changing the nature of dummy 

interaction with the dock's edge. In any case, the use of seat belts as 

the sole restraint device may not be sufficient to reduce the severity 

of this type of impact. 



6.0 SUMMARY O F  CONCLUSIONS 

Throughout t h i s  r e p o r t ,  comments were made about t h e  t e s t s  

conducted i n  Phase I I  o f  the  Operator R e s t r a i n t  T e s t i n g  Program, the 

problems encountered i n  the  t e s t i n g  procedure, and the dynamics and 

k inemat ics  o f  both the  f o r k l i f t  t r uck  and the  dummy s i m u l a t i n g  the  t r uck  

opera to r .  I n  t h i s  sec t i on ,  the conc lus ions drawn from the  t e s t s  and 

t he  t e s t  r e s u l t s  a re  summarized. 

(1) Given some l a t i t u d e  i n  exper iment ing w i t h  the  t e s t  c o n d i t i o n s  and 

con f i gu ra t i ons ,  i t  was poss ib l e  t o  produce, i n  Phase I I ,  some 

i n t e r a c t i o n s  between the dummy and the t r uck  t h a t  were no t  

obta ined i n  Phase I ,  The exper imental  procedures, however, remain 

u n r e l i a b l e  i n  producing repeatab le  r e s u l t s ,  

(2) When Phase I I t e s t s  had simi l a r  t e s t  cond i t i ons  t o  those i n  Phase 

I ,  the  r e s u l t s  o f  t e s t s  from bo th  phases were comparable. Th is  

was the case f o r  the n i ne  severe J - tu rns  conducted i n  Phase l I .  

(3) None o f  the severe J - t u r n  t e s t s  produced a  r e a l i s t i c  s i d e  e j e c t i o n  

o f  the dummy, w h i l e  s ide  e j e c t i o n  occurred i n  t he  l a s t  s i x  m i l d  J- 

t u r n  t e s t s .  However, sea tbe l t s  were no t  used i n  these r e a l i s t i c  

m i  l d  J - t u r n  t e s t s .  Add i t i ona l  t e s t i n g  using the  m i  Id J - t u rn  should  

be c a r r i e d  ou t  f i r s t  w i t hou t  sea tbe l t s  t o  r e f i n e  t he  t e s t i n g  

procedures,  then w i t h  seatbel  t s  and/or o ther  r e s t r a i n t  dev ices t o  

i n v e s t i g a t e  t h e i r  e f f ec t i veness .  



(4) E j e c t i o n  o f  t he  dummy from the  s i d e  opening o f  t he  overhead 

s t r u c t u r e  occurs i n  m i l d  J - t u rns  o f  about a  15- foot  r ad ius  a t  

about 12 mph t r u c k  speed. 

(5) l  n t e r a c t i o n  o f  t h e  pass ive  dummy w l  t h  t h e  overhead guard d u r i n g  

s i d e  e j e c t i o n  i s  a f f e c t e d  by t he  r a t e  o f  t r u c k  r o l l o v e r ,  by t he  

t ype  and presence o f  r e s t r a i n t s ,  and by t h e  t r u c k  mot ion  i t s e l f .  

(6) The presence o f  t he  armrest  had negl i geab le  e f f e c t  on the  rea r -  

e j e c t i o n  o f  t he  dummy. I t  d i d ,  however, seem t o  i n f l u e n c e  t he  

o r i e n t a t i o n  and p o s i t i o n  o f  t h e  dummy d u r i n g  i t s  impact i n  s i d e  

e j e c t i o n .  

(7) S imu la t i on  o f  a c t i v e  p a r t i c i p a t i o n  o f  t h e  opera to r  was l i m i t e d  t o  

t y i n g  t he  dummy's w r i s t s  t o  t he  s t e e r i n g  wheels. To the  ex ten t  

t h a t  t he  s t r e n g t h  o f  those t i e s  may n o t  accu ra te l y  represen t  the  

opera to r  g r i p  on t he  s t e e r i n g  wheel, t he  r e s u l t s  ob ta ined  from 

t h i s  technique may n o t  be r e a l i s t i c .  

(8) The s t a t i c  l a t e r a l  o v e r t u r n  o f f  t he  dock i s  a  r e a l  i s t i c  s i m u l a t i o n  

o f  slow-moving veh i c l es .  I t  i s  no t ,  however, a  reasonable 

s i m u l a t i o n  i f  the t r u c k  i s  moving a t  h igher  speeds when i t  

ove r t u rns  o f f  the  dock. 

(9) The rea r  d rop -o f f  s t a t i c  t e s t  was t he  most r e a l  i s t i c  o f  the  dock- 

r e l a t e d  acc iden t  s imu la t i ons .  I n  most o f  these t e s t s ,  the back o f  

t he  dummy's head o r  i t s  shoulder s t r u c k  the  edge o f  the  dock, 

produc ing h i gh  o f  chest  and/or head acce le ra t i ons .  I n  these 

t e s t s ,  the  s e a t b e l t  d i d  no t  seem t o  a f f e c t  the  dummy's mot ion.  



(10) The s e v e r i t y  o f  the  dummy's k inemat ic  response i s  a f f e c t e d  by the 

occurrence o f  e j e c t i o n ,  by the  d i r e c t i o n  and angle  o f  e j e c t i o n ,  

and by the l o c a t i o n  o f  i n t e r a c t i o n  o f  the dummy w i t h  t he  ground 

and/or the  overhead guard s t ructure. ,  The c o n s t r u c t i o n  o f  t h e  

dummy may a l so  be a  f a c t o r  i n  determin ing the  s e v e r i t y  o f  

k inemat ic  response, p a r t i c u l a r l y  head response. 

(11) The H I C  and peak acce le ra t i ons  were used t o  desc r i be  t h e  dummyts 

k inemat i c  response t o  enable comparisons o f  impact s e v e r i t y  among 

va r i ous  t e s t s .  M u l t i p l e  i n j u r y  c r i t e r i a  and w e l l - e s t a b l i s h e d  

human to le rance  l e v e l s  f o r  these c r i t e r i a ,  combined w i t h  r e s u l t s  

f rom repeatab le  t es t s ,  a re  essen t i a l  f o r  p r o j e c t i n g  any 

conc lus ions from the dummy t e s t  r e s u l t s  t o  human sub jec ts .  

( 1 2 )  The data produced i n  Phase I I  i s  no t  adequate t o  fo rmu la te  

d e f i n i t i v e  conclusions about the  e f f i c a c y  o f  t h e  r e s t r a i n t  systems 

t es ted  i n  t h i s  phase. 


