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EXECUTIVE SUMMARY 

This publication is a continuation of the April 1981, interim 

report "Wheelchair Securement on Bus and Paratransit Vehicles." 

The initial report published the results of 42 tests in Phases I 

and II. In this report, Phase III and IV results are summarized 

and the conclusions are drawn from all four phases of testing. 

Ten wheelchair securement system tests were conducted in Phase 

III. The primary purpose of seven of these tests was to determine 

the effect of reducing the sled deceleration rate from 10 g's to 5 

g's on systems that had previously failed. Four of the seven 

tests maintained the 20 mph speed, and the remaining three reduced 

the velocity to 10 mph. These velocity and deceleration 

reductions were needed to determine the level at which these 

securements would prove effective during a dynamic crash event. 

The remaining three tests were designed to answer questions posed 

by the previous series of tests. 

In Phase IV, seven wheelchair securernent system tests were con

ducted. The purpose of five of the tests wast? gain more co~

plete data on the modified, proprietary single-rim-latch and the 

belt-around-the-armrest restraint. The remaining two tests were 

to provide data on systems not previously tested. The single-rim

latch tests were run at 20 mph and 5 g's. The other tests were 

run at 20 mph and 10 g's. 



As before, the tests simulated a frontal crash of a bus with the 

wheelchairs faced either in the direction of travel or 

perpendicular to it (side facing). The same manual and 

electric-powered wheelchair models were used except in the single

rim-latch test (1968) utilizing the electric wheelchair. This 

wheelchair had been modified; the die cast wheels, normally used 

on the electric powered wheelchairs, were too large to be gripped 

by the securement system and were replaced with spoke rim wheels. 

The same 50th percentile male anthropomorphic dummy (165 pounds) 

occupied each of the wheelchairs. 

Most of the securement systems were inadequate in providing 

complete protection and securement to the wheelchair and user at 

the 20 mph/10 g's level. Depending upon the test conditions, the 

various tests resulted in excessive head and body movement with 

head or body strikes or major wheelchair damage, or both. There 

is a need to develop an improved securement to withstand the 20 

mph/10 g's dynamic test while providing adequate user and 

wheelchair protection and securement. 

The data showed that the velocity at impact had a greater influ

ence on wheelchair damage and occupant injury than the rate of 

deceleration (in the velocity and deceleration ranges used in 

these tests). A 50% decrease in speed resulted in a smaller head 

excursion and less chair damage than a 50% decrease in 

deceleration. Reduction of both parameters markedly reduced 

impact damage on both wheelchair and occupant. The 



decoupling effect, described in the previous report, could be seen 

in the test films. In the side-facing tests, the wheelchair would 

lean and twist under while the dummy maintained its trajectory 

path. The greater weight of the electric-powered wheelchairs 

caused greater damage to the wheelchair and exerted higher loads 

on the occupant than were experienced in similar tests using 

manual wheelchairs. 





PREFACE 

This second and final report on "Wheelchair Securernent on Bus and 

Pa ratransit Vehicles" is part of the Urban Mass Transportation 

Administration's study grant (CA-06-0098) for wheelchair secure

ment research by the California Department of Transportation 

(Caltrans). The 42 tests described in interim report number 1 

comprised Phase I (28 tests) and Phase II (14 tests). The 

1 7 t es ts described in this report comprised Phase III (10 tests) 

and Phase IV (7 tests). 

Th e report represents an ongoing study to satisfy the need for a 

safe , r e liable and easy-to-operate wheelchair securement system. 

Because t h is is a continuation of the interim report, definit i ons, 

e xplanations and t e chnicalities discussed in the first report will 

no t be repeate d. 

All of the securement systems used in the Phase III series of 

t es t i ng we re the same as those in the first two phases. Phase IV 

rep e a t ed two securement system types and included additional 

tes ti ng of two new systems, one using an unsecured wheelchai r 

plac ed bes ide a padded panel. The wheelchairs were the same as 

the manua l and electric-powered models used in previous tests 

e xce p t for one modification of the electric powere d wheelchair 

wi th s poke r im wheels to accommodate the single rim l a tch 

s ecurement. Th e t es t sled configuration r e presents a wheelcha ir 

s tatio n on the l e ft side of the bus. In s ide-facing tests the 

l e ft s ide of t he wh eelchair was ne arest the forward end of the 

test sled . 



The contents of this report reflect the views and interpretations 

of the authors, who are responsible for the facts and the accuracy 

of_ the data presented. The contents do not necessarily reflect 

the official views or policies of Caltrans or UMTA. Neither do 

they represent standards, specifications or regulations. 

It is to be understood that the performances of the various 

securement concepts tested resulted from test conditions used, and 

that the performances may differ under other test conditions. 

Neither the United States Government nor Caltrans endorse products 

or manufacturers. Trade or manufacturers' names or products 

appear herein solely because they are considered essential to the 

objective of the research and this report. 

This document is disseminated under the sponsorship of the 

Department of Transportation in the interest of information 

exchange. The United States Government assu~es no liability for 

its contents or use thereof. 
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STUDY DESIGN 

This section of the report describes the equipment used, t he t est 

procedures and the data collection methods. 

Dynamic-Static-Analytical Correlation 

Minicars, Inc., as part of the wheelchair securement testing 

contract, performed an analytical evaluation of the results of the 

T-bar wheelchair restraint system testing. The analysis was 

compared with the actual static and dynamic test results. Deta ils 

of the method and results of the analytic study are presented in 

Appendix B. 

The forward T-bar securement system was analyzed. The ana l ysis 

determined the 1010 steel members of the wheelchair would col l apse 

when subjected to loads between 1600 and 1954 pounds, depe nding 

upon the grade of 1010 steel used. Failure of the upper f ootrest 

was predicted. Static test 1045A confirmed the analysi s . The 

footrest had an initial yield at 1300 pounds seat belt l oad and 

collapsed at 1600 pounds. The 1060 dynamic t e st, howeve r, did not 

stress the wheelchair to a maximum load; the measured belt l oad 

was 850 pounds, which is less than the pre dicted minimum collap s e 

load. Because of the limited data of test 1060, the dynamic 

response was inconclusive in verifying the analytic e val uat ion . 

1 



The analysis was basea on the T-bar securement system that grips 

the frame of the wheelchair at two symmetrical places during a 

forward-facing test. All of the tests performed after receipt of 

the report gripped the chair in other locations, some were 

unsymmetrical, which would require major modifications to the 

computer programming. The analysis is also based on a folding 

wheelchair and would require extensive revision to analyze the 

nonfolding electric-powered wheelchairs that were used in some 

tests. Sidefacing tests would also require major revisions. 

Thus, a new analysis would be required for each securement system, 

electricpowered wheelchair, and side-facing orientation. Further 

analysis was not performed because dynamic tests were less costly, 

could be performed at a rate of one or two per day, and provided 

the information needed to complete the project. 

Dynamic Test Parameters 

Parameters not mentioned are the same as those detailed in the 

interim report. The following parameters were varied for the 

final two phases of testing: 

o Type of chair 

o Chair facing direction 

o Chair securement 

o Sled impact speed and deceleration rate 

o Wheelchair securement station envelope 

2 



Chair Type. The same two models of Everest and Jennings 

wheelchairs, Model P8AUU-260-770 manual wheelchair and Model 

P8AU-200 32-770 electric powered wheelchair were used. Five 

tests, 1968, 1971, 1880, 1884, and 1887 added the electric 

wheelchair feature to previous securement types tested on manual 

wheelchairs. The single rim latch system, which attaches to the 

rear wheel, required the electric wheelchair to employ spoke 

wheels because the wide metal or plastic spoked wheels have tires 

and rims that are too wide to pass through the latch opening. The 

later model electric powered wheelchairs have the batteries com

pletely enclosed, whereas the previously tested models had the 

batteries tied down with bungee cords. 

Chair Facing Direction. Completing the data set for each 

securement type required orienting the wheelchair in a direction 

not tested before, either in the direction of travel or perpen

dicular to it. On the test sled, forward-facing wheelchairs were 

always positioned with the rear of the back wheels 53 inches from 

the armrest of the aisle-facing seat. Side-facing wheelchairs 

where positioned with the centerline of the chair 43 inches 

3 
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from the armrest. The very last test was conducted with the 

wheelchair in the side-facing mode and its forward wheel four 

inches from a padded panel that was installed perpendicular to the 

simulated bus side wall. Figures 1 through 3 illustrate the 

wheelchair orientations, and Figure 4 shows the simulated bus 

seat. 

Because many wheelchair users have expressed their objections to 

facing the other passengers in a transit vehicle, the rear-facing 

wheelchair orientation was not used in these 17 tests. Rear

facing securements have high head rests that block the forward 

view of other seated passengers and impair their ability to 

identify the next stop. Also, the rear-facing wheelchair users 

are not accustomed to determining where they are by identifying 

landmarks passed. 

Chair Securement. Commercial wheelchair securement systems are 

designed to restrain the wheelchair during normal bus movements, 

not crash situations. Therefore, many of the tests were performed 

using "generic" systems that held the chair in a similar manner to 

that of the commercial system but with sufficient strength to 

prevent yielding of the securement system. 

The single rim latch is one of the few systems that were used off

the-shelf. In two of the previous tests (1187 and 1196) this 

securernent had failed to maintain attachment with the wheelchair 

during the dynamic crash event. Test 1197 used our modification 
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on the system to ensure the securement would not fail during the 

test. Contact with the company led to the modification of the 

single rim latch securement system by the manufacturer. Because 

this proprietary securement was widely used, it was necessary to 

test the modified system to verify not only the soundness of the 

modification but also the behavior of the chair and the user in a 

dynamic crash event. The manufacturer modified system held firmly 

in all the tests. 

The proprietary automatic rim pin system is secured to the floor 

of the bus below the forward facing seat. For the wheelchair user 

to employ the system, the seat must be placed in a folded 

position. The wheelchair should be backed into a position where 

the back wheels touch the raised seat. The user activates the 

system by pushing a button on the side of the bus. The air-pro

pelled rim fingers extend until each back wheel is securely 

retained. The generic automatic rim pin used in Test 1976 copied 

the securement attachment in terms of how and where the rim pin 

holds the wheelchair but not the means of activation (air 

pressure). 

The final test of the project used a padded vertical transverse 

wall at the forward end of the wheelchair station in the 

trajectory path of chair and dummy. The degree of wheelchair and 

user movement was demonstrated without any securement attachment. 

Sled Speed and Deceleration at Impact. Because of the decoupling 

effect, Phase I and II tests indicated that sled velocity at 
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impact had a greater effect on the wheelchair damage and occupant 

injury than the rate of deceleration (in the range of velocity and 

deceleration rates used in the tests). In order to obtain data to 

support or refute the foregoing, the velocity and deceleration 

rates were varied in the Phase III tests. 

Wheelchair Securement Station Envelope. Only Phase IV's last test 

varied from the established wheelchair securement station 

envelope. The wheelchair was placed in the side-facing direction 

and a side panel was included fou r inches away from the wheel

chair, as shown in Figure 3. 

10 



Data Collection and Film Records 

As in the Phase I and II tests, Minicars, Inc., of Goleta, 

California performed the Phase III and IV testing and data 

analysis. High-speed movies were taken of each test. The four 

high-speed cameras used were located in the following positions: 

1. Sled mounted overhead 

2. Sled mounted side looking 

3. Off-board front looking 

4. Off-board side looking 

An off-board side-looking Polaroid still camera took a sequence of 

eight photographs of each test beginning at sled impact and ending 

about the time the sled had come to a complete stop. 

Test Setup 

The dynamic tests were conducted on Minicar's Horizontal Impact 

Test Sled II (HITS II) and test track. The HITS II is similar to 

the HITS I used in Phase I testing and operates on the same 

principle as HITS I. The sled is propelled by compressed air and 

decelerated by impacting one or more met a l bands, which are 

deformed in a controlled manner. The sled is accelerated to 10 or 

20 mph, as required, and then decelerated at a rate of 5 or 10 

g's, as specified. Samples of the sled's deceleration pulse can 

be found in the Appendix. The HITS II sled and track differ from 

11 



the HITS I sled and track~ the HITS II track is longer and 

provides greater speed and deceleration regulation, and the HITS 

II sled has a simulated bus wall on the left side and a simulated 

aisle-facing seat attached to the wall at the front of the sled. 

It should be noted that the HITS I s ide-facing tests (Phase I) 

were run with the right side of the dummy toward the front of the 

sled; whereas, the subsequent phase II, III and IV side-facing 

tests were performed with the left side of the dummy toward the 

front. 

Securement Systems Tested 

Tests were conducted in two phases. Phase III tests and the first 

three Phase IV tests repeated Phase I and II securement system 

types and varied the test parameters. Phase IV tested one new 

securement system and a padded side panel without the aid of a 

securement system. A brief description of each system's 

performance will be discussed in the section SUMMARY OF DYNAMIC 

TEST RESULTS. 

Head Excursion Measurement 

Head excursion was judged from two camera views: 

sled camera and the side-facing ground camera. 

the side-facing 

The head distance 

could be calculated in two ways: The initial head location and 

final head positions were noted, and the resulting difference was 

the distance moved. Or the maximum l ocation of head movement can 

12 



be-measured relative to the height and distance from the steel 

armrest. Since the dummy's initial position was known, the total 

distance was added or subtracted, as the case may be, from the 

distance of dummy to the steel armrest which gave the distance 

traversed. 

The difficulties encountered were as follows: 

1. Film distortion at the edges, especially caused by the 

side-facing sled camera using the wide angle lens. 

Because the size of the photo is such that the dummy is 

at the left edge of the film at the beginning of the 

tests and at the right edge at the maximum forward dummy 

movement, there was definite distortion of positions 

measured. 

2. Sometimes the head fell out of camera view. 

3. The scale, determined from existing materials and inch 

tape targets placed on the dummy and sled did not 

necessarily fall in the same reference plane as the 

dummy's head. 

The following is an·example of typical scaling. The wheelchair 

armrest, 10 1/2 inches in length, was used as a scaling factor. 

The two end points of the armrest were determined on the vanguard 

motion analyzer. The actual armrest length was divided by the 

13 
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measured armrest length (difference between the two points) and 

this scaling factor was multiplied against the measured head 

excursion distance to determine the desired head excursion: 

Calculated head= Measured head X Actual armrest length 
excursion excursion Measured armrest length 

Because edge distortion was more inherent in the sled camera, the 

preferred calculated head excursion was determined using the 

ground camera and measuring the head relative to the steel 

armrest. The sled camera aided in locating head position when the 

ground camera shots were hard to discern or unusable. The 

calculations were tempered with a practical observation of the 

film action. For example, if the forehead struck the armrest, the 

distance calculated should be close to the sum of the distance 

between the center of the top of the dummy's head and the armrest 

plus the distance from the forehead to the top of the head, 

approximately three inches. 
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SUMMARY OF DYNAMIC TEST RESULTS 

This section summarizes the results of tests on nine generic types 

of securements and one specific manufactured model. A detailed 

description of each of the 17 tests run, the results, and photo

graphs are given in Appendix A. 

Typical Conditions 

The activity of the dummy and the damage to the wheelchair9 in 

this group of tests were similar to those reported in the first 

interim report. For this velocity and deceleration range, chair 

damage was determined to be more dependent on sled speed than o n 

sled deceleration (which was not the same as dummy or chair 

deceleration because of the decoupling effect). The likelihood o f 

dummy strike was increased when comparing the tests at 20 mph 

versus the 10 mph tests. There was greater wheelchair extension 

and deformation and the head excursion was increased between 35% 

and 52% at the greater speed. At the same velocity level, a 

reduction in deceleration from 10 g's to 5 g's resulted in a 4 to 

20 percent reduction in head excursion, but the wheelchair still 

suffe red approximately the same degree of damage. The HIC, CSI 

and user belt load did not differ consistently f rom the results o f 

the regular crash pulse test at 20 mph/10 g's. 

15 



The description of right and left refers to the wheelchair 

occupant's right and left. In the side-facing tests, the left 

wheel (rear wheel) is the wheel nearer the front of the bus. 

It was noted in the first report and will be repeated here: The 

use of a shoulder harness is necessary to reduce head and body 

injuries. A shoulder harness restraining the upper torso did 

minimize head and body impact (test 1966). 

The same 50th percentile male anthropomorphic dummy (165 pounds) 

occupied each of the wheelchairs. 

All references to wheelchairs are to the manually propelled type 

unless the electrically-powered type is specifically mentioned. 

A figure of the wheelchair members and terms used in the descrip

tion of the crash tests is shown on Figure 5. Table 1, is a sum

mary of the results of the individual tests. 

16 
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PHASE III TESTS 

The following is a summary of each of the 10 tests on 8 securement 

systems. Because all these systems have been discussed in the 

first inte rim report, a detailed description of each of the 

securements will not be repeated. A drawing of each is included, 

however. Table l summarizes the variable parameters and compari

son of results for Phase III tes ts. The number in parentheses 

following each test title is the test number. The box following 

each test title shows the velocity and deceleration of that test 

and those of preceding comparable tests. For clarity in reading, 

the velocity and g levels in the text of the section are rounded 

to the nearest who l e number. 

Wall Rim Pin/ Side-Facing Chair (1865). 

Test Vel. Dec. 

1865 20 mph 5 g's 
1072 19 mph 12 g's 
1073 11 mph 9 g's 

The t e st was conducted with the manual wheelchair in the side

facing mode secured by a wall rim pin system. Run at 20 mph and a 

reduced d ece leration rate of 5 g' s , this t e st was to compare 

re s ult s with Phase I test 1072 conducte d at the same velocity and 

a dece l e ratio n rate of 12 g's and with test 1073 conducted at 11 

mph and 9 g 's. 

18 
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In test 1865 the left wheel (nearer front of bus) twisted and bent 

away from the securement and the spokes of the right wheel 

detached from the hub. While the wheelchair tilted 40 degrees, 

the dummy's torso leaned 90 degrees and the dummy's head whipped 

severely, striking the armrest of the simulated longitudinal 

seat. 

This test resulted in a head excursion of 49 inches, which fell 

between the previous two head excursion values. Test 1073 

resulted in a head excursion of 44 inches, and 1072 had a head 

excursion of 61 inches. Test 1865 suffered majorl wheelchair 

damage as did test 1072 with the comparable velocity. External 

props were not used in tests 1072 and 1073. Had the simulated arm 

rest and stanchion been installed, with the amount of excursion 

measured, the dummy might have come into contact with the envelope 

elements in both tests and the HIC values could have been greater. 

In test 1865 the dummy struck the simulated steel armrest 

resulting in the HIC of 1346. This HIC cannot be fairly compared 

with the other two test HIC's because they had different envelope 

settings. 

1 cegree of wheelchair damage (major, rroderate and minor) was 
defined in the first interim re:F()rt but will be presented 
here for simplicity and clarity: 

Minor - D3maged parts still function with very little 
applied effort. The chair's rollifB' and m3.neuvering 
ability is only slightly impaired. 
Mooerate - A great amount of effort is required to rrove 
aoo maneuver the wheelchair. An inexperienced and 
able-bodied person seated in the damaged wheelchair would 
find it very difficult to move or maneuver it. 
Major - The wheelchair is so badly damaged that it cannot 
be rolled; it is unusable. 

20 



Floor Rim Pin/Side-Facing Chair (1866). 

Test Vel. Dec. 

1866 20 mph 5 g's 
1070 18 mph 12 g's 
1087 10 mph 10 g's 

Two previous tests had been conducted for the floor rim pin 

system in the side-facing mode, test 1087 at 10 mph and 10 g's and 

test 1070 at 18 mph and 12 g's. The present test run at 20 mph 

and 5 g's resulted in a head excursion of 48 inches. Test 1070's 

head excursion was 56 inches and test 1087's was 38 inches. These 

excursion distances were influenced by either velocity or 

deceleration reductions although the velocity appeared 

to have the greater influence on head excursion and wheelchair 

damage. Test 1070 sustained major wheelchair damage as did test 

1866 while test 1087, at the reduced velocity level, suffered only 

minor chair damage. 

User and Chair Belt/Side-Facing Chair (1867). 

Test Vel. Dec. 

1867 20 mph 5 g's 
1078 16 mph 10 g's 
1098 10 mph 12 g's 

21 
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A user-and-chair-belt securement system test was performed using a 

side-facing dummy and wheelchair. Test 1867 was run at 20 mph and 

a reduced deceleration rate of 5 g's. The similar Phase I tests 

were at 10 mph and 16 mph and 10 g's. 

The left wheel folded under severely. The wheelchair twisted 45 

degrees to the left and leaned 30 degrees. The back of the 

dummy's head struck the simulated vertical seat cushion, rotated 

90 degrees and the dummy's face struck the steel armrest. The 

torso leaned 60 degrees. The left hand struck the stanchion and 

armrest and the right hand hit the armrest. 

Two user-and-chair-belt securement system tests were performed in 

the side-facing direction in the Phase I tests. Test 1078 was run 

at 16 mph and 10 g's and test 1098 at 10 mph and 12 g's. Both 

had a head excursion of 44 inches as compared with 45 inches for 

test 1867. The greater velocity and reduced deceleration level of 

test 1867 did not vary the head excursion appreciably when 

compared with the head excursion values for 1078 and 1098. Both 

earlier tests did not have a simulated bus hardware envelope to 

constrain the dummy's movement as did test 1867. The comparsion 

of head excursion values, in this case, was not representative of 

the velocity and deceleration variations. The amount of chair 

damage, however, was correlated to speed. Test 1867, with the 

greater speed, encountered major wheel c hair dama ge while t es t s 

1078 and 1098 sustained only moderate wheelchair damage. 
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The securement belt load reached 1600 pounds, which indicates the 

occupant's lap area may have sustained bruises or more severe 

injury. 

Three-Point Belt 

Two tests were conducted with the three-point belt securement 

system; one with a side-facing manual wheelchair and the other 

with a forward-facing electric powered wheelchair. 

Three-Point Belt/Side Facing (1868). 

Test Vel. Dec. 

1868 21 mph 5 g's 
1184 20 mph 10 g's 

The side-facing manual chair was tested at 21 mph and a reduced 

deceleration level of 5 g's. Phase I test 1184 was run at 20 mph 

and 10 g's. The lower deceleration level for test 1868 resulted 

in a lower HIC value than that of test 1184. The deceleration 

reduction may not be the only reason why the HIC value was low for 

test 1868. In test 1868, the back of the dummy's head grazed the 

vertical seat, the head rotated and missed the steel arm rest 

resulting in a minor HIC of 50. In test 1184, the severe blow on 

the dummy's forehead resulted iP. a HIC of 1532. The HIC value 

depended upon the chance of dummy head strike. 
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Test 1868's lower deceleration also decreased the head excursion, 

which was 45 inches versus the head excursion of 52 inches for 

test 1184. Reducing the deceleration level did not exert as great 

an influence on chair impact. The wheelchairs in both tests 

sustained major damage. 

Three-Point Belt/Forward Facing (1880). 

Test Vel. Dec. 

1880 22 mph 10 g's 
1183 20 mph 12 g's 

The forward-facing electric powered wheelchair tested at 22 mph 

and 10 g's had a greater effect on the user belt load and HIC 

value than the Phase I forward facing manual wheelchair of test 

1183 run at a similar speed of 20 mph and deceleration rate of 12 

g's. The increased weight of the electric wheelchair resulted in 

a doubling of the user belt load, 920 lbs., and a fatal HIC value. 

Both tests sustained moderate wheelchair damage. The dummy in the 

manual chair (1183) suffered minor body impact and a minor head 

s trike on the legs. The electric wheelchair dummy (1880) 

s ustained a severe forehead strike on the steel armrest. 

In the initial comparison of head excursion, test 1183 had a 

larger head excursion (50") than test 1880 (41"). This did not 

correlate with the extremely large HIC and severe forehead strike 
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of test 1880 so test 1183 was scrutinized again. The reinspection 

of the dummy action in test 1183 revealed an error in the previous 

head excursion calculation. The dummy's head did not travel as 

far forward as the armrest. The calculated 50-inch head excursion 

exceeds the horizontal distance between the centerline of the 

dummy's head and the armrest. The head excursion in test 1183 was 

recalculated as 39" and the prior publication (1st interim report) 

should be corrected to reflect this excursion value. 

Rear T-Bar System/Side-Facing Chair {1876). 

Test Vel. Dec. 

1876 11 mph 5 g's 
1122 19 mph 12 g's 

A test was performed with the occupant and wheelchair in the side

facing orientation. The decreased speed of 11 mph coupled with a 

lower deceleration rate of 5 g's resulted in minimal damage when 

compared with the previous test 1122 run at 19 mph ano 12 g's. 

There was a 48% reduction in head excursion, 26 inches versus 

54 inches. No dummy strike occurred. Minor chair damage resulted 

instead of the major chair damage experienced in the first test 

run at the greater speed and deceleration rate. 
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Single Rim Latch/Forward-Facing Chair (1882). 

Test Vel. Dec. 

1882 10 mph 4 g's 
1187 20 nph 11 g's 
1196 20 mph 10 g's 
1197 20 mph 10 g's 

This single rim latch is a proprietary securement modified by the 

manufacturer to strengthen the attachment that failed in two of 

the previous tests (1187 and 1196). The speed of test 1882 was 

reduced to 10 mph and the deceleration rate was reduced to 4 g's. 

A prior test on a strengthened attachment (1197) was run at 20 mph 

and 10 g's. The earlier (1197) testing resulted in major chair 

damage with a complete wheel failure. Test 1882 experienced a 

reduction in head excursion, 35 inches versus the 54 inches in 

test 1197, and no head, hand, or arm strikes. The left rear wheel 

in the latest test still experienced major damage but not to the 

same extent as in test 1197. The spoke wheel structure proved to 

be a weak securement link. The load stress on the securernent 

system and wheel was compounded by attaching to one point only. 

Major wheelchair damage was incurred at the reduced velocity and 

deceleration level. 
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Frame Anchor/Forward- and Side-Facing Chairs (1884 and 1887). 

Test Vel. Dec. 

1884 20 mph 9 g's 
1887 20 mph 9 g's 
1235 20 mph 10 g's 

The original test (1235) on the frame anchor securement system in 

a forward-facing orientation was performed on a manual chair. Two 

new tests were conducted; one forward facing (1887) and one side 

facing (1884), both utilizing electric wheelchairs. They were run 

at a speed and decleration rate similar to test 1235's speed of 20 

mph and deceleration of 10 g's. 

The side-facing electric wheelchair test 1884 was run at 20 mph 

and 9 g's. It resulted in a head excursion of 41 inches and a 

severe temple strike on the left forearm. There was major 

whee lchair damage. 
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The forward-facing electric wheelchair test 1887 was run at 20 mph 

and 9 g's. Compared with the original forward-facing manual chair 

test 1235, test 1887 had a greater head excursion, 42 inches 

versus 39 inches, and the dummy's head and arms struck the 

simulated armrest in test 1887; whereas, the head lightly struck 

the dummy's leg in test 1235. The HIC values cannot be compared 

because the head accelerometer wire leads were damaged during the 

latest test and the data was not transmitted. The greater weight 

of the electric powered chair caused major wheelchair damage in 

test 1887 while only moderate wheelchair damage occurred in test 

1235. 

Horizontal Bars/Side-Facing Chair (1885). 

Test Vel. Dec. 

1885 11 mph 5 g's 
1186 20 mph 12 g's 

Test 1885, using a wheelchair in a side-facing orientation, was 

run at a reduced level, 11 mph/5 g's. A prior test, 1186, run at 

20 mph/12 g's resulted in major wheelchair damage. The head 

excursion, belt loads and injury criteria in test 1186 were 

invalid because the back up tether came into play when the 

horizontal bars slid forward in the anchorage track. Test 1885 

was tested at the reduced level because the securement system 

failed at the greater 20 mph/12 g's level and also because the 
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commercial horizontal bar securement was an easy-to-secure system 

requiring minimal user effort. 

The securement succeeded in maintaining contact with the 

wheelchair in test 1885. There was a minimal HIC of 4 and a CSI 

of o. The dumny leaned 75° to the left with a forward head 

excursion of 35 inches. There was minor chair damage with the 

left wheel bent about the bottom rail. 
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PHASE IV ·TESTS 

The following discussion is a summary of the six additional tests 

performed on three securement systems and one test using a padded 

barrier as the only securement. The single-rim latch securement 

system is used in many transit buses in California. Previous 

tests were supplemented with additional tests to provide a 

complete series. The belt-around-the-armrest restraint is similar 

to the user-and-chair-belt securement tested in Phase I. While 

the user and chair belt looped around the dummy's waist, the belt 

around the armrest, as its title implies, looped around the 

vertical posts supporting the armrests and over the dummy's knees. 

A new securement simulated the automatic rim pin system, currently 

used on some transit buses. 

Single Rim Latch. Three additional tests were conducted with the 

anthropomorphic dummy seated in a forward-facing wheelchair 

secured by the single-rim-latch system. In all the single-rirn

latch tests, the secured wheel attempted to tear away from the 

securernent. Because the wheelchair was attached at this one 

point, all the impact force was felt by that attachment. Phase 

II's single rim tests 1187 and 1196 resulted in release of the 

securement during the crash simulation. The mechanism was 

modified by Minicars in test 1197 so it would not fail during the 

dynamic crash event. This securement system proved successful but 

the wheelchair suffered major damage and the dummy struck its left 

shoulder on the stanchion. Phase III's test 1881 represented the 
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first manufacturer-modified, i.e., reinforced to prevent failure, 

single-rim-latch test. Run at a reduced speed and deceleration, 

the latch mechanism held and the dummy did not incur any strikes, 

but the wheelchair suffered major damage. The present three tests 

were conducted to provide new information on the modified 

proprietary securernent system. 

Single Rim Latch/ Forward Facing (1967,1968). 

Test Vel. Dec. 

1967 21 mph 5 g's 
1968 20 mph 5 g's 

Test 1967, utilizing a manual wheelchair and run at a speed of 

21 mph and a reduced deceleration of 5 g's, resulted in major 

wheelchair damage and a dummy head excursion of 52 inches. 

Test 1968 utilized an electric powered wheelchair and was run at 

20 mph and 5 g's. The dummy's head travelled 54 inches 

horizontally and the wheelchair sustained major damage with 

complete failure of the left wheel. A comparison of the severity 

of the damage on the manual wheelchair versus the electric powered 

chair reinforced the conclusion that the additional weight of the 

electric powered chair proved more stressful to the dummy and 

wheelchair. 

stanchion. 

In both tests, the dummy's right shoulder struck the 
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Single-Rim-Latch With Upper Torso Belt/Forward Facing (1966). 

In test 1966, a single-rim-latch system secured the left rear 

wheel of the manual wheelchair and an automotive-like upper torso 

and lap belt system secured the wheelchair occupant. See 

Figure 14. The upper torso belt wa s attached to the sled 

structure behind the dummy's right s houlder. It passed across the 

left shoulder, down across the right hip and then to the floor 

anchorage at the rear of the wheelchair. The lap belt attached to 

the sled structure on the left side and to the upper torso belt at 

the right hip. Note that the belt system partially restrains the 

wheelchair through the occupant's body. 

Test 1966 was run at 20 mph and 5 g 's . The chair rotated to the 

left as in tests 1967 and 1968 which were run at the same speed 

and decelerated rate. Also, the left rear wheel was not destroyed 

as in the other two tests. It was only dented at the rim latch 

contact point. The three-point occupant belt not only reduced the 

wheelchair damage to a dent at the rim latch point, it restrai ned 

the dummy to permit only 1 2 inches of head excursion and almost 

zero rotation about the hips. The belt load was 590 pounds 

compared to 480 pounds in test 1967 and 150 pounds in test 1968 . 

The HIC and CSI for test 1966 were 22 and 24 whereas they were 78 

and 62 for test 1967 and 150 and 129 for test 1968. 

Test 1966 effectively demonstrates the value of an upper torso 

belt. If the backre st of the wheelchair can be adequately 
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reinforced, the upper torso restraint could be attached there and 

the above mentioned problem of the body restraining the wheel

chair would be eliminated. Some wheelchair users, however, do not 

have the manual dexterity or upper torso mobility to manipulate 

the latching mechanism. 

Belt Around Armrest. The-belt-around armrest system consists of a 

belt anchored to the floor behind the wheelchair and attached 

across the front of the armrests' front vertical support tubes and 

over the dummy's knees (Figure 15). This securement is similar to 

the user-and-chair-belt securernent tested in Phase I and II. The 

user and chair belt was also anchored to the floor behind the 

wheelchair but differed from the belt around armrest in that it 

looped around the user's waist and did not require additional 

s e curement (to secure dummy to chair). The be lt around the 

armrest securement system did not secure the us e r to the chair, 

requiring the dummy to employ a lap belt attached to the chair 

axle. 

Belt Around Armrest/Forward Facing (1970 & 1971). 

Test Vel. Dec. 

1970 21 mph 10 g's 
1971 21 mph 10 g's 

Two wheelchair t es t s , o ne manual (1970) and one electric (1971), 

we r e conducted with the dummy and cha ir f a cing forward. For both 
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tests the sled velocity was 21 mph and the deceleration rate was 

10 g's. 

The manual wheelchair suffered moderate damage. The 50th 

percentile dummy jackknifed about the waist and the head h it its 

shin. The head excursion wa s 32 inches. 

The greater weight of the electric wheelchair caused major 

wheelchair damage. Again, the dummy jackknifed about the waist. 

Due to the greater force exerted on the securement , the wheelchair 

belt stretched further and the head s truck the simulated armrest. 

The head excursion was 39 inches, which is greater than the head 

excursion of the dummy in the manual chair; the excursion distance 

was limited by the head striking the simulated armrest. 

Automatic Rim Pin. The commercial version of the automatic rim 

pin securement system consists of two horizontal fingers which are 

spaced about 18 inches apart. After the wheelchair has backed 

into the securement area, the fingers are mechanically moved 

horizontally, by the wheelchair user , until they move past the 

wheel rims. The system was simulated by a bolt and a bracket 

restraining the wheel rims at the same location as with the 

commercial unit. A schematic of the securement system is shown in 

Figure 16. 
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Automatic Rim Pin/Forward facing (1976). 

Test Vel. Dec. 

1976 21 mph 11 g's 

A manual wheelchair was tested in the forward-facing mode at 

21 mph and 11 g' s . The securement he ld. The dummy's head 

transversed 27 inches and struck its shin severely. The wheel

chair was moderately damaged. 

Padded Side Panel. A panel of plywood was covered with a three

inch thickness of Ensolite, a styrofoam-like energy absorbing 

material similar to that used in the dash of an automobile. The 

panel was placed perpendicular to the simulated bus wall and in 

front of the anticipated dummy and wheelchair trajectory. The 

wheelchair armrest was placed 4 inches from the panel, as shown in 

Figure 17. 

Padded Side Panel/Side Facing (1979). 

Test Vel. Dec. 

1979 21 mph 10 g's 

The last test of the project, run at 21 mph and 10 g's, used an 

unsecured wheelchair placed in the side-facing direction. The 
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wheelchair and occupant were thrown against the panel; then the 

wheelchair and dummy rebounded off the sled. In the initial 

strike, the dummy's head and shoulder struck the panel. The 

wheelchair sustained only minor damages. This was an unsatis

factory method of restraining the wheelchair and user's movement; 

however, one of the purposes of the test was to determine the 

result of not securing the chair. If the chair were secured it 

may prove to be one of the better restraint systems since rotation 

of the upper body about the hips is greatly reduced. 

The panel is required to be quite large to adequately protect all 

combinations of wheelchairs and users; therefore, it blocks the 

forward view of the wheelchair user and some of the other 

passenger. The handicapped and ambulatory passengers have 

expressed opposition to such view obstructing systems. Replacing 

the solid panel with a nylon net could be one solution to this 

objection. Further testing of the padded side panel is not 

planned. 
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SYSTEM EVALUATION 

Summary 

Table I summarizes the performance of each securement concept 

tes ted with respect to selected evaluation parameters. The 

evaluation of the effectiveness of the securement system in 

absorbing initial impact and in maintaining positive contact with 

the wheelchair after the initial impact, and the degree of 

dif ficulty to self-secure are presented in Table II. A new 

column, "test reason" showing the purpose of the test, is 

included. 

As in the interim report, the effectiveness of the securements was 

rated as either good or poor, according to the following 

definitions: 

Good : The securement retained positive contact with its 

attachment point(s) on the wheelchair throughout impact and 

prevented the wheelchair from tipping over or from making an 

otherwise undesirable movement. If the system is judged 

satisfactory under the conditions tested, it is acceptable. 

Poor : The secureme nt either lost contact with the chair, did not 

p r event it from tipp ing over during impact, or allowed it to make 

undersirabl e moveme nts . If the system is judged not satisfactory 

under the conditions t es ted, it is unacceptabl e . 
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TEST SYSTEM FACING 
DIRECTION 
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Securement Design Loads 

In the First Interim Report the design load for each acceptable 

securement system was calculated (Page 110). Of the 17tests in 

Phases III and IV, only the automatic rim pin and padded side 

panel systems were not previously tested and, thus, the design 

loads not calculated. Since the padded side panel had no 

wheelchair tie down and the result was unacceptable, no 

calculation will be made. None of the previously calculated 

systems were tested at a higher velocity or deceleration rate. 

As in the previous calculation, the automatic rim pin used the 

combined dummy load (P) and chair load (W) to calculate the 

securement design loads (Rx and Ry). Orientation of the loads is 

shown in Figure 18. the calculated design loads of the automatic 

rim pin for a 20 mph and 10 g's crash leve, a 50th percentile male 

occupant, and the manual wheelchair are shown below. 

Design Loads 

System (Forward Facing) Ry (lbs) Rx (lbs) 

Automatic Rim Pin 1600 1600 

CONCLUSIONS 
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P=l540 lbs. 

0 

~ 

w ~--=J--

Automati c Rim Pin 

Figure 18 
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CONCLUSIONS 

Assuming the wheelchair user is firmly held in place by a lap belt 

in the type of wheelchair that was tested, the following 

conclusions were developed from an evaluation of the tests 

performed in Phases I through IV; 

1. A wheelchair user can be protected from serious injury 

in a crash event through the use of a properly designed 

securement system. The system that has performed the 

best in the forward-facing tests conducted to date is 

the single-rim-latch securement coupled with an 

automotive-type lap and shoulder harness that is 

anchored to the vehicle. In this test (1966), the 

shoulder belt prevented the dummy from violently 

rotating about its lap belt as it did in most of the 

other for ward-facing tests; therefore, it did not strike 

its head or arms on the simulated seat or its knees. 

Although this test was performed at 20 mph/5 g's, the 

data and films indicate it will be equally protected at 

20 mph/10 g's. Additional tests at the higher g level 

are planned. The data and films also show that the lap 

and shoulder belts provided most of the restraint. The 

wheel rim was only slightly dented by the single rim 

latch, in contrast to the significant distortion 

experienced in most other tests using this securement. 

The floor rim pin, wall rim pin, frame anchor, or 
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automatic rim pin may be equally as good when coupled 

with the lap and shoulder belts. 

2. Thus far, the side-facing tests have indicated this 

orientation is undesirable. The wheelchair user's neck, 

hips, and knees are subjecte d to bending in an abnormal 

direction, and the main wheels of the wheelchair usually 

collapse. The final test of this series (1979), placed 

a side-facing wheelchair and dummy next to a padded 

wall. The wheelchair was not secured to the vehic le. 

The films s how that the wheelchair and dummy pressed 

against the padding during the deceleration phase, but 

both rebounded to the rear and fell off the sled at the 

end of deceleration. The results of this test indicate 

that the padded wall may be an accep table side-facing 

securement if the whee lchair is restrained by a 

securement system that will restrict its freed om of 

movement during the rebound phase. 

Although the padded wall is a visual obstruct i on on a 

transit vehicle, this securment method should be further 

developed for the paratransit users since forward 

visibili ty is not as important there . Most paratransit 

vehicles can carry six sid e - faci ng wh eelchairs, but only 

four in the forward-facing orientation ; a large economic 

dif ference to the paratransit operator since these 

v e hicles frequ e ntly have a fu ll load of passengers. 
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Padded side panels need not be r e ctangular in shape. 

The visual obstruction problem could be less objec

tionable if the upper area is modified to remove that 

portion that is outside the impact area. A nylon net 

instead of the padding should also be considered. 

3. Any type of securement that is attached to only one of 

the main wheels is less desirable than those attached to 

both wheels because the wheel is almost separated from 

the wheelchair at crash pulses as low as 10 mph and 

5 g's. The excessive elongation of the wheel and damage 

to the spokes allows the chair and its occupant to move 

toward the front of the bus, almost assuring he/she will 

strike a solid object. 

4. A wheelchair and its occupant can survive a 20 mph/10 g 

crash in a bus if they are properly secured. The 

securernent system should symmetrically grip the 

wheelchair in at least two places and be designed to 

remain secure at the imposed loads. In addition, the 

occupant should be restrained with an upper torso belt 

and a lap belt. 

5. The presently available wheelchairs are not designed to 

withstand crash type stresses and -- using the secure

rnent systems currently offered -- should be expected to 

be permanently deformed and possibly inoperable afte r a 

-57-



crash experience. When a universally acceptable 

securement system becomes available, the wheelchair 

manufacturers should be encouraged to make a unit that 

will be operable after a 20 mph/10 g crash. 

6. The liquid in the batteries did not spill in any of the 

10 tests performed with electric powered wheelchairs. 

7. In the velocity and deceleration range used in these 

tests, changes in velocity had a greater effect on 

occupant injury and whee lchair damage than did changes 

in deceleration rate. The lesser dece leration rate 

(velocity remaining constant) caused a reduction in head 

excursion and CSI but not as great as that caused by a 

decrease in impact velocity. A high incidence of dummy 

strikes and major chair damage still occurred at the 

lowe r g level. 

8. Fixe d foo tres ts provide resistance to forward tipover in 

forward-facing tests. 

9. Lap belts preve nt the dummy f rom being separated from 

the whee lchair and sho uld be mandatory for wheelchair 

us e rs riding a bus. The lap belt should be attached in 

the whee l hub area to p rovid e the proper belt-to-torso 

angl e and to take advantage of the stronge r structural 

members in that a r e a. 
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10. Use of the electric powered wheelchairs, when compared 

with the manual wheelchairs, resulted in an increase in 

head excursion. Head or body strikes occurred in all 

but one of the electric wheelchair tests. Wheelchair 

damage was moderate to major with the majority of the 

electric powe red chairs suffering major damage. An 

increase in mass, in this case using the heavier 

electric wheelchair, caused more intense dummy movement 

and increased the degree of chair damage. 

11. The envelope in Phases II, III and IV testing had a 

negative and a positive influence on test results. 

Where the head excursion exceeded the envelope distance, 

the likelihood of a head, hand or torso strike was much 

greater. In a positive manner, the side wall of the bus 

p rovided additional support to the side-facing chair. 

12. The HIC data did not nece ssarily correlate with the head 

e xcursion data. The HIC is dependent upon dummy head 

contact. When the head did not travel as far forward as 

t he simulated armrest, the du~my pivoted a bout the waist 

and, depe nding upon how g reat the impact pulse, the head 

hit or missed the legs; the HIC r e flected the situation. 

In tests whe r e the dummy's head struck the armrest, the 

HIC was usually high. In some tests, the dummy's head 

cleared the a rmres t and the HIC was low; but the du~y 

hit its s houlde r on the stanchion. 
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13. The manual wheelchair did not tip over in the belt

around-the-arrnrest securernent test. The heavier 

electric powered wheelchair, likewise, remained upright 

in the dynamic test. 

14. The auto~atic-rim-pin securement test run at the regular 

crash pulse (20 mph / 10 g's) resulted in an unsatisfacory 

dummy strike that could be fatal to the human user. 

15. The rear t-bar and horizontal bar s e curements, systems 

that r e ly on tension for attachment, did not perform 

satisfactorily during the regular 20 mph/10 g's crash 

e vent in the forward-or side-facing orientation. At the 

reduced levels of 10 mph / 5 g's, both systems proved 

adequate in restraining the wheelchair throughout the 

dynamic event in the side-facing orientation. The 

dummy's action was less v iole nt and the wheelchair's 

damage was less severe in the 5 g t e sts. 

16. The s eventeen tests of Phases III and IV confirm the 

previous conclusion that occupant excurs ion varied 

widely with the system. Therefore, the available clear 

envelope and r e moval or padding of obstructions should 

b e major concerns in the sele ction and placement of the 

securement in a transit vehicle . 
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17. A minimum clear space of 30 inches wide by 53 inches 

long for a forward-facing wheelchair station, 

recommended in the first interim report, appears 

satisfactory when there is an adequate securement system 

and the user is strapped to his wheelchair with a lap 

belt attached to the axles. 

18. All securement systems, currently in use, suffer some 

deficiency. Some are awkward to manipulate, others do 

not provide sufficient protection to the wheelchair or 

to the user. 

19. Most handicapped persons would be expected to survive a 

crash without injury when secured as described above; 

however, the type of infirmity a handicapped person has 

could be aggravated by the deceleration forces causing 

the legs and arms of the wheelchair user to rapidly 

flail around. If the occupant has a condition that 

could be affected by such rapid and forceful movement it 

should be taken care of on an individual basis through 

the use of additional restraints. 
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RECOMMENDATIONS 

Caltrans and UMTA should promote the development of a securement 

system that will provide the maximum attainable protection for the 

wheelchair user. Although the forward-facing orientation is 

recommended for public transit buses, a side-facing securement 

should be developed for economic reasons for paratransit buses (4 

forward-facing verses 6 side-facing). 

The developed system should: 

o provide the maximum attainable prote ction for the wheelchair 

user in a 20 mph and 10 g crash pulse with a 50th percentile 

dummy in place. 

o be designed for forward-facing wheelchair orientationin public 

transit buses and side- facing in paratransit buse s -- may 

require two differe nt systems. 

o be adaptable to a s many styles of wheelchair as possible. 

o be operable by wh eelchair persons with minimal arm and hand 

dexterity. 

o attach to the whee lchair at a minimum of two symme trical 

locations. 
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o allow only minimal deformation and forward movement of the 

chair. 

o not have exposed hazardous features. 

Further testing should include: 

o test the padded panel with a secured side-facing wheelchair. 

o test a nylon net in place of the padded panel, with a secured 

side-facing wheelchair. 

o perform tests with the lap and shoulder belts attached to the 

wheelchair. Many users do not have the manual dexterity to 

latch the belts and could have someone perform this task prior 

to entering the bus if the belts are attached to his/her 

wheelchair. Also, some of the wheelchair deceleration force is 

transferred to the users body when the belts are attached to 

the bus. When the belts are attached to the wheelchair they 

are subjected to the body loads only. 
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Appendix A 

Dynamic Test Results 

Following are descriptions, results, and photographs of the final 

17 dynamic tests conducted. For the purpose of minimizing space, 

only a few representative samples of printout test data on 

accelerations and loads are given. All data collected will be 

available in a separate publication entitled "Complete Appendix to 

Wheelchair Securement Tests". Parts of the wheelchair are 

identified on Figure 5. 

The following tests are grouped by type of securement. 

The left side of the wheelchair is nearest the front of the bus in 

side-facing tests. 

The text refers to the wheelchair damage in three terms: 

Minor - Damaged parts still function with very little 

applied effort. The chair's rolling and maneuvering 

ability is only slightly impaired. 

Moderate - A great amount of effort is required to 

move and mane uver the wheelchair. An inexperienced 

and able-bodies person seated in the damaged wheel

chair would find it very difficult to move or 

maneuver it. 

~ajar - The wheelchair is so badly damaged that it 

cannot be rolled, is unusable. 
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TEST NUMBER: 1865 

FACI NG DIRECTION: Side 

SECUREMENT 

WHEELCHAIR: Wall rim pin 

DUMMY: Lap belt to axles 

TEST ACTI ON : 

SLED SPEED: 20.3 mph 

CRASH PULSE: 5.0 g's 

CHAIR TYPE: Manual 

Upon s led impact, the upper torso of the dummy leaned about 90 

degrees t o the left. Its left forearm struck the stanchion and th e 

side o f i ts head slammed into the s i mulated armrest . The left 

wheel f olded under and the right wheel deformed severely as the 

wheelc h a ir at t empted to rotate abou t the left wheel (Figure A-1) . 

TEST RESULTS : 

WHEELCHAIR: Major damage resulted to both rear wheels . 

F igure A- 2 shows the damage to the right wheel and Figure A- 3 

illustra t es the damage to the left wheel. The left hub strut 

yielded, res u lting in major damage and severi ng 50 percent of its 

diamete r above the axle. Minor damage occurred at the righ t h ub 

strut. The right lower support member was slightly damaged at i t s 

joint with the cross brace. 

DUMMY: The severe head strike on the armrest resulted in a ve r y 

high HI C value, 1346. The CSI was 62 . Seat belt loads were not 

availab l e beca use of damage to the transducer wire during the 

dec e l eration period . Head excursion was 49 inches . 
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Test 1865 Post-Test Conditions 

Figure A-1 
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Test 1865 Damage - Right Side 

Figure A-2 
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Test 1865 Damage - Left Side 

Figure A-3 
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TEST NUMBER: 1866 

FACING DIRECTION: Side 

SECUREMENT 

WHEELCHAIR: Floor rim pin 

DUMMY: Lap belt to axles 

TEST ACTION: 

SLED SPEED: 20.3 mph 

CRASH PULSE: 4.8 g's 

CHAIR TYPE: Manual 

The sideward thrust of the dummy and chair e xerte d force on t he 

left armrest and caused the chair to rotate and deform. The 

dummy's head struck the side of its head toward the back on the 

vertical seat cushion. The head then rotated and struck the steel 

armrest on the left cheek. The dummy's left hand and right forearm 

struck the stanchion. The wheelchair leaned about 30 degrees, the 

dummy's torso leaned about 80 degrees and the wheelchair twisted 

about 20 degrees to the left during the test. The post-test 

conditions are illustrated in Figure A-5. 

TEST RESULTS: 

WHEELCHAIR: The floor rim pin held the wheelchair. The right 

rear wheel was severely damaged with several spokes separated from 

the wheel as shown in Figure A-6. The left wheel was folded under 

severely as shown in Figure A-7. Moderate damage occurred to the 

left hub strut near the axle. 

DUMMY: Recorded head and chest accelerations were low with no 

particular indication of injury (HIC was 78 and CSI was 28). Th e 

head strike on the vertical cushion absorbs enough energy to 

significantly reduce the HIC value for the strike on the armrest. 

Belt load was 580 pounds. Head excursion was 48 inches. 
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Test 1866 Post-Test Conditions 

Figure A-5 
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Test 1866 Damage - Right Side 

Figure A-6 
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Test 1866 Damage - Left Side 

Figure A-7 
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TEST NUMBER: 1867 

FACING DIRECTION: Side 

SECUREMENT 

SLED SPEED: 20.3 mph 

CRASH PULSE: 5.3 g's 

CHAIR TYPE: Manual 

WHEELCHAIR: User and chair belt 

DUMMY: Sarne belt as chair securernent 

TEST ACTION: 

The chair and occupant tipped about the left wheel, deforming the 

wheelchair. The back of the dummy's head struck the seat upright 

cushion and then struck its face on the steel armrest. Its head 

rotated almost 90 degrees during the two strikes. Its left hand 

struck the stanchion and steel armrest, and its right hand struck 

the armrest. The wheelchair leaned about 30 degrees; the dummy's 

torso leaned about 60 degrees. The wheelchair rotated about 45 

degrees to the left. The post-test conditions are illustra~ed in 

Figure A-8. 

TEST RESULTS: 

WHEELCHAIR: Major damage resulted to the right rear wheel as it 

yielded to conform to the lower support member. The lower support 

member bent at the joint with the cross strut. The right hub strut 

yielded above the axle . The left armrest bent at its mounting 

points. The damage is shown in Figure A-9. 

DUMMY: The head an~ chest accelerations resulted in low HIC and 

CSI values. The HIC was 174 and the CSI was 44. The head traveled 

45 inches during the deceleration period. The belt loads peaked at 

1600 pounds. 
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TEST NUMBER: 1868 

FACING DIRECTION: Side 

SECUREMENT 

WHEELCHAIR: Three-point belt 

DUMMY: Lap belt to axles 

TEST ACTION: 

SLED SPEED: 21.3 mph 

CRASH PULSE: 5.2 g's 

CHAIR TYPE: Manual 

The chair and occupant tipped in the direction of sled movement. 

The dummy's left hand struck the steel armrest and then its head 

hit above the left ear on the foam seat back cushion. The head 

rotated about 60 degrees but did not strike the steel armrest. The 

wheelchair leaned about 30 degrees and rotated about 10 degrees to 

the left; the dummy's torso leaned about 60 degrees. 

TEST RESULTS: 

WHEELCHAIR: The left wheel was moderately deformed and t h e left 

armrest was seve rely be nt, as shown in Figure A-11. Figure A-12 

presents the left whee l damage from another perspe ctive. Th e l e ft 

l ower support member bent at its connection with the cross brace. 

Th e l e ft hub strut split over about 25 percent of its diameter 

below the axle support. In general, the entire frame was damage d 

a t leas t mildly. 

DUMMY: Both d ummy a ccele r a tio n mea s ureme nts we r e low r e sulting 

in a HI C o f 50 and a CSI o f 34. The head e xcur s i o n was 45 inc hes . 

The peak be lt l o ad was 300 pounds. 
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TEST NUMBER: 1880 

FACING DIRECTION: Forward 

SECUREMENT 

WHEE LCHAIR: Three-point belt 

DUMMY : Lap be lt to axles 

TEST ACTION: 

SLED SPEED: 21.9 mph 

CRASH PULSE: 9.5 g's 

CHAIR TYPE: Electric 

As the sled was decelerating, the dummy slid forward from the 

wheelchair and jackknifed about h is waist and lifted up from the 

seat. The wheelchair moved forward only slightly during 

deceleration. The dummy's torso leaned forward about 80 degrees. 

The dummy 's right hand hit the seat armrest and the left hand hit 

the vertical back cushion. Then the dummy's forehead struck the 

steel armrest. The battery box de tached from the rear of the 

whee lchair. See Figures A-14 and A-16. 

TEST RESULTS : 

WHEELCHAIR: Moderate damage resulted when both the right and 

left hub struts yielded at their points of contact with the rear 

restrain t belts. The l e ft armrest assembly was bent slightly 

outward , and the battery box mounting brackets were deformed. The 

battery and battery box were undamaged. 

DUMMY : The severe forehead str ike resulted in a large HIC of 

2078. The CSI was 156, and the seat belt loads were 920 pounds. 

Head excursion was 41 inches. 
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Test 1880 Test Configuration 

Figure A-13 

Test 1880 Post-Test Conditions 

Figure A-14 
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Test 1880 Damage - Rear Upper 

Test 1880 Damage - Rear Lower 

Figure A-16 
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Figure A-15 
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Test 1876 Post-Test Conditions 
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Figure A-19 
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TEST NUMBER: 1876 

FACING DIRECTION: Side 

SECUREMENT 

WHEELCHAIR: Rear T-bar 

DUMMY: Lap belt to axles 

TEST ACTION: 

SLED SPEED: 10.9 mph 

CRASH PULSE: 5.0 g ' s 

CHAIR TYPE: Manual 

The system proved effective at the reduced velocity and 

deceleration levels. The wheelchair leaned about 10 degrees and 

was restrained from further movement. The dummy's torso leaned 

about 45 degrees. There were no head, hand or arm strikes. 

TEST RESULTS: 

WHEELCHAIR: The left rear wheel sustained minor damage. 

DUMMY: The HIC was 10, the CSI was 0, and the peak lap belt 

loads were 120 pounds. The head excursion measured 26 inches. 
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TEST NUMBER: 1 882 

FACING DIRECTION: Forward 

SECUREMENT 

WHEELCHAIR: Singl e rim latch 

DUMMY: Lap belt t o axles 

TEST ACTION: 

SLED SPEED: 10.l mph 

CRASH PULSE: 4 . 3 g's 

CHAIR TYPE: Manual 

With the reduc ed speed and crash pulse, the whee l cha ir and occupant 

realized only minor movement with no head, hand or arm strikes. 

The chair twisted l eft about 20 degrees while the body pi tched 

forward about 45 degrees. This securement system held and the 

strain gauges attached to both sides of the latch recorded a peak 

force of 550 pounds. 

TEST RESULTS: 

WHEELCHAIR: Moderate damage resulted to the left rear wheel at 

its point of contact with the wheel clamp. The wheel was distorted 

and a few spokes were detached. The damage is shown i n Figures 

A-21 and A-22. The lower support member was bent . 

DUMMY: Since there was no dummy strike, the HIC was 4 and the 

CSI was O. The head excursion was 35 inches and the peak belt load 

measure d was 300 pounds. 
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Test 1882 Damage - Left Wheel 
Showing Clamp 

Figure A-21 
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Test 1882 Post-Test Condition 

Figure A-20 
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Test 1882 Damage - Left Side 

Figure A-22 
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TEST NUMBER: 1967 

FACING DIRECTION: Forward 

SECUREMENT 

WHEELCHAIR: Single rim latch 

DUMMY: Lap belt to axles 

TEST ACTION: 

SLED SPEED: 20.8 mph 

CRASH PULSE: 5.0 g's 

CHAIR TYPE: Manual 

As the sled decelerated, the chair and dummy continued their 

forward movement. The left wheel lifted, twisted, and several of 

the spokes ripped out of the rim. The dummy jackknifed and was 

thrust forward but the movement became restricted when the right 

shoulder hit the stanchion. The dummy rebounded to the position 

seen in Figure A-25. 

TEST RESULTS: 

WHEELCHAIR: The left rear wheel collapsed. The spokes were 

broken and the rim was severely bent as shown in Figure A-26. The 

left axle strut was slightly bent. The off-the-shelf, manufacturer 

strengthened securement held. The rim latch strain gauges peaked 

at 720 pounds. 

DUMMY: The dummy suffered a shoulder strike. Although the test 

films show the shoulder strike to be quite severe, the head and 

chest accelerometers did not appear to be significantly affected by 

it. The HIC was 78 and the CSI was 62. The head excursion 

measured 52 inches. The peak belt load was 480 pounds. 
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Test 1967 Single Rim Latch 

Figure A-23 

Test ·1967 Test Configuration 

Figure A-24 
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Test 1967 Post-Test Condition 

Figure A- 25 

Test 1967 Left Wheel Damage 

Figure A-26 
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TABLE A-1 EXOJRSION, TE.ST 1967 

Single Rim Latch 
Forward Facing Mmual Wheelchair (S/N 1812237) 

20 mph, 5 Gs 
7 January 1981 

Distance (inches) 

Type of Measurement 

Rear axle to floor 
Rear axle to rear of sled 

Front axle to floor 
Front axle to rear of sled 

Knee point to floor 
Knee point to rear of sled 

Head point to overhead camera* 
Head point to floor** 
Head point to an-board side camera* 
Head point to rear of sled** 

Ankle point to floor 
Ankle point to rear of sled 

Wheelchair front axle to edge of sled 
Wheelchair rear axle to edge of sled 

Shoulder to floor 
Shoulder to rear of sled 

AMeasured to head bolt. 
*-Measured to target. 
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11.75 
28.5 

3.75 
48 

23 
46 

15 
48 
47 
25 

9 

54 

8.5 
7 

38 
26 

After Test 
Right Left 

17 
26 

3.75 
36 

18 
47 

4 

54.5 

25 
49 

22 

57.5 

22 
21.5 

5 
35 

15 
45.5 

3 

54 

27 
51 
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TEST NUMBER: 1968 

FACING DIRECTION: Forward 

SECUREMENT 

WHEELCHAIR: Single rim latch 

DUMMY: Lap belt to axles 

TEST ACTION: 

SLED SPEED: 19.8 mph 

CRASH PULSE: 4.8 g's 

CHAIR TYPE: Electric 

The left wheel was greatly elongated, breaking many of its spokes. 

The dummy pitched forward, bending at the waist. The right 

shoulder violently struck the stanchion. 

TEST RESULTS: 

WHEELCHAIR: The left wheel failed completely. There was minimal 

damage to the frame. The securement held. Maximum latch load 

recorded on the strain gauge was 1450 pounds, about twice the load 

experienced in test 1967 using a manual wheelchair . 

DUMMY: The HIC was 150 and the CS! was 129. The peak lap belt 

load was 150 pounds. The right shoulder strike on the stanchion 

was the only strike the dummy experienced. Head excursion was 54 

inches. 
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Test 1968 Post-Test Condition 

Figure A-27 

Test 1968 Close-Up of Wheel Damage 

Figure A-28 
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TABLE A-2 EXUJRSION, TEST 1968 

Single Rim Latch 
Forward Facing Electric Wheelchair (S/N 1825036) 

20 mph, S Gs 
8 January 1981 

Distance (inches) 

Type of Measurement &!fore Test After Test 

Rear axle to floor 
Rear axle to rear of sled 

Front axle to floor 
Front axle to rear of sled 

Knee point to floor 
Knee point to rear of sled 

Head point to overhead camera* 
Head point to floor** 
Head point to en-board side camera* 
Head point to rear of sled** 

Ankle point to floor 
Ankle point to rear of sled 

Wheelchair front axle to edge of sled 
Wheelchair rear axle to edge of sled 

Shoulder to floor 
Shoulder to rear of sled 

~asured to head bolt. 
*~asured to target. 
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TEST NUMBER: 1966 

FACING DIRECTION: Forward 

SECUREMENT 

SLED SPEED: 20.2 mph 

CRASH PULSE: 4.9 g's 

CHAIR TYPE: Manual 

WHEELCHAIR: Single rim latch with three point belt occupant 

restraint 

DUMMY: Same belt as wheelchair 

TEST ACTION: 

Very minimal forward movement of wheelchair and occupant occurred. 

Table A-3 shows the amount of wheelchair and dummy movement with 

respect to their location at impact. The right arm and right foot 

swung forward. No strikes occurred with the sled structure. 

TEST RESULTS: 

WHEELCHAIR: Damage to the wheelchair was minimal. The left rim 

had a small dent where it contacted the rim latch. 

DUMMY: The HIC was 22 and the CSI was 24, minimal values 

indicating small head and chest accelerations. The peak rim latch 

force was 560 pounds. The instrumentation for the uppe r left belt 

(shoulder) failed. A comparison of the lower right and left lap 

belt forces revealed the lower right lap belt had the higher for ce 

level of 590 pounds. Head excursion was 12 inches. 
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Test 1966 Rear View of 
Upper Torso Belt 

Figure A-30 

Test 1966 Floor Mounted Retractor 

Figure A-31 
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Test 1966 Seating Position 

Figure A-3 2 
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• 

Test 1966 Post- Test Condition 

Figure A-33 
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TABLE A-3 EXQJRSION, TFSr 1966 

Upper T':) rso Belt Restraint with Single Rim Latch 
~orward Facing Manual Wheelchair (S/N 1812237) 

20 mph, 5 Gs 
6 January 1981 

Distance (inches) 

Type of Measurement Before Test After Test 
Right Left 

Rear axle to floor 11. 75 11. 75 11. 75 
Rear axle to rear of sled 27 28.5 28 

Front axle to floor 3.75 4 4 

Front axle to rear of sled 46.5 44.5 44 

Knee point to floor 23 23.S 25 
Knee point to rear of sled 46 48.5 50 

Head point to overhead camera* 17 
Head point to floorH 48 46.5 
Head point to on-board side camera* 48.S 
Head point to rear of sled** 23 22.S 

Ankle point to floor 8 10.5 11 

Ankle point to rear of sled 52 58 58 

Wheelchair front axle to edge of sled 6.5 8 
Wheelchair rear axle to edge of sled 6 6.5 

Shoulder to floor 38 37 36 
Shoulder to rear of sled 25 24.5 28 

~sured to head bolt. 
*"Measured to target. 
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TEST NUMBER: 1884 

FACING DIRECTION: Side 

SECUREMENT 

WHEELCHAIR: Frame anchor 

DUMMY: Lap belt to axles 

TEST ACTION: 

SLED SPEED: 19.6 mph 

CRASH PULSE: 9.4 g's 

CHAIR TYPE: Electric 

The dummy leaned severely over the wheelchair's left armrest, his 

head just missing the sled armrest. The dummy's left arm swung out 

and his head hit the left elbow. While the wheelchair tipped about 

its left s ide, the frame bent in the direction of travel. 

TEST RESULTS: 

WHEELCHAIR: The wheelchair was held securely by this securement 

but the dummy leaned a great distance. Moderate to major damage 

occurred at several places in the wheelchair frame. Right side 

damage is shown in Figure A-36. 

DUMMY: The head strike o n the left elbow resulted in a HIC of 472. 

There was minor chest acceleration, the CSI was 34. Peak be lt load 

wa s 900 pounds. Head excursion was 41 inches. 
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Test 1884 Post-Test Conditions 

Figure A-35 

A-36 
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Test 1884 Test Configuration 

Figure A-34 
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Test 1884 Damage - Right Side 

Test 1884 Damage - Left Side 

Figure A-3 7 
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Figure A-36 
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TEST NUMBER: 1885 

FACING DIRECTION: Side 

SECUREMENT 

WHEELCHAIR: Horizontal bars 

DUMMY: Lap belt to axles 

TEST ACTION: 

SLED SPEED: 10.6 mph 

CRASH PULSE: 4.8 g's 

CHAIR TYPE: Manual 

The dummy's torso leaned about 25 degrees to the left and the 

wheelchair leaned about 20 degrees. No strikes occurred. 

TEST RESULTS: 

WHEELCHAIR: The left wheel rim was slightly bent as shown in 

Figure A-41. 

DUMMY: The HIC was 4, CSI was 0, head excursion was 35 inches, and 

maximum belt load was 100 pounds. 
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Test 1SS5 Test Configuration 

••• ••• ••• 

Test 1885 Damage - Left Side 

Figure A- 41 
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TEST NUMBER : 1887 

FACING DIRECTION: Forward 

SECUREMENT 

WHEELCHAIR: Frame anchor 

DUMMY: Lap belt to axles 

TEST ACTION: 

SLED SPEED: 20.3 mph 

CRASH PULSE: 9.3 g's 

CHAIR TYPE: Electric 

There was significant decoupling observed: The dummy slid forward 

from the wheelchair, jackknifed about the waist and hit its 

forehead severely on the steel seat armrest. The right and left 

forearms also struck t he armrest. The dummy's head strike is 

evident by the mark on the forehead in Figure A-45. 

TEST RESULTS: 

WHEELCHAIR: The wheelchair received major damage. Moderate 

damage occurred to the le f t and right hub struts at the 

intersections with the lower support members. The lower support 

members bent at the cross strut joints. The castor support radii 

increased and the forward frame yielded at the castor mounts. Both 

armrest assemblies bent at their mounting points. 

DUMMY: The head accelerometer wires were damaged during 

deceleration so no HIC level coul d be determined. The CSI was 58 

and the peak seat belt load was 350 pounds. One of the restraint 

bolts was instrumented with a strain gauge to measure load and 

measured a peak load of 4000 pounds . Head excursion was 42 

inches. 
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Test 1887 Test Configuration 

Figure A-42 

Test 1887 Test Confi gur ation Showing Frame Anchor 

Figure A-43 
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Test 1887 Damage 

Figure A-44 

Test 1887 Damage - Showing Dummy Head Strike 

Figure A-45 
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TEST NUMBER: 1970 

FACING DIRECTION: Forward 

SECUREMENT 

WHEELCHAIR: Belt around armrest 

DUMMY: Lap belt to axles 

TEST ACTION: 

SLED SPEED: 20.8 mph 

CRASH PULSE: 9.5 g's 

CHAIR TYPE: Manual 

The dummy was pitched forward from the wheelchair, and its arms 

hit the steel armrest. The body continued its jackknife motion 

with the head just missing the steel armrest. The legs 

straightened at the knees, the dummy's posterior lifted into the 

air, and the dummy's forehead struck his left shin. The 

excurs ions are listed in Table A-4 . 

TEST RESULTS: 

WHEELCHAIR: Damage to the wheelchair was moderate. The frame 

was bent during the dynamic event. The securement belt pressed the 

armres ts toward each other. 

DUMMY: The HIC was 670 and the CSI was 149. The seat belt load 

peaked at 260 pounds and the securernent belts peaked at 1500 

pounds. Head excursion was 32 inches. 
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T ABLE A- 4 EXQJRSION, TESr 1970 

Belt Around Annrest 
Forward Facing Manual Wheelchair (S/N 1784653) 

20 mph, 10 Gs 
14 January 1981 

Distance (inches) 

Type of Measurement 

Rear axle to floor 
Rear axle to rear of sled 

Front axle to floor 
Front axle to rear of sled 

Knee point to floor 
Knee point to rear of sled 

Head point to overhead camera* 
Head point to floor** 
Head point tom-board side camera* 
Head point to rear of sled** 

Ankle point to floor 
Ankle point to rear of sled 

Wheel chair front axle to edge of sled 
Wheelchair rear axle to edge of sled 

Shoulder to floor 
Shoulder to rear of sled 

~asured to head bolt. 
**Measured to target. 
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TEST NUMBER: 1971 

FACING DIRECTION: Forward 

SECUREMENT 

WHEELCHAIR: Belt around armrest 

DUMMY: Lap belt to axles 

TEST ACTION: 

SLED SPEED: 20.5 mph 

CRASH PULSE: 10.0 g's 

CHAIR TYPE: Electric 

The dummy jackknifed about his waist and struck his head and left 

elbow on the armrest of the bus seat. The wheelchair's frame was 

crushed from the belts pushing in at the armrest. 

TEST RESULTS: 

WHEELCHAIR: The wheelchair received major damage. The frame 

was bent from the crushing action of the belt. The castors 

splayed apart from the downward force of the belt. Excursions are 

listed in Table A-5. 

DUMMY: The HIC was 1437 (beyond the level of acceptability) and 

the CSI was 141. The head excursion was 39 inches. The lap be lt 

peaked at 140 pounds while the securement load reached 1820 

pounds. 
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TABLE A- 5 EXOJRSION, TF..ST 1971 

Belt Arotmd Armrest 
Forward Facing Electric Wheelchair (S/N 1794644) 

20 mph, 10 Gs 
14 January 1981 

Type of Measurement 

Rear axle to floor 
Rear axle to rear of sled 

Front axle to floor 
Front axle to rear of sled 

Knee point to floor 
Knee point to rear of sled 

Head point to overhead camera*. 
Head point to floor** 

1 point to on-board side camera* 
Head point to rear of sled** 

Ankle point to floor 
Ankle point to rear of sled 

Wheelchair front axle to edge of sled 
Wheelchair rear axle to edge of sled 

Shoulder to floor 
Shoulder to rear of sled 

*~asured to head bolt. 
*1tfvteasured to tar~t. 

MINI CARS, INC . A-51 
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TEST NUMBER: 1976 

FACING DIRECTION: Forward 

SECUREMENT 

SLED SPEED: 21.2 mph 

CRASH PULSE: 11.0 g's 

CHAIR TYPE: Manual 

WHEELCHAIR: Simulated automatic rim pin 

DUMMY: Lap belt to axles 

TEST ACTION: 

The upper torso of the dummy rotated about the waist. The dummy's 

head struck his left shin while both legs kicked forward. 

TEST RESULTS: 

WHEELCHAIR: The wheelchair damage, limited to the rear wheels, 

was considered to be moderate. Figure A-51 is a closeup of the 

wheelchair and securement contact. 

DUMMY: The HIC was 1029 (very serious or fatal injury). The CSI 

was 140 and the peak belt load was 775 pounds. Head excursion was 

27 inches. 
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Test 1976 Right Wheel Securement 

Figure A-51 
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Test 1976 Post-Test Condition 

Figure A-52 
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Test 1976 Post-Test Left Wheel Securement 

Figure A-53 
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TABLE A-6 EXOJRSION, TFSI' 1976 

Simulated Automatic Rim Pin Securement 
Forward Facing Manual Wheelchair (S/N 1784684) 

20 mph, 10 Gs 
22 January 1981 

Distance (inches) 

Type of Measuremmt &fore Test After Test 

Rear axle to floor 
Rear axle to rear of sled 

Front axle to floor 
Front axle to rear of sled 

Knee point to floor 
Knee point to rear of sled 

Head point to overhead camera* 
Head point to floor** 
Head point to an-board side camera* 
Head point to rear of sled** 

Ankle point to floor 
Ankle point to rear of sled 

Wheelchair front axle to edge of sled 
Wheelchair rear axle to edge of sled 

Shoulder to floor 
Shoulder to rear of sled 

itMeasured to head bolt. 
**Measured to target. 
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TEST NUMBER: 1979 

FACING DIRECTION: Side 

SECUREMENT 

SLED SPEED: 20.7 mph 

CRASH PULSE: 9.6 g's 

CHAIR TYPE: Manual 

WHEELCHAIR: Padded side panel in trajectory path 

DUMMY: Lap belt to axles 

TEST ACTION: 

First the wheelchair, then the dummy's shoulder and head struck the 

padded side panel. As the dummy and wheelchair contacted the 

padded wall, they rebounded from the panel, rotated about th e left 

caster, and fell off the test sled. The final position of the 

dummy and wheelchair is shown in Figure A-55. The excursions are 

listed in Table A-7. 

TEST RESULTS: 

WHEELCHAIR: Damage to the wheelchair was negligible (minor). 

DUMMY: The HIC was 351 and the CSI was 175. The lap belt loads 

peaked at 280 pounds. Head excursion was not measured . 
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Test 1979 Seating Position 

Figure A-54 
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Test 1979 Final Position 

Figure A-55 
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TABLE A- 7 EXOJRSION, TEST 1979 

Padded Side Panel 
Side Facing Manual Wheelchair (S/N 1812233) 

20 mph, 10 Gs 
23 January 1981 

Distance Cinches) 

Type of Measurement Before Test After Test 
Right Left Right Left 

Rear axle to floor 11.75 8 9.5 
Rear axle to rear of sled 34 61.5 

Front axle to floor 3.75 -5 g 

Front axle to rear of sled 36 56.5 45 

Knee point to floor 23 15 18 

Knee point to rear of sled 41.5 52 48 49 

Head point to overhead camera* 13 
Head point to floor** 49 26 

Head point to en-board side camera* 52 
Head point to rear of sled** 45.5 16.5 

Ankle point to floor 8 16.5 14 

Ankle point to rear of sled 41 52 63.5 64.5 

Wheelchair front axle to wall 5.5 1.5 

Wheelchair rear axle to wall 4 18 

Shoulder to floor 39 20 16.5 
Shoulder to rear of sled 37.5 .54 19.5 21 

~sured to head bolt. 
*"Measured to target. 
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FOREWARD 

This report presents an analytical evaluation of the effect of 
the T-bar wheelchair restraint system and a comparison of that 
analysis with test data. This effort was performed in partial 
fulfillment of the Wheelchair Testing Program conducted by 
Minicars, Inc. under Caltrans Contract No. 64084-C. 

The contents of this report reflect the views of the authors, 
who are responsible for the facts and the accuracy of the data 
presented herein. The contents do not necessarily reflect the 
official views or policies of the Urban Mass Transportation Admin
istration or the State of California. The report does not con
stitute a standard, specification or regulation. 
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1.0 INTRODUCTION 

Over the pas.t several years both government agencies and private 
industry have studied the problem of providing adequate trans
portation for handicapped people. One of the particular concerns 
has been the development of vehicles accessible to wheelchair 
patients, i.e., vehicles that will accept and properly secure 
wheelchair occupants without disturbing them. A vehicle with 
this feature would eliminate the struggle a disabled person 
currently undergoes to move from a wheelchair to an automobile 
seat. , In collisions, such vehicles would present a new set of 
problems, even in minor accidents, regarding the protection of 
handicapped occupants. As part of the effort to investigate these 
problems, Caltrans awarded Minicars, Inc. of Goleta, California a 
contract (No. 64048-C) to study "Crashworthiness of Wheelchair 
Securement Systems." The major effort under this contract was to 
dynamically test a variety of wheelchair securement systems under 
crash environment in order to aid in the selection and design of 
the most appropriate securement method. However, since full scale 
dynamic testing is a relatively expensive method of evaluating 
design, a secondary goal of the contract was to determine the 
feasibility of analytically evaluating wheelchair securement 
systems. This report presents the method and results of the 
analytical study. 

The analytical study was conducted on the forward T-bar securement 
system in the forward facing position. Figure 1 illustrates the 
T-bar securernent system concept. The goal of the effort was to 
establish the methodology for the analysis and to verify its 
accuracy by comparison between structural analysis, static test 
data and dynamic test data. The specific tasks to be accomplished 
were as follows: 

1. Inspect the .wheelchair structure, securement system, 
and available test data to identify the system 
response, collapse mode, location of initial failure, 
and structural elements critical in transmitting 
the restraint loads. 

2. Perform a detailed static stress analysis to determine 
the stress distributions in the critical elements. 

3. Identify the load range as deceleration levels corres
ponding to elastic behavior of the system. 
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Figure 1. Everest and Jennings Wheelchair with 
a Forward Placed T-bar Restraint 
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4. Identify the load range 
behavior of the system. 
represents the collapse 

corresponding to elastic-plastic 
The upper limit of this range 

load of the structure. 

5. Determine the failure mechanism and define the decel
eration limit for the securement system. 

This report documents the fulfillment of the above tasks. It is 
presented in five sections including this introduction. 
Section 2.0 describes the analytical model used for the analysis. 
Section 3.0 presents the analytical evaluations of the elastic 
range and elastic plastic ranges of the system. Section 4.0 
correlates the analytical data with static and dynamic test data. 
Section 5.0 presents the conclusions and recommendations resulting 
from this study. 

2.0 STRUCTURAL ANALYSIS OF WHEELCHAIR AND SECUREMENT SYSTEM 

2.1 Method of Analysis 

The analysis was conducted for an Everest and Jennings Model 
P8AU 250-770 wheelchair with forward placed T-bar securement 
system. Figure 2 presents a photograph of a wheelchair prior to 
test. The analysis utilized a finite element model with beam-type 
elements. The models were run on the G.E. Timeshare System 
program "STRuctural ~ngineering ~y stem Solver". (STRESS). Complete 
description of STRESS can be found in the Mark III Foreground 
Service Users Guide 5202.01 issued by General Electric. The STRESS 
program is based on the consistant deformation principle and solves 
the stiffness matrix for internal loads at the joints. The outp ut 
is in the form of moments, shears, and axial loads, which must be 
converted to stresses by hand calculations. The basic assumptions 
of the program are elementary beam theory, elastic behavior, and 
static loadings. 

The method of analysis is summarized as follows: 

1. Select node points which describe the wheelchair 
geometry. 

2. Identify the structural elements and boundary 
conditions. 
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Figure 2. Detail View of the Structure of an 
Everest and Jennings Wheelchair 
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3. Calculate section properties of each type of member. 

4. Determine applied loads for each loading condition, 
based on a unit load. 

5. Run computer program "STRESS" with output in the form 
of internal loads. 

6. Calculate critical stresses based on the computer 
output loads. 

7. Calculate elastic limit loading by proportioning the 
critical stresses to the yield strength of the 
material. 

8. Calculate elastic-plastic limit by limit load analysis 
techniques, i.e., assumption of elastic-perfectly 
plastic material behavior. 

The accuracy of the predictions based upon this model are 
dependent upon the appropriateness of the basic assumptions to the 
system under analysis. The first assumption, beam theory, is 
suitable for the wheelchair analysis since most of the structure 
is composed of long slender members that can be represented by 
their centroidal axis. The only areas of where this assumption 
is inappropriate are the large connectors used for removable 
parts, such as the foot rests, castors, etc. The assumptions of 
elastic behavior and static loading are necessary to reduce the 
complexity of the analysis and render it economically feasible. 
To remove these assumptions and perform a true dynamic, nonlinear 
study would increase the cost of the analysis five to ten times. 

2.2 Description of the Finite Element Model 

As discussed previously, the structural system was modeled as a 
space frame structure composed of slender, beam-type elements. 
The complete geometry of the wheelchair was modeled with the 
exception of the seat, back, and side panels. The resulting model 
contained 61 elements connecting 52 node points. Figure 3 shows 
the analytical model. The nodes are identified by the plain 
numbers and the elements by the circled numbers. 

The wheelchair structure itself contained several members which 
were released in certain degrees of freedom. To properly simulate 
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Figure 3. Finite Element Model of Wheelchair 

Plain numbers represent node points 
Circled numbers represent elements 
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The possible movements of these members i.t was necessary to 
release the following locations: 

1. The seat supports are free to rise vertically as the 
wheelchair collapses. Thus, the vertical movement 
o f elements 5, 6, 36 and 37 were released at joints 
5 , 7 , 2 7 and 2 9 • 

2. The diagonal braces from the seat to the frame are 
free to rotate. Therefore, the end rotations of 
members 15, 16, 46 and 47 were released at joints 6, 
10, 28 and 32. 

3. The bolt connecting the diagonal braces is free to 
rotate requiring the rotational release of member 17 
at joint 35. 

4. The front castors are free to rotate about their vertical 
axis. This is represented by releasing the rotational 
restraint of members 21 and 57 at joints 13 and 51. 

5. The foot rest attachment is a slip-lock arrangement 
with an indeterminate degree of restraint. These joints 
(17, 20, 41 and 43) were simulated as fixed. The 
assumption of fixity is accep~le provided the joint 
is stronger than the connecting members, forcing any 
failures to occur in the basic elements and not in 
the joints. A separate analysis of the joint degree o f 
fixity is required to remove this assumption. 

The section properties of the various elements were calculated 
and are presented in Table 1. The properties required by the 
STRESS program are the area of the cross section, the effective 
area resisting shear in they and z directions, the torsional 
stiffness cons~ant, and the moments of inertia of the cross section 
about they and z axis. The element coordinate system places the 
x axis along the member with they and z axes, the centroida l 
axes at the cross section. The major portion of the elements were 
18 gage, 7/8 tubular steel sections. The rigid connection of the 
castors to the frame and the arm rests to the frame are modeled 
as solid rectangular members. The 1/4-inch bolt connecting the 
cross diagonals was modeled as a solid circular section. 

The boundary conditions for the model were based upon observation 
of the test photographs. Du;r;ing both the static and dynamic 
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Table 1. Section Properties of Elements 

Torsional Moment of Inertia 
Area Constant y axis x a xi s 

Element No. (in. 2) (in. 4 ) (in. 4 ) (in. 4) 

1 through 8 
11 through 16 
18, 19 
24 through 29 .1272 .0218 .0109 .0109 
42 through 49 
54 through 61 
21, 51 

9 I 10, 40, 41, 20, 50 .75 .0493 .0156 . 0156 

22, 23, 52, 53 .125 .00059 .00016 .0104 

17 .307 .00038 .00019 .00019 
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tests in the forward facing position the T-bar slid backward as 
the chair tipped forward, rotating about the forward castor centers. 
The final resting position was with the footrest against the plat
form and the T-ba r against the lower frame of the chair as shown 
in Figure 4. The support nodes used in the model were nodes 19 
and 45, the rear of the foot rests, joints 16 and 40, the axis of 
the front castors and joints 11 and 33, the location of the T-bar 
securement system. The rotational degrees of freedom were released 
at all of these supports . 

The loading condition for the forward facing mode was simulated b y 
loads applied at point of attachment of the seat belt. The seat 
belt is assumed to act at an angle of 30 degrees to the plane of 
the seat. A unit seat belt load of 1000 pounds was applied, 500 
lbs on each side. The concept of a unit load was utilized to f ac
ilitate the calculation of the elastic limit load by simple pro
portioning. The weight of the dummy against the seat was neglec ted . 

2.3 Calculation of Stresses in the Linear Range 

The model described in Section 2.2 was used as input to STRESS . 
The output from the program consists of axial load, transverse 
shears, torque and bending moments at the ends of each member . 
The reactions at the supports and the free joint displacement are 
also available as output. Table 2 presents the STRESS output for 
the forward facing loading condi tion. 

The actual stresses in the member are obtained by applications of 
the standard beam formulas. The direct stress is 

Gd= 
P M Z 

± _y_ 
A 

I 
y 

± 
My 

z 
I 

z 

For the case of tubular members this is reduced to 

/(M 2 + M 2 ) r 
± y z 

I 

where r ~ radius and I= I = I . The location of the maximum 
y z 

stress is the extreme fiber tested at an angle 
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b) Post Test Position 

Figure 4. Dynamic Test of T-bar Securement System 
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Table 2. Internal Loads for Front Facing Wheelchair 
with T-bar Securement System Generated by 

1000 lb Seat Belt Load 

0005 

0006 i~E1~a2r1 FoilCES 

')•J0 7 ..\E~·. J, UIAL :5Hi:.&.rl-Y SH:-1.rl-Z TOilSl '.U .to.'~c .lT-Y MO.~NT-Z 

oooa - I .d l 2,01 -3. ,'.)1 -0.'11 25.82 IJ.95 

JJ09 2 I ,c:3 I -2. 0 I J.67 0,91 Y,.49 23,25 

OJ 10 2 2. 0 1 -I . 8 I -3.67 25.82 -J. 91 IO. 95 

OJ I I 2 27 ~2.JI I • d I 3 . 67 -25. j2 7-L2) -4/. 15 

OJl2 3 2 -2. 01 I ,81 3.67 3-, . 4 9 '.). 91 23.:.?5 

'JOI J J 29 2 . iJ I -I .81 -J. ,q -36 .49 -74 .21 l:.? ,95 

JJl4 4 3 -14.)6 o. 00 -;> . 64 -56 , 49 ~5 . 83 15.75 

OJl5 4 4 14. 06 -J.O!J 9. 64 56.49 98. 04 - 15.75 

00 16 5 .3 o. -l4.U6 -9.64 6 5,8.3 -56.49 15 . 75 

')Q 17 5 5 o. 14.06 9.64 -65,dJ ao .'.5 9 -so .a;, 

OJ l3 6 4 o. 14.06 9,64 il8,')4 56.49 - 15,75 

IJOl9 6 7 o. -14, 06 -;1.64 -98.04 -8'.J .59 50.39 

0020 7 6 589.28 J.8:l -21,25 -72.62 60.35 1-,,35 

0021 7 7 -589.26 3 ,. . - . c.o 2 I .25 72.62 173.44 26.31 

0.)22 8 5 5 44, I 0 70, 36 36,IJ - 72,62 -67.0J 2;>2 , 60 

0023 Ii 6 -544. I 0 -7 :J. 36 -36. JO 72.62 -149 .S7 12-l .57 

O.J24 9 7 3.67 -2 .O I _, .81 -12,95 3J.20 -77. 23 

0025 9 2'1' -3.67 2.01 I, 91 12,95 - 36.49 74.21 

0)26 JO 5 -3. 65 2. 02 I. 31 4'/. 15 23. 11 77. 23 

0027 10 27 3.65 -2. 02 -1 .:l I -47. 15 -25 .82 -74.20 

OJ28 11 5 -I 77. 62 95.23 22.81 21.90 -23cJ.43 39'.l, 64 

0029 II a 177 . 62 -95,23 -22 ,81 -2 l . 90 I 3.',21 - 9 .71 

0030 12 8 -] 77.63 95.23 22 .a I 21.<,0 -J3, .21 9 .71 

O:J3I 12 9 I 77, 63 -95.23 -22.3 I -21,9') -JI • 84 704,54 

0032 13 9 -95,23 I 77,63 -22.81 -31.i:!4 -21 .90 7')4.54 

0-)33 13 10 95.23 -177.63 22,81 31.84 153,74 361 .21 

0034 14 JO -137.26 242 ,n -73. 5 1 -31. 84 47.04 -3.0J 

0035 14 11 J37.26 -242.79 73.51 31.cl4 20?. 33 85 7. 77 

0:J36 15 35 -n.oo 24. 00 42.03 1:)9.36 -64 ,73 24'J , 67 

0037 15 10 79. 00 -24 . 00 -42.03 -1 69 .36 -372,53 o. 
O·.J38 16 6 -84,27 24.66 -45.18 74 .05 J54,l 8 ') .00 

OJ39 16 35 84.27 -24.66 45. 18 -74.05 303. 19 249.68 

0040 17 35 -3.1 5 I .32 I Od. 05 o. -144.23 I. 5'.l 

OJ41 17 36 3. 15 -1.32 -108.05 o. -7 I. 88 I. I 4 ,, 
0042 18 II -186.61 57.89 -78. 44 - 209.33 -31.94 957. 77 
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Table 2 (Cont'd) 

')043 18 12 ld6.61 -57.::l9 78. 44 209.33 345.59 -626.21 

0044 19 12 57.r:!9 -186.61 7c3.44 -345.59 -209. 33 -621.21 

01)45 19 13 -57.a9 l.:l6.~I -rn. 44 345.59 -37.:l.Y5 -773. 37 

'})46 20 13 o. 00 46.;l.04 -264,92 2d4.45 397. Jd 703.57 

0047 20 37 -J.O:J -469 .04 ?.64.92 -2d4.45 J. 00 o. ro 

'JJ48 21 37 -469,J4 -264.92 0.10 o. -J.00 -234.45 

·JJ49 21 14 469. 04 264.92 -o. 00 o. -0. ')Q -112. 93 

'JJ50 22 14 -5J3. aa -71 • .77 -o.oo o. '.) . 00 112.n 

'JOSI 22 l 5 533. dd 11. 77 0 .oo o. J.00 -306. 19 

l)J52 23 15 -510.99 I 44.J4 0. ')Q IJ. -J .O:J 3J6. 19 

OJ53 23 16 51d.9;l -1 44.34 -0. 00 o. -J .oo -o.oo 
')854 24 2':) -655.65 - 2J7.03 78. 44 -18 . 43 I 61 • 9::3 -28.64 

0)55 24 13 655. 65 20 '/ .03 -73. 44 18,43 -35 7. 93 -483. ?3 

')')56 25 17 -490, 40 -119 .ao 41. 4d l 4S,69 114. 08 -104. 95 

'JJ57 25 2J 490. 46 I I :,1 • .:l ') -4 l. 48 - 148. ,69 -25,. 27 -314.34 

OJ58 26 "1 -5. 3') -573,41 34.56 310. 68 23J • .!.4 -37.53 

0059 26 l 7 5,d9 573.41 -J4.56 -310.0d -2a2 .21 -822 .5d 

'.)060 27 I 7 453.61 -434.5 7 6.n -1 -sa.: 9 -161.?9 - 9?.7.53 

0061 27 Id - 453,61 434,57 -6, 9 3 l -6d, I:;, 14 l . 21 -5?.6.18 

·J062 28 20 -37. 23 -l ,65, I Y 36, ,16 -v7.J9 - I 6'/. 11 -342 .,ld 

OJ63 28 21 e1.2J 165 . I·, - 36.96 97.39 J . J2 -40 '.), 39 

OJ64 29 Id 624.08 226,05 6 . 93 ',3.~4 -21D.22 526. I .:l 

OJ65 29 2 1 -624.08 -226.05 ~.93 -63 . 54 ld J .85 334.-'.,() 

:)066 30 21 745.d7 I 0.50 43.aa -I) .oo - 274.91 65. 79 

JJ67 30 19 -745.d7 -10.50 - 43 . 33 0.00 ·J . 'XJ 0. ')0 

O'.loa JI 19 o. 00 -0.0J -0 .oo 0.00 '). 00 - 1). 'JIJ 

0 0 69 JI 22 -0,:JO o.oo o.oo -0.'.)0 -.J. 8 'J -'.).00 

0010 32 23 -l ,:5J 2 , 31 3. 19 o . 90 -24,39 l5.J6 

(.)'.)7 1 32 24 I • :53 -2 .3 7 - J.19 -0 ,90 - V.34 25. JO 

0072 33 23 2,37 -I . 53 3. 19 -24..39 '.) .-)0 15. 36 

007 3 33 50 -2.31 I .53 -3. 19 2 4. 39 - M. 70 -4-'.i.J5 

0074 34 24 -2.37 I ,53 -3. J,; -2? • .:l 4 -'.),?0 25 . 00 

0075 J4 43 2.37 - I ,53 3, J ·, 29 .34 64,70 5, 69 

0076 35 25 -6. 97 o. O'J a. 30 49,45 -,;2.28 15.80 

'JJ77 35 2'> 6 ,97 -0.00 -3 . 30 -49.45 -73 . 36 -15.ao 

QJ78 36 25 o. -~.97 a. J o - 62 .2:l 4 }. 45 15. 30 

'.)'J79 36 49 o. 6 . 97 -tl.3 ') <52 .23 -7J.21 -JJ.24 

ao ao 37 26 a. 6,97 -a. Jo - 7a . a6 -4;,45 -15.30 
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Table 2 (Cont'd) 

:X)8 1 37 47 J. - 1) . 97 3.J:) le . j l'J / J ,21 JJ.2.: 

')082 Jd 25 ':l7f.J,d6 -I. 23 24.39 "\J . 5 3 -4 ::, • .;3 -5 I . 75 

')J3 3 Jo 47 -576, 3d 7 .23 -2.;.J9 - '>3 .5 3 -I 7-L'.Hl -7.V 

0Jd4 39 49 543 . d:J ?6 , !;J - JI. J I 63.53 75 . 75 J4J. 41 

JJl:l5 39 2d -543 . 3J -l)ti.53 JI. J I - ',J . 53 1 7 2. 3 I 183 . :33 

')'.)36 4(.: 4 I 3 . 17 - 2.37 I .53 5 . I) ;) -32 . 14 - •'.d.20 

'))8 7 4C 4d -3.1 7 2 .3 I - 1 • 53 -5 , I)') 2~.a~ 6-!.7J 

J0 3::l 41 49 -J. 19 2 .3d -I . 54 -46 . )5 -22. 0':l 6d . 26 

'.))39 41 50 3. 19 -2.33 I .54 45.J5 2.: . 3 :, -1)-.. 1)9 

'.);)90 42 4',> -I ::i I, I 0 1:.; 2 .29 -19.5 1 - 1:l . ol 2J I . ·n 422. 7'J 

')J?I 42 3'.) I !l I. IJ -102,29 19 .51 8 , 61 -123.95 - IJ.54 

OJ..Z 43 30 -1 1:l I . I:) 102 ,29 - 19. 51 - 8.61 123,95 13.54 

•J:)yJ 4.3 JI I 81 . J '.) -1 02 .29 I 9.51 a . 61 22. 40 75 3. 64 

,'.))94 44 JI -:02.21 181 • 10 19.51 22,40 J .6 1 75 J.1)4 

'.)'),)5 " 32 102.2Y -181 .10 -19,51 - 22 . 4 '.) - 1 ,S-! , 71 695. 15 

'))96 45 32 -13:,,53 256. Id 7 2. l 7 22.40 3 2 . ~(I - 42'5.X 

JJ97 45 JJ IJ3.5J -256 . 18 - 72 . 17 - 22 • .10 -191 .15 8 12. 2 7 

'X)9c3 46 36 -B6 . 3I 30.97 - 36 . 2-! -1 71 . '.)7 156. J 2 322 . 25 

0)9;) 41) 32 86, J 1 -30 .91 36 . 24 I 7 1 • j / 22 '.i. 3;1 J . 

JI 00 47 2:3 -d6. 55 31 .83 33 . 03 - 41.13 -1 71 . 73 0 . 

JIOJ 47 36 86 .5:3 -31,8.3 -33 . 00 4 I. I 3 - 1:-7.20 322 . 25 

'.) IJ2 4d .34 -ld5 . 2J .; 7 .UJ -75 . 27 I ;l I. 15 J23 . 4c - 62).94 

0103 48 33 185 .23 -47.83 75 , 27 - I;> l. l 5 - 22 . .: 0 8 12 .27 

0 104 49 34 4 7. 33 -1a5.2J -75.27 32 J. 43 I,/ I • I 5 -62) . 94 

'.)I C5 49 51 -4 7.d3 IB5 . 23 75. 27 - J23 . 4tl 373. 37 -763.JC 

0106 50 51 o. 01 45 1 .05 2 55. 7 2 -2 7B.32 - 333.55 67 6. 53 

0107 50 52 -0.01 -451.05 - 255 . 72 2 7t3.32 J . ')J - '.) . ')I) 

:>1 oa 51 38 -451 . 05 - 255.72 ~. 00 o . 0 , ()() - 104.76 

0 109 51 52 45 l .05 255,72 0. 1)0 o . J , JO - 278 . 32 

01 10 52 3;, -513.76 6,1 . 9 1 o. 00 ::J . OJ - .) .JJ 293. ')0 

·J 111 52 33 5 1 J . 76 - 6~ .9I --0 . 0'.) -'J.O.J - ) . ·JC -1 ')4,76 

0112 53 40 - 4W. 76 - IJd . 12 o . oo - 0 . 0') - :J . '.)') - '.J .(>.) 

0113 53 3 9 499 . 76 133. J 2 -0 . 00 o. oo '.) . 00 -293. O'.l 

0114 54 43 - 63o . 29 -207 .89 -75 .2 7 I 0 , 21 -l-'.>4,94 - 3Q . 2 .. 

0 115 54 51 636,2Y 207. 89 75 . 27 - 10 . 21 353. 10 -489.48 

0 116 55 41 -473.30 -119. 18 -42,53 - 137 . 09 -I 01 . 6~ -1 07.34 

'.) 117 55 43 473.30 119. lo 42.58 I J 7. ')9 25:J.72 -JD~ . 73 

'.) 118 56 47 4,d6 -56d .37 -35, ',10 -235 . 07 -202.00 -46, 22 

0119 56 41 - 4.86 568.!7 35. ~o 235,07 25:.. 8 4 - B06 .J4 
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Table 2 (Cont'«) 

0120 57 41 44,>. 19 .. ,na.15 -6. 69 l5 4 . 16 147 . 99 - 9 13. -53 

Jl21 57 42 -449. I 9 4 73. l 5 6. 69 -1 5 4. 16 -12 7. 9 3 -52J.77 

Jl22 5cs 43 - 33.71 -162.99 -32.6d as. ·,a 14 7. 29 - 340 . 0 2 

0123 5!:l 44 aa. 1 1 162 .99 32. -SB -<35 . 78 - ) • 22 -393.-!3 

-J l24 59 42 61 6. 44 224. 52 -6. 69 -56 . 86 192.0 9 520. 77 

0123 59 44 -61 6. 44 - 224,52 6.69 36 • .36 -I ~6 ,62 334. 18 

') 126 60 44 7 ::.s, 47 -..46 -J-,,37 0 . ·J'J 2-16 , 65 5 ~- 25 

JJ27 60 45 - 735.47 - 9 .46 39 . 3 7 - 0 . 0:) J .oo 0. ::x:) 

JI 2d 6l 45 0 , 00 - J . 0 0 o. ')0 -0 . 0 0 - :} . 00 - J . ')J 

..) 129 61 4{> - 0 . JO O. G:J -0 . oo 0 . 'XJ J. JO -o. , c 

) 130 
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M 
0= arctan c....:L) M . 

z 

The shear stress acting at this location is 

T = 
Tc 
J 

V Q 
± ....:t..J. 

I t 
y 

± 

VQ 
z z 

I t z 

with Oy and Oz calculated for y = r sine and z = r cos e . 

The critical stress based on the maximum energy of distortion 
theory is 

0 --er 

This is the stress to be used for comparison to the uniaxial yield 
stress of the material to determine the elastic limit. 

The member of the wheelchair structural system under highest s t res s 
in the forward facing position is the upper horizontal strut of 
the foot rest, member 27 at joint 17. The values of the internal 
loads (from Table 2) are 

p = 453.6 lbs 

V = -484.6 lbs 
y 

V = 6.9 lbs 
z 

T = -168.2 in lb 

M = -162.0 in lb 
y 

M = -927.5 in lb 
z 

Using the formulas presented above gives a stress of Ocr = 42,500 
psi resulting from an applied load of 1000 pounds. This stress 
used to determine the yield load as described in the next section. 
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3.0 EVALUATION OF ELASTIC AND ELASTIC-.iPLASTIC LOAD RANGES 

3.1 Elastic Load Range 

The critical stress calculated for member 27 represents the 
maximum stress in the wheelchair. As long as this stress is below 
the material yield point, the entire wheelchair structure is in 
the elastic range of the material. Based on the assumptions of 
linear behavior, the yield load is calculated by increasing the 
applied load by the ratio of the yield stress to the critical 
stress. 

p . 
yield 

The material used in the wheelchair structure is 1010 steel with 
a yield stress of 

cr = 45,000 to 55,000 psi 
y 

The elastic load limit for the forward facing position is between 

p . = 1000 ( 45,000 
elastic 42,500 

= 1060 lbs 

and 
P . = 1000 ( 55,000 
elastic 42,500 

= 1300 lbs 

3.2 Elastic - Plastic Range 

The elastic-plastic behavior is calcuiated by limit analysis. This 
theory is based upon the following assumptions. 

1. The material behavior is elastic-perfectly plastic, 
i.e., after the yield point is reached the stress 
does not increase with increasing strain. 

2. The strain in members under bending is proportional to 
distance from the centroid of the section. 
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3. The maximum load a structure can withstand is reached 
when a plastic hinge will cause collapse of the 
structure. 

The wheelchair limit .analysis is simplified since-the critical 
stress occurs in a member which does not have redundant· support. 
Thus, a fully plastic moment at the upper foot rest member will 
cause collapse of the entire chair. The elastic plastic limit 
corresponds to the load at which a plastic hinge develops in 
member 27. 

A fully plastic moment for a circular tube is 

M = 2 o A y 
p y 

where a = yield stress 
y 

Ay = (area times centroid) 

therefore 
4 

( cr ) (r 3 r. 3) M = -
p 3 y 0 l. 

M 
p 

(.minimum) = 1506 in lb 

~ (maximum) = 1840 in lb 

2 3 
= 3 (ro 

3 
r, ) 

l. 

The load which would cause an~ to deve]op can be approximated by 
applying the ratio of the fully plastic moment and the moment 
obtained from linear computer analysis to the 1000 pound applied 
load. 

p (~) where M =✓M 2 2 
= p + M 

elastic y z 
M 

M = ✓(927.5) 2 + (.162.0) 2 = 941. 5 in lb 

This technique gives a collapse load for the wheelchair in the for
ward facing position of 
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1506 
in lbs Plimit = 1000 (.9 41. 5) = 1599 

and 1a-40 
P limit = 1000 (_941.5) = 1954 in lbs 

These calculations are accurate only if the failure occurs in 
the member itself and not in the joint. The critical location 
occurs near the slip joint attachment of the foot rest to the 
wheelchair frame. This region was not simulated precisely in the 
model; however, the detail required is beyond the scope of the 
present effort and the assumption was made that the joint is 
stronger than the parent member. 

The second major inaccuracy of the method is in the use of 
✓My2 + M2

2 as the applied load. The effect of torsion, axial 
load and shear have been neglected. Limit analysis, when applied 
to simple beams, accounts for these secondary loads by decreasing 
the fully plastic moment of the section in proportion to the area 
required to carry the secondary loads. However, the effect of 
the secondary loads in the wheelchair is small and has been 
neglected . 

Analysis of the inelastic range by use of full theory of plasticity 
requires much more complex modeling and a nonlinear finite element 
program. These tools are available but are extremely expensive 
and were not justified for thi s analysis. 

4.0 COMPARISON OF ANALYSIS AND TEST DATA 

4.1 Elastic Range 

The static test most appropriate for comparison with the 
analytical study is test 1045A (a static test of the chair used in 
Test 1045). The chair was mounted in t~e forward facing position 
and tipped with the foot rests contacting the platform. The 
forward T-bar securement system was used in the test. The load 
was applied through the seat belt attach points. Data included 
seat belt load and platform movement. 
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Figure 5 presents the seat belt load versus wheelchair displace
ment for the test. From this data an elastic limit of 1300 pounds 
is obtained. This agrees with the value calculated for the yield 
stress of 55,000 psi. The value calculated for a yield stress of 
45,000 is 1060 lbs o r 81% of the test value. According to the 
test report "the upper footrests buckled at the top" which is the 
location predicted by the analysis. 

Test 1060 simulated the securement system when tested at 19.3 mph. 
The data obtained were the sled deceleration, the T-bar bolt load 
and belt tension. The seat belt load defines the input load to 
the stress analysis. The maximum belt load for test 1060 was 850 
pounds which is well below the predicted elastic limit of the 
system. The test report indicated "minor damage to the front 
castors and frame" which supports the analytical prediction of no 
inelastic a ction. The dat a are not con6lusive enough to state 
that dynamic response is adequately predicted by analytical methods. 

4.2 Elastic-Plastic Range 

The static test (10 45A), Figure 5, shows a collapse load of 1600 
lbs. The equivalent analytic values are 1600 lbs for 45,000 psi 
yield stress and 1950 lbs for a 55,000 psi yield. The lower value 
agrees well but the upper value is 22 percent high. The analysis 
predicts the load within the range of the material property values 
in both the elastic and the elastic-plastic ranges. 

4.3 Deceleration Limit Values 

The wheelchair and occupant behave as a decoupled system since 
the chair stops before t he occupant starts deceleration. There
fore the deceler ation limit is a function of the stiffness of the 
occupant restraint system and the wheelchair structure and does 
not depend on the dece leration pulse of the vehicle or the wheel
chair. The deceleration values felt by the occupant are obtained 
by 

where 

F 
g's= w 

F = the seat belt load 
W = weight of acting mass 

·The collapse limit of the seat belt load ranges hetween 1600 and 
1950 pounds. The weight of the acting mass i.s determined from 
the data as follows. Test 1060 -~ata showed a chest deceleration 
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Figure 5. Test 1045A - Static Test of T-bar Securement System 



of 7.5 g's for a seat belt load of 850 pounds indicating an acting 
mass of 113 pounds. Applying this acting mass to the elastic 
limit load of 1300 lbs gives a minimum chest acceleration of 
11.5 g's. The chest deceleration at the maximum collapse load is 
17.3 g's. 

These g levels represent the deceleration of the forward motion of 
the occupant. Higher values will be obtained from head and chest 
impacts into knees or other objects but they are not affected by 
the wheelchair securement system. 

5.0 CONCLUSIONS AND RECOMMENDATIONS 

5.1 Conclusions 

Task 1: The wheelchair structure securement system and test data 
were inspected. The forward T-bar securement system in the forward 
facing position fails in the upper foot rest area. Under static 
test the foot rest shows initial yielding at 1300 pounds seat 
belt load and total collapse at 1600 pounds. The dynamic test did 
not load the wheelchair to the elastic limit but some minor damage 
to the casters and frame was noted. 

Task 2: The linear static stress analysis indicated a stress at 
a critical location at the upper footrest member with a stress of 
42,500 psi under a 1000 pound seat belt load. 

Task 3: By linear proportioning of the results of Task 2 the 
upper limit of the elastic load range was established as between 
1060 and 1300 pounds of seat belt load. This corresponds well 
with the test value of 1300 pounds. The chest decelerations 
related to these belt loads are 9.4 and 11.5 g's. 

Task 4: Limit analysis of the critical member indicated a collapse 
load between 1600 and 1950 pounds. The corresponding static load 
was measured at 1600 pounds. The chest decelerations under these 
belt loads are 14.1 and 17.3 g's. 

Task 5: The failure mechanism is plastic hinge formation at the 
upper footrest support. 

The above conclusions are based on linear static analysis of the 
wheelchair structure. They are accurate up to the elastic limit 
of the material. 
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The evaluation of structural behavior ~eyond the elastic limit is 
much more difficult. The finite element program must be capable 
of geometric update of the node point location and include a flow 
theory for the post elastic range. The limit load analysis used 
here was developed for frame structures in civil engineering. 
It was intended originally as a method of improving the evaluation 
of the factor of safety. Accuracies within 25% are reasonable 
using this method. 

The accurate prediction of dynamic response in the inelastic range 
is much more difficult than just static analysis. Minicars has 
developed techniques for reliable dynamic response calculation of 
automobile in crash environments. Similar methods could be applied 
to the wheelchair problem but they involve both static and dynamic 
testing to provide necessary data. The methodology is as follows: 

1. Dynamic test a structure and observe failure modes. 

2. Stati c test a structure for the same failure modes and 
obtain force-deflection data. 

3. Prepare a lumped mass model and combine with force de
flection data. 

4. Run computer model at the desired speed ranges to develop 
the response curves. 

Step 1 of this procedure may not be necessary for the wheelchair 
problem since the inertia loads of the structure itself are small 
compared to the inertia load of the dummy. Thus, the dynamic 
failure mode should be the same as a restrained static failure mode. 

5.2 Recommendations 

To accurately predict the dynamic limits of the wheelchair 3ecure
ment sys t em a combination of test and analysis is required. The 
program should include : 

1. Three sta tic pull tests with force-deflection data for 
all major load paths. 

2. Construct a simple lumped mass model including the 
dummy as two masses. 
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3. Run computer simulations for 5 mph increments up to 30 mph. 

4. Conduct three dynamic tests at two speeds to validate 
model. Data must include dummy head and chest accel
erations as well as seat belt loads and high speed 
photography. The predicted failure locations should also 
be strain gaged. 
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