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BIOMECHANICAL ANALYSIS OF THE PERSONALIZED VEHICLE
¢

Project AMF=V1=1176

December, 1976

.l SASILULET ILEU DIVITIRCTIANIGE ANGIYSIS 11COrporaled ————————————
L — SECTION 1 (TASKS 1 and2

EXPERIMENTAL PROCEDURES

—— Computerized Biomechanical Analysis Incorporated ——— —_ —— 2
The experimental procedures included two data collection

[ 4 Processes:
1;:22:;::1“;;;-1176 1. Cinematoqraphical data 3
BIOMECHANICAL ANALYSIS OF THE PERSONALIZED VEHICLE 2. Force platform data
The project consisted of the tasks outlined below: Cinematoura_phical Data Collection

Data was collected on riders performing in both normal mode
1. FEvaluate the deceleration patterns for stopping or
braking the vehicle. The kinematic parameters for and braking mode. The rider followed a straight path and the
the most abrupt stop that could be generated were
determined on two riders, one adult (male) and one
child (male) who propelled the vehicle at maxi-
mum possible manual speed.

cameras, side and rear, started when the rider reached a

particular location. For the braking test, the rider was
2. Perform a kinematic analysis on both the adult and ) instrucked to apply the brakes at a predetermined point. Ten
the child utilizing cinematography. Perferm kinetic
analyses on the Saﬁ,e subjects fﬁo: the kinematic trials'were filmed in each of the two modes. Figures 1 and 2
results and from a knowledge of the external forces '
on the subjects. Utilize force plates to provide illustrate a normal mode trial from the side and rear
I’ + exact force magnitudes for various styles and rates of 5
bedy motion used in propellino the vehicle. respectivelyi
y High speed cinematography (at rates from 64 to 100 frames
cha li)eterm,ne the energy cost analysis based on the .
mpulse and its correlation with heart rate for both i .
the’ adult and child iderg. per second) was used to record the motion of the subjects riding
the vehicle. This technique permitted an accurate recording of
4. Compare the heart te for propelli the vehicl T
winu‘[-: that for runn{iq ot :pgmgzmat:gy tﬁe Eai‘; £ . the individuals' performances under actual conditions.
speed.
Cinematographical data were used in conjunction with data
5. Determine the induced body forces when traversing road collected from the force platforms. The measured forces were
obstacles (bumps) and evaluate them as a potential
for bodily damacge, synchronized with the cinematographical information and applied
(by computer simulation) as external forces for determination of
body kinetic forces.
)
]

1=
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———— Computerized Biomechanical Analysis Incorporated ———————

Force Platform Data Collection

Two forece platforms were used in the laboratory to record
the three orthogonal forces at the wheels (lateral, horizontal,
and vertical). Cinematoqraphic data were obtained simultaneously
£ S E= in order to provide information as to the pattern of motion of
the vehicle. Figures 3 and 4 illustrate the 1ahnratézy-
experimental arrangement.

The forces exerted by the rear and front wheels during
moveme.nt were analyzed. As the vehicle progressed across the

force plate, the instantaneous vertical, horizontal, and lateral

components of force were obtained. These components were

: converted into analog electrical signals and displayed on a
Fioure 1 Normal setup side view

Etnra-}e‘uscilloscope. The force data was simultaneously sampled
p at a }Iigh rate by a Biomation unit which converted the analog
data into digital wvalues. The digital information was
transmitted fto a computer and stored for subsequent processing.
gt Figure 4A is a schematic of the .Bi.g'nal processing that takes

place. Figure 5 illustrates a typical lateral force curve.

Calculation of Forces -- Cinematographical Method
A composite tracina of the joint centers of the body was
obtained by single frame projection of the film on a digitizer

screen. The model GP-3 Graf-Pen digitizer was used for

determination of the coordinates of the joint centers. These X

Figure 2 Normal setup rear view

Biomechanical Analysis of the Personalized Vehicle 317 2023-09-27
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Computerized Biomechanical Analysis Incorporated —————————

and ¥ coordinates were accumulated for successive frames of the
} film and stored in a computer file for later processing.

The rider's body was modeled as a mechanical 1link system
with the joints serving as fulcrums and the contracting skeletal
muscles exertino forces on the body segments. The body segments
used to model a mechanical link system in the present study
consisted of shanks, thighs, pelvis (hip to hip), trunk,
shoulders and head, upper arms, forearms and hands. Figure 4A-is
a schematic of the signal processing that takes place. Figure 6
illustrates the link system from the side view and Figure 7
illustrates the link system from the rear view. Figure 7a
illustrates the three link systems used. Link system 2 is the
one used in the side view.

E Calculation of forces and moments require knowledge of the

mass of , each seoment as well as its center of gravity. These

parameters were obtained from a publication by Aerospace Medical

Research’' Laboratory (5) with additional anatomical data listed in
a monograph by Krogman and Johnson (4). Body segment weights and
lengths aé percentages of total weight and heicht are applied to
the riders measurements to determine anthropometric values.
Radii o, gyration measurements were obtained from Dempster's (3)
data on moments of inertia.

Location of the joint centers enables measurement of the
seament lenaths and anales. EKnowledqe of the film speed and the
successive displacement of the joint centers permits calculation
of seament welocities and from these velocities, seqment

? accelerations are calculated. Table 1 illustrates a typical

One link system

Shank
Thiagh
Trunk
Upperarm
Forearm

G s
P

Figure 6 Side view link system

i
Link No. 1

= R-Shank
= R=Thigh
= Hip to Hip
= L-Thigh
= L=Shank

U1 o B

Link No. 2

= R=Shank

= R=Thigh

= ilip to Shoulde
= R-Upperarm

- R-Forearm

Primary Link

1 - R-Shank

< - R-Thigh Figure?7 Two secondary and primary link
6 - Hip to Shoulder systems from rear view,

9 - Accross Shoulders H

10~ L=-ypperarm

1l1- L-Forearm

0~ o
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t SEGRENT 1 (shank) Arfynica! Kinematic Computer Output
| PGSITTON  TTdc  ANG. JES  ENG. FIT  VILOCITY  ARCELeP. LENGTH C ized Biomechanical Analysis Incorporated
| (Seec.) (Dearees) (Degrees) (Deq./Sec.) (Deg./sec?) (Cm.) : y
CaNCO0 e 62,77 P116.13 932,26 £64008 ‘cinematographical kinematic computer output.
0,015 60«70 61407 #101.94 LLLPY A 52,763 <
C,031 60401 59.58 488,35 B8L5,82 53,319 From the kinematic data, and from calculation of centers of
0,046 58,72 58,30 075,67 LLETL LT IL)
G.762 5741F 57.22 1£3.24 7o1.70 54,946 P
Coag 5»:0? 2 051,66 730051 o3.698 aravity, radii of qyration, and segment masses, the seagment
E:E:; 2;.«: ;;: :; Lt 1] :;;_gi ;;:2;; forces and moments were determined. Appropriate programming
125 s T e 65 600448 53.850 £ {
g.::n__ 5,‘::;“ ;.:,,U 561,65 52,156 resulted in a seament by segment analysis of body motion,
0,156 Ske 60 5L, 28 523,39 52,170
Ga171 53449 54e 29 485,73 . 534110 “including the total body center of gravity; segment velocities_
G.187 54,35 Sheb3 448,65 _ 53,712 S5
0.203 Shebl ChobT 412.16 §§.1M and accelerations; horizontal, wvertical, and resultant forces;
0.218 She21 55+ 01 376425 514963 - ;
_0.23% 56438 55.48 34 angle of the resultant force application; moments (indicative of
Ce250 55,62 55,396 306419 Si.470
> . :
56455 2;;2'7' gi:::i the macnitude of the muscle action at each joint); vertical and
e =
fg;::g 53:*.: horizontal forces at the ground contact points; timing or
141,30 5 19 - :
7 = uﬂ:oa 52,836 coordination of motion between the body segments; and the
79 4t 524446
49,39 _52151‘1.___ relative motion between the body segments. Table 2 illustrates a
19,93 51,052
8,94 524300 computer output of a typical kinetic analysis. Appendix 1
#37,23 - 51.371 TR
F6L.93 53.280 presents a total kinematic and kinetic output.
£92,05 52,835 S
--%1”—‘-;-;-,— ——;}:%%% ~ To obtain the forces due to motion of the body seaments used
-gf!z? _sf:_:_:‘;_ the pr,efsent study, the body was treated as three 1link
7218.86 544137
,2,‘?:“5 Su et 70 stems-=-<one primary and two secondary. Each 1link system must
#2E5,48 52a494 "
#287.91 54,882 consist of a continuous series of body seaments, without
#309.76 S4aT11 G
_#331.02 9 tition, beginning at a fixed point (in the present study,
351,69 She0E6
l 73,21 73463 10,81 #374.7¢ S4.708 one ankle joint was selected as the fixed point). The entire
| CH L.h56 73,27 73,76 L85 391,28 54170 3
I 4 0.671 75,81 73,79 #1060 fui0.20 55,825 body cannot be expressed as a single link system since there are
| ERROR IN FIT 561 e

film frame number (1=start of sequence analyzed)
1

Fosition
time - measured from position

\A
b

.~ Ang. Obs. = measored angle ¢f segment (from rt. horizohtal)
Ang. fit = angle of segment after curve fitting
velocity = angular velocity of segment (cc positive)
| agceler: = angUlar acceleratidm of segment (cc poditive) — ~—
'[ length = observed (i.e.,measured on digitizing screen) segment length

f = minus (-) sign

.

joints (hip and shoulder)

of”

where three segments intersect.

y continuous series seqments through these joints can

clude, at most, two of the segments. The third segment is

iccounted for by ineludinag it in a secondary link system (two of

€ are necessary to accomodate the two joints in question).

forces calculated for these secondary link systems are then

Biomechanical Analysis of the Personalized Vehicle
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TABLE 2 Computerized Biomechanical Analysis Incorporated ——————————

DEr, 1r, 1076 = EXTTRNAL FCh%:S APPLILL Typical Kinetic Computer

E - < Output .
Al rimary link system are beina calculated. This yields the net
g force = Resultant :

plied at the two “three-way" joints when the forces for the

jultant forces on all body seaments, Figure 7 illustrates the

2
HI = angle (from x - axis) b
£ & S three link systems used in the present study. The computer

3 f = minus (=) sign 3
+i=-ferce program utilized the following procedures to calculate body

LItV SYSToM NUMPcR 1

. — e e =/ - 1. FKinetic analysis of link system number 1 with force -
ROSITION. 3t (Forces in Grams; Moment in Gram-Cm)
SEGHMENT X _FORCE Y FORCE __ _~ FORCE BT N HOMENT plate data (from the rear wheel) applied as an ex-
1 #15482.50  #9905.L5 16380, 06 2124610 #31R855, 1 \
" ? #15146409 #7750 3.89 16994,55 207,958k #508537.1 ternal force at the foot not selected as the
o z 17159,42 9142y _A7TB72.Th 198,453  4109112.%
Bt st n.0r 94,09 10367.59 18C.575 23522241 fixed point. The forces at the hip joint were
i 5 #9639.35 1061450 9697.62 173,715 7561641
= e WEER e s saved for later application to the primary-link
k] BHSITION H
| 5 system as external forces.
W SEGFENT ¥ FOFCE Y FOSRCE T FOROE  C SPHITe - ry.g_;_;n_‘ A
B 1 115371, 83 ¥10236,12 18467.76 — 213,660 okl L] 2., Kinetic analysis of link system number 2 with force
B 2 #15051.8°0 lsﬂﬂh?g i;g;?.gi ggg.?é‘; l%é;%%;-f g
| 3 #17137,05 Bu56L4 80 EAR LTS LEpt TR S 2. ~__plate data (from the front wheel) applied as an external
B i riisiseis  Wiis.ef 10414,03 (,652 2u7617.1 B ® ) app
| 5 #CEIR, 7T 1672414 a755.82 173469 RBEIE. i force to the hand. The forces computed at the shoulder
: ¢ ROSITION ¥ . joint were saved for later application as external
il
I _SEGMENT . X FORCE Y FORCE FORGE PHI __ _MOMEN] 3
i3 = 1E FILAL1.66  #13580.81 18372,56  216.64%  WBI5RIA,; forges on the primary link system.
| s £28.87 183202 10762.51  2L9.739 #uSLILL ”
§ ::;;gg_:, “-?%:.53 13655, 76 g,;,,:g:ra 1751.05:; Kinetic analysis of link system number 3, with force
I £ S L A T T e
i 4 F10335.37 112,40 10335.98 ° 160.623 245975,
- 5 96T .75 110883 9737.09 173,461 82902.¢ plate data (from the front wheel) applied to the hand,
|
BERRPTSITION ot e e e e e S and with external forces from link systems 1 and 2
5
L = - FORCE oHI MOMEN applied a e p and shoulder respectively. Resultant
%QLEGHENT Y FU7CE CETBiPY o ___FOHEN] lied at the hip and should pectively 1
ki 1 (F81,63  #10843,56  17087.56 2174077 185L256,1
[ H 116098,43 #8559,56 16493,39 211,263 #4 690504 ! forces computed for this link system represent total
= s 112540405 PeMBLL21 13450440 151347,
| #10265,12 123,27 1062h9.86 257327, body resultant forces.
U #9552,053 1117, 22 a717.4A8 Guitee
E POSITION — § e : A EL
SEGRENT X FOPrE Y FGRCE_ __FORCE _PH _HOMEN'
= f1T8RT, 27 01.983,37 1778728 2184369 #823510,
2 f13653.83 #3240 hu 10135,37 21c.%82 fLa2540
. r B1223R, Tu 140925, 41 1%192.62 ?01s922 £L512
< Tk #10169.76 F{10.17° - f0170.33 18C,.620 262701,
5 19607.70 1163 TC 9668423 173,224 92798+
B POSTTIONT R 5 == 5
SIGPINT ¥ FOF-: YEFE Foors BT boMER
£ P

LINK SYSTEMS AND EXTERNAL FORCES
FOR TOTAL BODY ANALYSIS

Link PR T
stem Gl o]
sy (.‘ @'\‘ (5aved force is hot dve 40 Lnks 7,4, and §
@ {@/‘ = @W Under metion frem links land 2
® ® £
= fixed pont
opplied external
rce
W - Saved force (due 4o links Tand ®, umlu-
s /,--- @ motion Feam links 1,2,and |
o) £ SO
ke _K K =— apphied extecnal force
; / @1
: ®
-

< Fixed pount

Link
5ys+em 2 applicd farce From link system 2

- ©®
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Computerized Biomechanical Analysis Incarporated

ram output could be corraborated. The kinetic motion was

alyzed by applyina the forces recorded at the front plate as

. ternal force inputs to the kinetic program. The output from

e program was then compared to the actual forces recorded on

the rear plate. Figure 7B shows the force plate output and the

puted output. The initial spike on the force platform curve

as due to the wheel bumping against its edge.

1
Thus the displacement, velbecity, and

ter of gravity were used from the outside cinematographical

nalyses , along with computed vehicular velocities and

elerations, to arrive at the vehicle reaction forces on the

ler for each trial, Coriolis forces for the rider and vehicle

ative to the ground were assumed small and therefore not

cluded. The kinetic program computations, however, do include

- Coriolis forces relative to the vehicle. These reaction

. were applied in the kinetic analyses as external forces on

forces.; The reaction forces were computed as follows:

’:elcuun ge.

lince the center of qravity displacement, velocity, and

leration were computed with respect to one of the rider's

t (determination of this fixed point was based on the portion

excursion that the rider was in). The acceleration

on, then, was

acceleration of ‘the

= mp.m“_m(acce:'.ea:atj.onvem‘:1e -acceleration, ]

-7

Computerized Biomechanical Analysis Incorp

The data obtained in the laboratory enabled simultaneous

;.nlculat.ions of forces from the cinematographical and the force
plate data. Lateral and vertical forces were obtained directly
i'cm the force plate measurements and were correlated with the
‘excursion patterns.

This data permitted the calculation of body

;!_qht distributions between the two feet and between feet and

The absolute
enter of gravity is computed from these local positions and each
"nts position with respect to a fixed point (in this case a
0 t) and is accorplished through the digitizing process., Once
aments !

absolute center of gravity is lr.nawr;, the total

ly ¢.q, is computed directly. The body c.g. is thus found for
acl Ipositiqn and when the polynomial is fitted to it, the first

‘
econd derivatives yield the c.g. velocity and acceleration.

 Computer analysis of the vehicle excursion in the laboratory

tina showed that there were negliaible inertial forces due to
enter of gravity movement for both normal and braking motion,
bles 3 and 4, respectively). Thus, it was not possible to use

laboratory inertial forces as a model for deriving the

1al forces on the outside runs. The lab runs, however, were

a test of the validity of the approach and programming., By

ng a side view and placing one force plate under the front

and one under the rear wheel closest to the camera, the

= 387.78 NT

B-NORHAL + XZ1.
SETTING i

SLIDE 000047
CURVE Z FORCE

= 305.45 NT
Force platform

Kinetic program output

Laa il DL ol B

0.73256 SEC L

Sl _C 0O N D §axily

Figure 7B
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Computerized Biomechanical Analysis Incorporated —

2rider c.g. = ®vehicle * ®rider/vehicle

= m

Freaction ™ Mrider‘3venicle*®rider/vehicle’

‘mentioned above, the computed reaction forces were applied to
: rider's body at the wvehicle contact points (hands and feet).

kinetic analysis proaram does not require an external force
applied to the fixed point (fixed foot in these analyses),
only three external forces were needed for the rear view
;I.ysis (two hands, one foot) and only a single external force
(hand) - . was

yéis) -

needed for the side view analysis (half-body
The forces at each contact point were computed and
lied  as horizontal and vertical

components. The following

umptions were made in computing the applied external forces:

The vertical force on the hands is uniformly small due
to body and arm position while riding., The value chosen
was the weicht of each arm, applied in the positive (up)
direction at each hand.

The horizontal force on the hands in normal ridinag

mode is small and can be iagnored (if the net horizontal
force on the hands were not small, the front wheel would

turn or the wvehicle would camber to reduce the force).

Z10=

~ horizontal center of aravity acceleration.

Computerized Biomechanical Analysis Incorporated

The horizontal force on the hands during braking mode
is in the forward only direction, and can thus be
ionored in the rear view analysis. For the side
view analysis, the force is close to the total
horizontal braking force (mass of rider times the
difference between vehicle deceleration and rider's
center of aravity deceleration with

respect to

vehicle). For the one-side body analysis, one-half

of this force was applied.
'

. The vertical force on the second foot (not the fixed

foot) for the rear view analysis is close to the

body weicht less the arm weights (applied to the hands
disregarding variation in arm position)

times the center of aravity percentage of distri-
;hution on that foot (from kinematic analysis)., Although
disrecarding arm position biases the actual c.q.,
i.t.iis less than 6%. 2
The horizontal force on the non fixed foot (rear view
analysis) in normal riding :;mde is equivalent to the
mass of the rider less the mass of the arms (already
applied to the hands) times the center of gravity

distribution percentage times the difference between

~ the horizontal vehicle acceleration and the rider's

The

~ horizontal vehicle acceleration is the radial

~ acceleration of the vehicle while executinc a half-

the

Biomechanical Analysis of the Personalized Vehicle
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Ce

ized Bit

excursion, and is expressed by the square of the

hanical Analysis Incorporated

vehicular velocity divided by the radius of curvature
half-excursicn.
S thezha [— To find excursion radius
c? 4 u?
Ri= m
RESULTS N
M = amplitude
2 el N Nkt
» - T = half-period =
le and Rider Center of Gravity PELO! 3
. where Nzno.of frames of
1e physical parameters measured were: ilm
S S=film speed(frames
t vehicle per second)
Weight = 100 newtons = 22.5 pounds S
- Stance Width = 55 cm = 21.7 inches
1d vehicle
Wieight = 105 newtons = 23,6 pounds
Stance width = 44 cm = 17.3 inches
the, tests analyzed, the following excursion parameters
"u‘tedtsee figure 7C): '
3 Vehicle Velocity
Excursion radius = 427 cm = 14 feet
Ealisperiod; =g, A3 eaccnds " Vehicle velocity calculated at
amplitude = 85 cm = 2.8 feet each position from:
v rEngh
where r = actual wheel radius
(unloaded)
61,62= angular position
cursion radius = 448 cm = 14,7 feet from film tracing
half-period = .50 seconds
Figure 7C

Biomechanical Analysis of the Personalized Vehicle
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——— Computerized Biomechanical Analysis Incorporated —

amplitude = 35 cm = 1.1 feet

Two series of tests for each subject were analyzed-=--normal

on and braking. Fach will be discussed separately.

lated values for body center of gravity displacement,

city and acceleration, and vehicle acceleration are included
Appendix 2. Counterclockwise motion was defined as positive.
horizontal position of the center of gravity is measured as a
ance in front of the rear feet and to the right of the left
. 'I‘h.e vertical position is measured as a distance above the

rear foot,

d in Normal Mode

as ' analyzed. Figqures 8 and 9 show the displacement from

de and the rear, respectively, of the child's center of

ty. It can be seen in the side view that the displacement

vard shifting while riding. The vertical displacement is

ly larger due to the postural adjustments required by the

rinad of the vehicle, as seen in the rear view.
Fiqures 10 and 11 show the velocity of the center of gravity
e side and rear views respectively. Although they both

ximum values within 10 cm/sec (3.9 inches/sec) of each

ACCELERATION OF CENTER OF GRAVITY
*CHILD - NORMAL MODE - REAR VIEW

POSITIONS = 10

Figure 13

in the horizontal direction (out of a total of 19.7
ABBAL
A“ AA“A
Aa, aoAasL,
- Baansannn0sst ““A
a a
a - a
~dd| 1 Al 1 S A ceRy |-
= Vol 2 3 < s
= e A
= v,
i Ve a
| v
— v'
-
i v ¥
= v «°
o v )
= v L4
= Ve vvv
Y. v
7, L ad
oo, o
v = HORIZONTAL
a = VERTIC

=

Computerized Biomechanical Ana

sis Incorparated
fiches/sec), it is can be seen that they cycle at quite different

ates, The magnitudes of the vertical velocities differ

pbstantially in amplitude and frequency as would have been

ssumed from the displacement curves. The motion of the perscn

hen, although cyclic, appears to be quite complex.

In Figqures 12 and 13, the vertical and horizontal center of

ravity accelerations viewed from the side and rear,

gspectively, are shown., The rear view, Figure 12,

he radial (horizontal) acceleration ranges between 0 and 300

n/sec/sec (9.8 feet/sec/sec or approximately 0,3qg) while the

ertical acceleration varies between +300 cm/sec/sec and =300

n/sec/sec.

Fiqure 14 shows the actual vehicle velocity measured during
:!-!g excursion (s) shown in Fiqures 8=13, while Figure 15 shows
Eﬁe ‘vehicle acceleration. It is interesting to note that the
whicular acceleration is approximately the same magnitude as the
acceleration is in

Endy center of gravity acceleration. The

hase with the body's horizontal center of gravity acceleration,

it 180" out of phase with the vertical component. A complex

?i_zee-ﬂimnsional movement is exhibited. Figures 16 and 17 show

iﬁe sequence and range of movements in the form of stick figqures.

-

1d in Braking Mode

J

In the brakina mode, the subject had little side to side

ition as viewed from the rear, so the analysis was performed

'iy on the side view. TFigure 17A correlates time and position

'ﬁ-“

mbar with the path traveled. Figqure 1% shows that durina

£

aking the vertical nosition of the center of gravity chances

shows that .

Figure 16
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le resulting in small velocity variations, Figure 19, and
zero acceleration, Figure 20. The horizontal
lacement, however, changes extensively indicating
ward/rear shifting. MNote that the subject shifted his weight
approximately 20 cm (7.f% inches) forward of his feet to
htly behind his feet (horizontal curve, Figure 18) while the
ical position of his center of qravity remained constant,
resulted, as expected, in a velocity (Figure 19) ;nﬂ
_'_eration (Figure 20) in the rear direction (negative).
re 2] shows the acceleration pattern of the vehicle and
ie 22 presents the velocity pattern. In the braking mode,
‘!.he child, horizontal acceleration is low and braking is
The child was required to shift his weight all the way to
ar in order to stop. Observation of the stopping sequences
the children's vehicle to be less efficient in stopping
the adult model. Figure 23 is the stick figure
asentation of the braking sequence.

&ﬁom&l Mode of Movement

!igure 23A correlates time and position number with the path
was followed. Figures 24 and 25 show the change in
acement during a normal adult excursion. In the horizontal
Flogure 24 shows the shift of the body center of aravity
| approximately 20 cm (7.8 inches) from the inside foot (i.e.,
foot when turnina to the right) prior to entering a turn to

imately 9 cm (3.5 inches) at the peak of the turn as seen

‘the rear. Figqure 25 shows that the front-to-rear

— Computerized Biomechanical Analysss Incorporated —————— —————

-15-

— — Computerized Biomechanical Analysis Incorporated

acement is approximately the same maagnitude, and that the
shifts his weicht forward before enterina the turn and to
ear at its peak.

‘When viewed from the rear (Figure 24), the rider shifts his
lown slightly while beginning a turn but remains in the same
tion after turning. This type of motion is typical of most

ties in which dinertia is the driving force(e.q. K ice

he velocities of the body center of aravity are shown in
26 and 27. When viewed from the rear, vertical position
yelical while the horizontal position changes at a constant
In the side view, the opposite effect is seen with the
tal more cyclical than the vertical. This sugoests a
na" motion with fairly steady side-to-side movement and a
ent cyclical shifting front to rear. The "bobbing" is
nent from the rear view than from the side because of
Eti’ng. The body center of qravity velocities reach values
proximately 40 cm/sec (15.75 inches/sec), which is
timately 80% of that of the child's.

2 acceleration of the 'center of gravity as seen from the
qure 29, varies at about the same rate vertically and
tally, approximately 1R0' out of phase, between -100 and
n/sec/sec ( =3.3 to +0,2feet/sec/sec). The rear view,
3, shows horizontal, or radial, accelerations of nearly

t necative (i.e., to the left in a right-hand turn) value

cyclical vertical acceleration varvina between =100 and

sec/sec (3.1 feet/sec/sec).
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o Computerized Biomechanical Analysis Incarporated —————————— with definite phase relationships between them.
mpact force between the rear wheel and the obstacle was made on

anetic tape for subseruent transfer to the corputer for

nalysis. 2 In braking mode for the adult, the trunk exhibited a
Three typical runs were selected for the analysis with | marked angular acceleration, while all other body
hicular speeds between 12 and 15 mph. The forces on the rear | seaments decelerated. Since results showed that a

meel are illustrated in Table 10, | backward shift of the center of gravity was necessary

Based on the results, the maximum force that could 'br; | for braking, it would appear that shifting of the
liverad to one leg of the body is 183.67 kg (404.08 pounds) for | i heavier body scoments, especially the trunk (558 of
he a:l_ult and 63.27 kg (139.1% pounds) for the child. This force 7 total body weicht), resulted in most effective braking
ean be comparcd with a jump from a height of one foot. The ' (Figure 34). Tatthe: childj=a smallar-/shift of the

ctnal foree transmitted to the leg will be somewhat less than i
¥ horizontal center of gravity related to a lower braking

is due to the cushioning effect of the tires. :
force (Figure 18).

Tt was found that the maximum obstacle height that can pass

u der."t-ho vehicle frame is 1.6 inches and, thus, a height of 1.3

ches was chosen for this test to allow sufficient clearance.

2 ) : . 3. Heart rate comparisons revealed that traveling on the

The conclusion to be drawn from the bump test is that an
j K .yehicle required signif less effo: about 25%
stacle which clears the vehicle frame may produce a vertical ¥ 9 e gnlficantly L g

orce which is approximately 3.0 to 5.0g (at velocites of 12 to less) than jogaing at the same velocity. Migoulas

mph) on both leas and is comparable with jumping from a height* effort (from moments computed about body Jjoints)

Fone foot. indicate that the effort was roughly equivalent ;.n
activities such as bowling, walking, hopping, or
conclusions skipping. Furthermore, comparisons of moments of the
various body joints (Figures 53A, B, C, and D) indicate
1. Vehicle drivina force appears te be the result of a that propulsion force is generated primarily by muscular
shiftinag of body center of aravity in both the action of the legs.
herizontal and wvertical direction. Center of aravity

shifting was due to cyclical motion of body seqments
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The bump test revealed that an obstacle low enouah to be
cleared by the wvehicle frame (1.3 inches) produced a
vertical force of a maximum of 5.0q which is equivalent
to a vertical Jjump from slightly over 1 foot. This
level of force is within the range of forces normally

encountered in common physical activities.
Recormmendations

The results of the analyses confirmed chservations that the
vehicles are both efficient and innovative. Some aspects of
vehicular desian that appear to need refinement are the
difficulty in achieving rapid braking in the children's model and
2 tendency for the front wheel to slip sideways (especially on
graveled surfaces) in the adult version. Changes in vehicle
reometry might achieve a better forward-rear weight balance and
halp car);ect these problems.

The data showed the movement of the rider on the vehicle to
be a complex three-dimensional harmonic one. The data alrecady
thtained, with some additional testinag, could be used to provide
a2 thres-dimensional representation of the center of gravity

movement., In addition, the data can be processed to yield

kinematics of any part of the body during operation., A detailed
rathematical analysis of the vehicle in motion, verified by high
spend film measurements, would yvield the changes in motion that
¥ould result from varyine the stance width, handlebar lencth,
vherl radius, tire pressure, or other physical parameters. n
rore comprehensive eneray cost analysis (as discussed in the

text) is recommended.
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