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FOREWORD

This report covers the work performed by Calspan Corpora-
tion for the Bureau of Product Safety (BPS) of the Food and
Drug Administration (FDA) under Contract No. FDA T72-91 during
the period from 1 May 1972 to 30 September 1972. The program
was conducted under the guidance of Mr, Carl Blechschmidt of
the Children's Hazard Division. The study was performed at
Calspan by the Vehical Research Department.

The authors gratefully acknowledge the assistance of
their co-workers at Calspan who contributed to the many and
varied tasks of the study. In particular, thanks are due to
Mr. Donald W. Hess for his patient care in making the volumin-
ous measurements of the test units and to Mr. Douglas Milliken

for his willingness to operate the minibikes under all condi-

tions.
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ABSTRACT

Evaluations of the stability and performance characteris-
tics of minibikes and children's tricycles have been made in
order to identify those design and operational qualitites which
may be contributory to injury-causing accidents with these types
of vehicles. Both experimental and analytical methods have
been applied in this study. Several representative examples
of both miniblkes and tricycles were obtained to provide base-
line design and performance information. The pertinent phy-
sical characteristics of all units were measured prior to
performing a variety of full-scale stability and maneuvering
capability tests on each vehicle. Tricycle studies were aimed
primarily at defining the operational conditions at which
rollover could occur. The influences of geometrical design,
rider weight, speed, and applied steering were considered in
the development of a rollover stability parameter which would
be applicable in formulating a safety standard. Extensive
tests were performed with the minibikes (minicycles) in order
to measure the capabilities of the machines and to identify
gsituations in which rider safety could be compromised. For
these units, design comncepts and operating modes which are re-
lated to stability in the pitch plane were found to be signi-
ficant. A brief design parameter variation study utilizing a
nonlinear simulation of the minibike was performed to identify
the more influential design characteristics in providing sat-
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ABSTRACT (Cont.)

isfactory lateral motion response. All results are evaluated
in terms of potential safety standards and recommendations on

which the FDA might base such standards are offered.



SUMMARY OF RESULTS AND CONCLUSIONS

The major results and conclusions of this study are:

Tricycles

1.

Performance of units for children in the 2-6 years age
bracket is marked by speed in the range of L4 to 7
miles/hour, wunrestricted steering for all practical
purposes (i.e., greater than 90 degrees), and seat
height to rear track ratios of approximately one (for
conventional units).

These combinations of design and operational characteris-
tics result in a stability pattern for conventional tri-
cycles which is generally satisfactory with respect to
pitchover for the single rider but is inadequate with
respect to rollover (tipover) in normal play.

It is recommended that the Bureau of Product Safety con-
sider safety standards covering rollover stability, seat
height adjustibility, limited steering angle, and removal

of the rear step bar to discourage double riding.

Minibikes

L,

Performance of six representative units as measured 1in
an extensive experimental program may be characterized
by maximum speeds of 25 miles/hour, braking decelerations

of at least .5g, tractive accelerations in the range of
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SUMMARY OF RESULTS AND CONCLUSICNS (Cont.)

.2 g.

Potential problem areas concerned with inadvertent ac-
celeration "wheelies'", pitch and bounce stability over
uneven terrain, braking control nonlinearities, and cor-
nering limitations because of structural elements con-
tacting the ground were observed.

Recommendations for consideration in Bureau of Product
Safety standards cover braking, suspension, cornering,

and acceleration characteristics.
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1.0 INTRODUCTION

The United States is very clearly a nation on wheels. From
the toddler on his velocipede to the affluent adult in his super-
powered autcmobile, the demand for mobility is a continuing one
throughocut the country whether it be for recreational or utili-
tarian purposes. It is not surprising therefore that wheeled ve-
hicular toys are among the most popular with children. The fact
that they are so popular (i.e., nearly every youngster has a tri-
cycle) and that they receive a great deal of use by their owners
is the fcoundation for concern about their safety of operation.
Based on its observations of accident reports, the Bureau of Pro-
duct Safety (BPS) of the Food and Drug Administration (FDA) has
selected the tricycle - the traditional three - wheeler ridden
by millions of children up to the age of six - and the minibike -
the mechanically - powered small two - wheeler for evaluation of
safety of performance. Approximately 100,000 children are injured
each year in tricycle accidents. Another 70,000 are injured in
mini-bike accidents. These injuries indicate that carelessness
and lack of parental supervision are not the only causes of child-
hood injury relating to these vehicles. These figures indicate
that design improvements can reduce the possibtility of a child's
being injured. This report describes the results of a program

rerformed by Calspan on this subject.

The objective of this program is to interrelate the signifi-



cant variables that can be used to both predict performance and
establish safety standards for stability and performance of two
and three-wheeled vehicular toys, especially tricycles and mini-
bikes. the variables of interest are thoses assoclated with ve-
hicle design., with the rider and with the riding situation.

The report treats the two types of vehicles separately.
Following this introduction, the evaluation of tricycles, utiliz-
ing both experimental and analytical methods, is covered in Sec-
tion 2.0. A similar discussion of the minibike studies is given
in Section 3.0. In section L.0, the relationship of the results
of this work to the formulation of safety standards dealing with

the stability and performance of these vehicles is discussed and

recommendations are presented. References are listed in Section
5.0, Several appendices, which treat the analyses in more detail

than is given in the main body of report, are attached.




2.0 TRICYCLES

This section covers the results of the tricycle studies.
Six representative units, believed to provide a good cross section
of three-wheeled vehicles for test and measurement purposes, were
obtained. Photographs of these test units are shown in Figure 1
and their principal physical characteristics, as measured at CAL,
are listed in Table 1. Full scale performance test results, to
determine practical ranges for the operational variables (speed
and steering angles), are given in Table 2.

2.1 Rollover Stability

The measured physical charcteristics of the test units
were combined with rider characteristics to compute values of
critical operszting parameters (e.g., the longitudinal and vertical
location of the system center-of-gravity) as listed in Table 3 for
a range of rider weights. The method of calculation is described
ir Appendix A. In turn, these values were used to compute values

of a stability parameter (a metric which combines rider and vehi-

cle characteristics) for each configuration which can be compared

to a stability boundary curve (which involves operational charac-

teristics) to evaluate susceptibility to tip over.

The rollover stability characteristics of the test units
are shown in Figure 2 where operating velocity is plotted against
a stability parameter as a function of steering angle. The sta-

bility parameter is defined as -



20 INCH
TRICYCLE

14 INCH
TRICYCLE

10 INCH
TRICYCLE

Figure Ta TEST UNITS (TRICYCLES)




UNDERSLUNG

TRACTOR

VELOCIPEDE

Figure 1b TEST UNITS (TRICYCLES)




Table 1

TRICYCLE PHYSICAL CHARACTERISTICS

e S e Bl e A ] ‘
j ﬁ f I | SEATHEIGHT | pzpaL | WEIGHT {ibs) ; | 1
‘ | REAR | FRONT | STEP | SEATPOST CRANK | T ! LONG c.g. (FROM VERT. c.g.
| WHEELBASE | TRACK ' TRACK | HEIGHT | LOCATION® | MAX. | MIN. | DIAMETER | FRONT | REAR | TOTAL | FRONT WHEEL) } {FROM GROUND)
lin) Gt | ) | e tn) | fin.) ; {in.) i
b e e T B L — ——
VELOCIPEDE 135 ] e0 55 | - a7 | 8a - - 25 52 | 5.2
- ‘ S - { RN i A f o et
10in. TRICYCLE | 166 | 55 | - 36| 53 | 145 , 130 34 56 1238 73
- 1 H H Il
1 - T — T T
14 in. TRICYCLE 19.0 69 | 45 T 82 | 80 | 1182 | 938
T = i
20 in. TRICYCLE 25 | 218 55 | 119 | 122 J 241 109
] L I
UNDERSLUNG ( 5.7 { - 5.25 65 6.1 126 129 8.5
TRACTOR Lw.o - 6.0 153 200 353 155 9.8

"HORIZONTAL DISTANCE FROM REAR AXLE CENTERLINE TO TOP OF SEAT POST’




Table 2

TRICYCLE PERFORMANCE CHARACTERISTICS

L R
] STRAIGHT SPEED | RADIUS OF ABLE TO CLIMB OBSERVED TENDENCY
MAX. STRAIGHT AT 60 RPM 1 AVAILABLE STEERING TURN WITH 1% in. OBSTACLE T0 TIP OVER
SPEED (MPH) (1) 4 AT PEDAL CRANK(Z) MOTION FREEDOM (deg}(1) 30° STEER ANGLE(” WITH ONE REAR WHEEL(” IN NORMAL PLAY
—_— I { —_—— 7+ - - IR T
VELOCIPEDE : - 1.9 - -
Shtling e - g | 7,,iw7. .
10in. TRICYCLE 4.7 | 1.7 UNLIMITED 2.7 NO -
14 in. TRICYCLE 6.5 \ 25 +85 3.0 YES MARKED
— ] S U L
20 in. TRICYCLE 6.5 35 UNLIMITED I 33 YES | MARKED
| 0 S B R .
UNDERSLUNG | 6.0 JF 2.8 UNLIMITED - YES NONE
] ] _
TRACTOR L 6.0 3.0 UNLIMITED - YES NONE
UmeasURED

2lcompuTeD




Table 3

COMPUTED CENTERS-OF-GRAVITY FOR TEST UNITS (RIDER ONLY)

RIDER LONG.c.g. VERT. c.g. 1A
WEIGHT A h 1-A
TEST UNIT (Ibs.) (in.) (in.) A/h {in.) h

10 in. TRICYCLE 30 10.5 18.2 0.58 5.1 0.28
40 10.7 18.9 0.59 4.9 0.26

14 in, TRICYCLE 30 10.95 20.2 0.54 8.95 0.45
40 11.05 21.3 0.52 8.85 0.42

50 11.1 22.0 0.50 8.8 0.40

20 in. TRICYCLE 30 11.6 223 0.52 10.9 0.49
40 11.7 23.7 0.49 10.8 0.46

50 11.75 24.75 0.48 10.75 0.43

60 11.8 25.3 0.47 10.7 0.42

UNDERSLUNG 30 20.0 13.5 1.48 6.5 0.48
40 20.6 14.0 1.47 5.9 0.42

50 21.0 14.2 1.47 5.5 0.39

60 21.2 14.4 1.47 5.3 0.37

VELOCIPEDE 30 8.5 14.9 0.57 5.0 0.34
TRACTOR 30 18.3 15.8 1.16 9.0 0.57
40 18.7 16.8 1.11 8.6 0.51

50 19.1 17.5 1.09 8.2 0.47

60 19.3 18.1 1.07 8.0 0.44




STABILITY PARAMETER -- inches
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h for three-wheeled units
and
aT + t (L-2)
h h for four-wheeled units
where
a: the horizontal distance from the front wheel contact

point to the center-of-gravity of the tricycle-rider

system

T: overall width of the tricycle at the rear axle (rear
track)

h: the vertical distance from the ground to the center-

of-gravity of the tricycle-rider system

t: overall width of the unit at the front axle (front
track)

L : vwheelbase

(See Figure 3)

This stability parameter contains vehicle design and
rider terms only; as shown in Appendix A, it is developed from a
moment balance expression which relates the design characteristics
to the operationsl terms. That is, the value of aT/h should be
greater than 2 ve $ (where V is velocity, $ is steering wheel

g
angle, and g is the gravitational constant - all in appropriate

dimensions).

This stability parameter is a convenient form for de-
fining operational boundaries beyond which the unit may rollover.

It should be clearliy understcod that the boundary curves illus-

10



=

mVZ/R ROLLOVER
AXIS

R = RADIUS OF TURN
UPSETTING FORCE: m V2/R
RESTORING FORCE: W = mg

Figure 3 CHARACTERISTIC DIMENSIONS OF TRICYCLE MODEL
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trated in Figure 2 have been computed for special sets of condi-
tions (selected rider weights and statures) in order to demonstrate
the utility of this approcach in specifying stability requirements
and in identifying the tricycle design characteristics which are
rartinent to rollover stability. These computations have not been
grantitatively supported with full-scale testing since the per-
formance of such tests without elaborate precautions is of itself
unsafe. But, cbservations made during the test progran (Figures

4 and 5 ) provided solid evidence that the tricycles of conven-
tional design (the 10, 14, and 20 inch units) could be rolled over
in the normal region of operation whereas the tractor and the
low-slung unit could not. Thus, the stability analysis has allow-
ed us to identify the significant elements of the problem - ver-
tical and longitudinal location of the center-of-gravity as in-

fluenced by rider weight , wheelbase and seat location; rear

track; speed, and steering angle. Additional considerations

regarding the use of the stability parameter are listed below.

1. The available steering angles on the units which
were tested in this program were shown in Table 2. The fact of
availability does not imply utility however. Steering motion is

restricted by the rider's body (i.e., the handlebar is turned into
the body) and by arm length. To put steering motion requirements
into perspective, we might consider the steering angle required

to negotiate a 5 ft. radius arc. For a wheelbase of 20 inches,

this angle is only .33 radian or about 19 degrees. Therefore, the

12



Figure4 TRICYCLE CORNERING

[NOTE SLIGHT WHEEL LIFT EVEN WITH THESE LOW STEERING ANGLES. ALSO NOTE
HOW RIDER LEANS IN TO HELP STABILITY IN RIGHT HAND PHOTOGRAPH.]

Figure5 TYPICAL TRICYCLE PLAY

{LEFT PHOTOGRAPH SHOWS A MODERATE CORNERING MANEUVER. RIGHT
PHOTOGRAPH ILLUSTRATES DOUBLE -RIDING.]
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stability boundary curves are shown for steering angle inputs of

15 and 30 degrees.

2. Fach vehicle is represented on the stability plot
by a bar extending between two values of speed. The lower value
is based on the computed speed of the unit when pedaled at a crank
rate of 60 rpm. This rotational velocity is generally considered
to be a comfortable rate. The higher value is the maximum speed
attained by a five year old, 40 pound girl in actual tests. All
units are stable at speeds lower than that indicated by the left
edge of the bar. All are seen to be stable at the "comfortable
speed"” tut the larger conventional designs are susceptable to
rollover at higher speed, even with small steering inputs.

3. The effect of rider leaning is not accounted for in
the equations. Two counteracting influences are present - the
rider cean lean into the turn in an effort to maintain the systemn
center-of-gravity inside the rollover axis, but this action is
inhibited in part by the presence of the rotated handle bars.
Clearly, if the rider leans outward (i.e., moves with the hand-
le bars) the stability problem is worsened.

L. Most tricycle designs utilize very small values of
caster offset (identified in the accompanying sketch) and, there-
fore, the change in the orientation of the rollover axis with
steering angle has been neglected. This effect, if it is present
to any significant degree, may be either advantagecus or detri-

mental tc stability, depending on the relative locations of the

1k
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point of intersection of steer axis with the ground and the front
wheel contact point.

5. In developing the limiting stability equation,
transient dynamics have been ignored. In effect, the stability
inequality states that if a net destabilizing moment exists, the
tricycle will eventually roll over if the condition is unchanged.
Two effects (again conflicting) are present. On the one hand,
energy must be added to the system in order to raise the c.g.
above the rollover axis. This is shown in the above sketch. The
required energy is supplied by the destabilizing moment acting re-
quired energy is suppled by the destablizing moment acting over

a period of time. On the other hand, the net moment

15



is increasing throughout this period because the upsetting moment
arm (h) is increasing while the restoring moment arm (initially,
a sin0") is decreasing. (See Figure 3)

6. The effect of rider weight on the value of the per-
formance parameter is seen to be relatively small. This is due
tc simultaneous increase in both the upsetting moment and the
restoring moment; although the vertical center-of-gravity of the
rider~tricycle system increases with increased rider weight, this
i1s to a large degree compensated by a rearward shift of the c.g.
For example, an increase in rider weight of 100% (from 30 to 60
pounds) on the 20-inch tricycle decreases the value of the sta-
wility parameter by only about 10%.

Unfortunately, increased rider weight and increased seat
height tend to occur together; as the child grows, his increased
leg length is accomodated by raising the seat. The stabillity
problem is thereby compounded (the system c.g. height is increased
because greater weight is located higher above the ground) and is
nitigated only in those designs in which the seat is also moved
aft as 1t is elevated. Most currently available units incor-
porate this feature.

T. Cross-slope riding and turning on grades represent
operating conditions which, under some circumstances, contribute
additional destabilizing rollover moments to the rider-tricycle
combination. The same tricycle design characterisitcs are in-

volved as in turning on a level surface (i.e., a low center-of-

16



gravity and a wide rear track are desirable) so the principal
effect of riding on a slope is to decrease the size of the safe-
operation envelope. Turns must be made at lower speeds and/or
smaller steering displacements must be used to stay within this

envelope.

2.2 Pitchover Stability

Stability parameters characterizing limiting motions in
the pitch plane of the tricycle, similer to the rollover parameter,
can also be devised. As developed in Appendix B, the pertinent
expressions for stability in the pitch degree of freedom are:

taneF = a/h

tanB@ g = b/h

whereeF and eR are downhill and uphill grade

angles and a, b, and h are as previously defined.

These equations ZIndicate that the tricycle will not pitch over
on grades with slopes less thaneF or eR'

Values of a/h and b/h for the test units were pre-
viously given in Table 3. They have been converted in Table L
to the limiting values of the angles of slopes for which pitch
stability is maintained. It can be seen that rider-only pitch
stability is not a problem with the test units - all are acceptable
on slopes of about 15 degrees or greater for all rider weights,
Although the rearward pitchover parameter is more sensitive to

rider weight than is the rollover parameter, adequate margin is

17



Table 4

CRITICAL SLOPE ANGLES FOR PITCHOVER

CRITICAL SLOPE ANGLES

RIDER-ONLY DOUBLE-RIDING
TEST UNIT O Og | O Og
T
VELOCIPEDE >
30 Ib. RIDER 30.0 19.0 - -
10 in. TRICYCLE
30 Ib. RIDER 30.0 15.5 31.0 75
40 Ib. RIDER 30.5 14.5 30.0 9.0
14 in. TRICYCLE
30 Ib. RIDER 28.5 24.0 320 11.0
40 Ib. RIDER 275 23.0 31.0 12.0
50 Ib. RIDER 26.5 22.0 30.5 12.5
20 in. TRICYCLE
30 Ib. RIDER 27.5 26.0 315 12.5
40 Ib. RIDER 26.0 24.5 30.5 13.0
50 Ib. RIDER 25.5 235 30.0 13.5
60 Ib. RIDER 25.0 23.0 29.0 14.0
UNDERSLUNG
30 Ib. RIDER 56.0 25.5 - -
40 Ib. RIDER 56.0 23.0 - -
50 Ib. RIDER 56.0 215 - -
60 Ib. RIDER 56.0 20.5 - -
TRACTOR
30 Ib. RIDER 49.0 30.0 _ _
40 Ib. RIDER 48.0 27.0
50 Ib. RIDER 475 25.0
60 Ib. RIDER 47.0 24.0

18




margin is available at all reasonable operating conditions.

2.3 Other Operational Considerations

In addition to the fundamental stability characteristics
in the roll and pitch degrees of freedom previously discussed,
operational safety of tricycles depends upon appropriate atten-
tion to a rumber of other factors concerned with design and
usage. A portion of this study was therefore devoted to examina-
tion of the interaction of these factors with safe operation.
These considerations are discussed below.

Passenger Effect

Several of the test wehicles incorporate steps over the
rear axles. Such designs invite the use of these steps for car-
rying a passenger, as shown in Figure 5 . Computations of the
effect of the passenger on the value of the stability parameter
for the three conventional-design tricycles were made for the
condition of a 40 1b. passenger. It was assumed that this weight
is centered over the rear axle with the passenger in a standing
position except for the case of the higher step on the 20 inch
unit,

For computation purposes, a fixed height for the c.g.
of 24 inches is used to determine the location of the system's
center-of-gravity. Coupled with the computations shown in Table
3 for the rider-only configurations, modified values for the

rider-passenger condition as shown in Table 5 can be calculated

19




using the method described in Appendix C. The effect of the
passenger is to raise the c.g. and to move it toward the rear.
If values of a'/h' as given in Table 5 are compared with values
of a/h taken from Table 3, it can be seen that the trend is to-
ward increased rollover stability although the effect is not
large. On the other hand, comparisons of values of b/h for the

two conditions show a marked loss in rearward pitchover stabili-

ty. (Table L) In addition, it is possible for the passenger to
the system center-of-gravity even further toc the rear by flexing

at the knees or hips (as shown in Figure 6).

Figure 6 INCREASED REAR PITCHOVER MOMENT

20



Table 5

COMPUTED CENTERS-OF-GRAVITY FOR CONVENTIONAL
TRICYCLES (DOUBLE-RIDING)

RIDER

WEIGHT A’ h’ A'h’ b’ b’/h’

TEST UNIT {ibs) {in.) (in.) (in.)
10in. TRICYCLE 30 135 22.7 0.50 3.1 0.136
40 13.2 22.7 0.58 3.5 0.154
14 in. TRICYCLE 30 15.1 24.3 0.62 4.6 0.189
40 14.7 24.6 0.60 5.2 0.212
50 144 24.6 0.585 55 0.224
20 in. TRICYCLE 30 15.8 25.7 0.615 5.7 0.222
(LOWER STEP) 40 15.4 26.2 0.59 6.1 0.232
50 15.1 26.6 0.57 6.4 0.240
60 14.9 26.8 0.555 6.6 0.246
20 in. TRICYCLE 30 13.7 27.7 0.495 7.8 0.282
(UPPER STEP) 40 13.5 28.0 0.485 8.0 0.286
50 13.4 28.3 0.475 8.1 0.286
60 13.3 28.4 0.47 8.2 0.290
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Pedal crank and pedals

A condition which shows up in a significant number of
tricycle accident cases is the rider's foot slipping from the
pedal. Several factors can contribute to this situation.

) Pedal material - the use of a material on the pedal
which provides a high coefficient of friction with most
shoe sole materials should be a regulated responsibili-
ty of the manufacturer. Furthermore, designs which em-
phasize pedal integrity and/or render the tricycle

inoperable if the pedal friction material is lost should

be encouraged.

° Children should be advised to ride their tricycles only
when wearing foot covering. This is especially true for
units with spoked wheels because of the dangers of

catching a toe between the wheel and fork assembly.

Seat Height

It is recommended that consideration be given to specify-
ing fixed seat height. This serves the purpose of assuring that
the seat is always properly aligned with the frame of the unit
and it removes the possibility of having insufficient penetration
of the seat post in the frame. It also fixes one of the variables
in the stability parameter (center-of-gravity height, at least to
the extent that this is a function of seat height) and therefore

facilitates demonstration of compliance if a stability standard
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is adopted.

Steering Angle

The peossiblity of improving safety of operation by re-
stricting the available steering angle by mechanical stops has
been considered. A variation of this approach (which is intend-
ed to perform the same function - inhibiting the range of steer-
ing) by reducing handlebar width has also been proposed. Although
Flgure 2 clearly shows steering angle to be a significant variable
in rollover stability, it is the combined steering angle - speed
function which causes rcllover. At very low speed, large angles
are permissable and this capability is even desirable for maneu-
vering in small areas. Thus, restrictions on steering angular
freedom to values as low as those indicated by Figure 2 to be
necessary for unconditional rollover stability (i.e., in the re-
gion of + 10 degrees for some units) would seem to be inappropri-
ate from the standpoint of overall utility of the toy. Never-
theless an unrestricted range of steering motion is not warranted
and based on observations made during this program, this motion
might reasonably be limited to certainly less than + 90 degrees.

Handlebars

One of the problems with curved handlebars which was
observed in the test program is that of forcing the rider to lean
out of the turn, a condition which tends to promote tipover. In
effect, the rotation of the steering mechanism causes the hand

grips to intrude into the rider space forcing the rider to lean
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away. Fieure 7T shows this effect. A good design from this
standpoint is the straight bar configuration and positive grip

handles used on the 14 inch tricycle illustrated in Figure 8.

2.4 Summary of Tricycle Studies

Stability parameters involving design characteristics
of three-wheel vehicle toys coupled with rider physical measure-
ments have been derived. Numerical evaluations of these para-
meters indicate that unstable performance, particularly rollover-
while-turning, can occur well within the operational envelopes
of many currently available units. In this respect, the tricycle
of standard design, especially in the larger sizes, appears to be
most culpable. The analytical and experimental results of the
tricycle study may be summarized as:

1. The tricycles of traditional design have values for
the rollover stability parameter which fall within a very narrow
range and which are essentially independent of manufacturer.

2. At comfortable speed (equivalent to pedal crank
rotational rates of 60 rpm) and steering angles (producing equi-
valent radii of turns in the neighborhood of six feet), all test
units are stable.

3. All units of traditional design are capable of being
rolled over at realizable speeds and steering angles.

L. The rollover stability parameter is only weakly

sensitive to rider weight for practical ranges of the weight of
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Figure 7 HANDLEBAR DESIGNS — STEERING MOTION
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Figure 7 (Cont.) HANDLEBAR DESIGN — LARGE ANGLE STEERING

Figure 8 EXAMPLE OF STRAIGHT HANDLEBAR DESIGN
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users.

5. In the rider-only mode of operation, all tricycle

models with 40 1b. riders have adequate pitch stability on grades

up to 15 degrees if the rider remains seated.

6. Unlike the condition for rollover (which is vir-
tually independent of rider weight), the rearward pitchover sta-
bility margin is reduced as rider weight increases. Even so, ex-
cept for the case of a large child on a small tricycle, the grade
producing rear pitchcver remains above 10 degrees.

7. The addition of a passenger riding on the rear step
reduces rearward pitchover stability margin - especially with the
smaller tricycles and lower weight riders (drivers). Limiting
grades as low as 7.5 degrees have been calculated for some con-
figurations (10 inch tricycle, 30 1b. rider, 40 1b. passenger in

upright position),
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3.0 MINIBIKES

The objective of the minibike study was to obtain pre-
liminary information on minibike operational safety - specifical-
ly, braking, accelerating and cornering stability on smooth level
ground. Attention was also given to the structural integrity,
placement of controls, rider position effects, etc.

The approach used was a combined experimental and ana-
lytical effort. Detailed measurements of the physical character-
istics of seven test minibikes were made. These data were used
to estimate the variability in minibike design, to determine the
configuration of each minibike which Would subsequently be re-
lated to the full scale test results, and to provide a basis for
computer simulation studies. Full scale experimental tests were
then performed. Each minibike was thoroughly tested in several
braking, acceleration and cornering maneuvers by an experienced
minibike rider. A previously developed digital computer simu-
lJation of two-wheel vehicles was used to study the effects of
certain design parameters (wheelbase, caster angle, fork offset,
etc.) on minibike stability.

The following sections cover the methods, results and

conclusions of these experimental and analytical efforts.

3.1 Measurements of the Physical Characteristics of Minibikes

Six minibikes were purchased for use as test vehicles
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for this program. (Figure 9) A seventh vehicle, owned by Calspan,
was also used. The test vehicles, selected from a survey of more
than 75 minibikes and 25 manufacturers, represent a broad range of
minibike designs. ©Such characteristics as weight, wheelbase, tire
diameter, seat height, and suspension type were considered in se-
lecting the vehicles. Two vehicles were representative of the
average minibike size (wheelbase, tire diameter) and the other
four were extremes in size and weight. Four front/rear suspension
types were represented: 1rigid front and rigid rear, single ex-
ternal spring front and rigid rear, telescopic front fork and
rigid rear, and telescopic front fork ard swing arm rear.
Experimental measurements were made to determine the
physical characteristics of each minibike. These data included
weights, dimensions, and mass moments and products of inertia of
the major minibike components (frame, front fork, and wheels).
Weight measurements were obtained with the use of a
platform scale having a resolution of + 0.1 1b. Linear dimensions
were measured with scales having a resolution of + 0.05 inch.
Angular measurements were obtained with a vernier inclinometer
having + 1/2 degree resolution. In some cases, specific dimen-
sions were obtained by calculation using other measured parameters.
The longitudinal position of the center of gravity of the total
vehicle was calculated from measurements of the front-rear wheel

weight distribution and the wheelbase dimensions, while the
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37 INCH WHEELBASE
10 INCH WHEELS

(SCRAMBLER)

32 INCH WHEELBASE
4 INCH WHEELS

{HORNY TOAD)

36 INCH WHEELBASE
6 INCH WHEELS

(TRAIL FLITE)

Figure 9a TEST UNITS (MINIBIKES)
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30 INCH WHEELBASE
8 INCH WHEELS
(MMSA)

35 INCH WHEELBASE
8 INCH WHEELS
(MIN! TRAIL)

40 INCH WHEELBASE
5 INCH WHEELS

{CHARGER)

Figure 9b TEST UNITS (MINIBIKES)
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vertical c.g. position was located by finding the intersection of
the vertical axis through the c.g. and a vertical line projected
from the point of suspension of the inclined frame. Each minibike
was suspended from several individual points such that & measure-
ment accuracy of + 1/8 inch was obtained. Measurement of the c.g.
position of the front fork assemblies was determind by suspending
each assembly in a horizontal plane at its balance point.

The moments and products of inertia of the total vehi-
cle, the front fork assembly, and the tire/rim assembly were ex-
perimentally determined using a torsional pendulum. Each test
mass was attached to a long slender rod of known torsional stiff-
ness. The system was set into angular motion and the period of
cscillation was measured. A single oscillatory degree of free-
dom was maintained by placing a bearing just above the test element
to prevent radial movement of the torsion rod. The majority of
test components were simply attached to the rod and calculation
of the moment of inertia was straight forward. In cases where
fixtures with significant inertia had to be fatricated to secure
the components, appropriate corrections were applied to the ex-
perimental data. Figure 10 contalins photographs of typical tests.

Tables 6 show the physical characteristics of the seven

minibikes. The radial stiffness of the tires was not measured
but was assumed to be 2001b/in. Also shown in each page of the
table are characteristics of a typlcal rider. All data are shown
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Z2-Z AXIS MOMENT OF INERTIA OF COMPLETE UNIT

Y-Y AXIS MOMENT OF INERTIA OF FRONT FORK ASSEMBLY

Figure 10 MINIBIKE MOMENT-OF-INERTIA MEASUREMENTS
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PHYSICAL CHARACTERISTICS OF THF HORNY TOA)

WHEELBASE (IN) 32.00 WELGHT UF RIDFR (LAY

TOTAL WEIGHT UF BICYCLE (LB) 65.30 LICATION OF RINER CT.G. FORWAKD
JF KEAR ~HEEL CENTER (IN)

LOCATION OF TOTAL BICYCLE C.G. 14.10

FORWARD UF REAR WHEEL CENTER (IN} HEEGHT OF RIDER C.5. ABOVE SRUYND (IN)
LOCATIUON OF TOTAL BICYLLE C.G. 10.30

HE{GHT OF SADJILE ARQVE GRIUND (IN)
ABQOVE GRUUND (N}

KULL MOMENT DOF INERTIA 0OF RIDER AROUT

ROLL MOMENT OF INERTLA OF THE TOVAL BICYCLE 8.04 AN AXIS THROUGH HIES C.Ge (LB=IN-SEC 5Q)

ABOUT AXIS THROUGH TOTAL C.G. {LB-IN-SEC SQ}
PITCH MOMENT OF INERTIA OF THt TOTAL BICYCLE 22.30
ABOUT AXIS THROUGH TOTAL C.G. (LB-IN-SEC SQ)

PITCH MOMENT OF INFRTIA 0OF <IDE@ ABNUT
AN AXIS THRUUGH HIS C.G. (LB=IN-SEC S5Q)

YAR MOMENT UF INERTIA OF kIJE2 ARDUT

YAW MOMENT OF INERTIA UF THt TOTAL BICYCLE 16.80 AN AXIS THROUGH HIS C.G. (L3-IN-5€C SQ)

ABOUT AXTS THROUGH TOTAL C.G. (LB-IN-SEC SQ)

ROLL=-YAw PRODUCT UF INERTIA DF RIDER ABNUY

ROLL-YARW PRODUCT OFf INERTIA UF THF TOTAL BICYCLE 1.94 AN AXIS THRUUGH HIS C.G. (LB-IN-5EC S9)

ABOUT AX1S THROUGH TOTAL C.G. (LB-IN-SEC SQ)

WEIGHT OF FRONT FORK ASSEMBLY 11.90

CASTER ANGLE 0OF THE STEER AXIS (DEG)
{FORK,WHEEL yAND HANOLE BARS},{LB)

FORK OFFSEF (IN}
PERPENDICULAR DISTANCE FROM C.G. OF FRONT 2.50

FORK ASSEMBLY 70O STEER AXIS CIN} UNDFFLECTED WwHFFL ROLLENG RADIDS (1IN)
DISTANCE PARALLEL TO STEER AX|S FROM C.G. OF 8.88

TIRE SECTION oIDTH (IN)
FRONT FORK ASSEMBLY TOU FRONT WHEEL CENTER (IN)

RANTAL STIFFNESS OF TIKE (LRZIN)
ROLL MOMENT OF INERTIA OF FRONT FNRK

ASSEMBLY ABOUT AN AXIS PERPENLICULAR TU THE 3.80 SPIN MOMENT OF

INFRYLA DF THE FRUNT
STEER AXIS THROUGH C.G. 0F ASSEMBLY (LB-IN-SEC $SQ)

wHEEL {LB~IN-SFC SQ)

PITCH MOMENT UF INERTIA Lk FRUNT FORK
ASSEMBLY ABOUT AN A XIS THRUUGH THE C.C. 3.29
OF THE ASSEMBLY (L8-IN-5FC SQ)

SPIN MUMENT OF INERTIA UF THF <Ak
WHEEL (L3~IN-STC SO}

YAW MUMENT UF INERTLIA QF FRONT FORK 0.69
ASSEMBLY ABOUT THE STEER AxI> (Lo-IN-SEC SQ)
ROLL-YAw PRUDUCT OF INERTIA NF FRONT

FORK ASSEMBLY ASUUT AN AX1S THKIUGH U.12
THE C.G. JF THE ASSEMBLY (L3-IN-SFC S

Table 6: MINIBIKE PHYSICAL CHARACTERISTICS
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9.50

29.60
21.60

?7.80

319.90
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PHYSTCAL CHARACTERISTECS OF THE (HARGER

WHEELBASE (IN)
TUTAL welorT UF BICYCLE (LB)

LCCATION OF TOTAL sICYLLE CuG.
FORWARD OF REAR wHEEL CENTFR (IN)

LOCATION OF THTAL diCYCLE CaGo
ABOVE GROUND (TN}

ROLL MOMENT OF [INERILA& UF THE TOTAL BICYLLE
ABUUT AXIS THRUUGH TUTAL C.G. (LB-IN-SFC Sa)

PITCH MOMENT UF INERTEA OF THF TDTAL BICYCLE
ABOUT AXIS THKOUGH TOTAL C.u. (LB-IN-SEC SQ}

YAwW MOMENT OF INERTIA UF THE TOTAL BICYCLE
ABOUT AXI[S5 THROUGH TOTAL C.os (LB-IN-SEC SQ)

ROLL-YAw PRUDUCT UF [NtRTIA OF THE TOTAL BICYCLE
ABOUT AxIS THROUGH TITAL C.3. (LA-IN-SEC SQ)

WEIGHT OF FRONT FUKK ASSEMBLY
{FORK, wHEEL y ANU HANDLI 8ARS ), (LB)

PERPENDICULAR UISTANCE FRUM C.G. OF FRONT
FORK ASSEMBLY TO STFER AxIS C(IN)

DISTANCE PARALLEL TU STebRrR AXIS FROM C,G. UF
FRONT FUKRK ASSEMBLY 11 FRONT wHEEL CENTER (IN)

ROLL MOMENT OF INERTIA (JF FRONT FORK
ASSEMBLY ABGUT AN AXLYS PFRPENGICJULAR TQ THE
STEER AXIS5 THRUULA Ce5. UF ASSEMABLY (LB-IN-SEC S3)

PLTCH MUMENT b INERTIA LF FRIUNT FORK
ASSEMBLY ABQUT AN AXI[> ThHRUUGH THE C.G.
OF THE ASSEMBLY (LB-IN=SfC §Q)

YAW MOMENT GOF INERTIA 6 FRINT FURK
ASSEMBLY AQUUT TwHe STIek AXES (LA-IN-5€C 5Q)

ROLL-YAw PHRIDUCT UF ENERTLA OF FRONT

FURK ASSEMABLY AdIUT AN AXTS THROUGH
THE C.G. UF THt ASSEMELY (L3-IN-SFC Swi

Table 6 (Cont.):

40.10
712.30

18.00

11.50

11.00

40.30

32.30

3. 14

6.2%

J.59

6.22

36

WEIGHT OF RIDER (LB}

LICATION OF RIDER L.G. FORWARD
OF REAR wHEE. CENTER (1IN}

HEIGHT OF RIDER T.5. ABOVE GROUND (IN)
HELGHT OF SADDLE ABOVE GROUND (IN)

ROLL MOMENT JF INERTIA OF RIDER ABOUT
AN AXIS THROJUGH HIS C.G. {(LB-IN-SFC $Q)

PITCH MOMENY OF INERTIA OF RIDER ABOUT
AN AXIS THROUGH HIS C.G. (LB-IN-SEC SQ)

YAWM MOMENT OF INERTIA OF RIDER ABOUT
AN AXIS THROUGH HES C.Gs (LAR-IN-SEC $Q)

ROLL-YAw PRODUCT OF INERTIA OF RIDER ABOUT
AN AX!S THROUGH HIS C.G. (LB-IN-SFC SQ)

CASTER ANGLE OF THE STEER AX1S (DEG)
FORK OFFSET [IN}

UNDEFLECTED WwHEEL ROLLING RADIUS (IN}
TIRE SECTION wiIDTH (IN)

RADIAL STIFFNESS OF TIRE (LB/IN)

SPIN MOMENT JF INERTIA OF THE FRONT
WHEEL (LB-IN-SEC SO}

SPIN MOMENT JF INERTIA OF FHE REAR
WHEEL (LB-IN-SEC ST}

MINIBIKE PHYSICAL CHARACTERISTICS

107.00

13.50

31.30

23.30

27.80

39.90

18,40



PHYSICAL

WHEELBASE (IN}
TOTAL MEIGHT UF BICYCLE {LB)

LOCATIUN OF TUTAL BILYCLE C.G.
FORWARD OF REAR wHEEL CENTER (IN)

LOCATION OF TUTAL BICY(LE C.u.
ABOVE GROUND LIN}

ROLL MOMENT OF INEKTIA OF THE TUTAL BICYCLE
ABUUT AXIS THRUUGH TOTAL C.u. (LB-IN-SEC $Q)

PLVCH MUMENT OF INERTLA OF THt TOTAL sICYCLE
ABUUT AXIS THROUGH TOTAL C.G. (LB=IN-SEC SQ)

YAW MOMENT OF INERTIA UF THE TOUTAL BICLYCLE
ABOUT AX IS THRUUGH TOTAL C.G. (LB-IN-3EC SQ)

ROLL-YAw PROODUCT UF INERTIA OF THE YUTAL BICYCLE
ABOUT AXIS THROUGH TOTAL C.G. [LB-IN-SEC S5Q)

WEIGHT OF FRONT FORK ASSEMBLY
(FORK, WHEEL ¢ AND HANDLE BARSIH,{LB)

PERPENDICULAR DISTANCE FROM C.G. OF FRONT
FORK ASSEMBLY TU STEER AXLS (LN}

DISTANCE PARALLEL TO STEtR AXIS FRUM L.G. CF
FRONT FURK ASSEMBLY TU FRUNT wrEEL CENTER {(IN}

ROLL MOMENT OF INERTIA OF FRUNT FORK
ASSEMBLY ABOUT AN AXIS PERPENDICULAR TO THE
STEER AX1S THRUUGH (.G. UF ASSEMBLY (LB-IN-SEC SQ)

PITCH MOMENT OF INERTIA OF FRONT FURK
ASSEMBLY ABUUT AN AXIS THROUGH THE C.UG.
OF THE ASSEMBLY (LB-IN-S5EC S

Y AW MOMENT OF INERTIA Of FRONT FORK
ASSEMBLY ABUUT THE STEER AXIS (LB=IN->EC SQ)

ROLL-YAw PRUDUCT uJF INERTIA UF FRONT

FORK ASSEMBLY ABOuT AN AXIS THRUUGH
THE C.G. OF THE ASSEMBLY {LB~IN-SEC 5v)

Table 6 (Cont.):

CHARACTERISTICS GF THF TRATL FLITE

36.00

13.20

15.30

12.00

10.70

40.60

33.10

-1.70

16.80

Qe 77

37

WELGHT OF RIDER (L2)

LUOCAT ION JF KIDER Cufie FORWAK)
OF KFAR wHDEL CENTEX {iN)

HEIGHT UF PINER Cone AROVE GRJIIND LIN)
HEIGHT OF SANDLE ARCYE SKUUND CEND

KULL MUMENT UF IRERTEA NOF RTIER ABNUT
AN AXTS ThROUGH ALS Za5. (Ls=-[N=-SEC SJ)

PITCH MOMENT OF INFRTIA {F KIDLR AHCIT
AN AXES THRIYGH HIS Cobe (LA-IN->HD SQ)

YAW MIOMENT OF INFRTEA (F @10ER AsOUT
AN AX1S THROUGH RIS C.lL. (LB-IN=SFC SGH

ROLL-YAw PRONDUCT OF [NFwTfA CF RINDER ABNUT
AN AXLS THRAOUGH HIS (6. (LN-EN-SFC S

CASTER ANGLE oF THE STEF& AXTS {DEG)
FURK OFFSET (N}

HUNNDEFLECTED wHEEL RKULL ING RADTUS CING
TIRFE SECUIDN SINEH (INY

KADLAL SHIFFNESS OF T1&F (t3/1N)

SPIN MOMENT UF INERTIA Ok THE FRINT
wHEEL (Li-TN=-SFC SC}

SPEN MOMENT GF INFRTIA OF THF kAR
wrb L fLn=1N=3RL SJ)

MINIBIKE PHYSICAL CHARACTERISTICS

132.00

19,00

32.99

24,90

27.80

19.90

ta.40

17.80

1.50



PHYSICAL (HARACTERISTICS

WHEELBASE (IN)
TOTAL wtlLHT OF BICYCLLE (L8)

LOCATIUON JF TUTAL diCYCLE C.u.
FORWAKD UF REAK WHEEL CENTER (IN}

LOCATIUN UF TUTAL BICYCLE CueGa
ABUYE GRUUNL (IN)

ROLL MOMENT OF INERTIA OF THE TOTAL BICYCLLE
ABOUT AX1b> THRUUGH TNTAL Ceu. (LB-EN-SEC SQ)

PLTCH MUMENT UF INERTLA OF THE TUTAL BICYCLE
ABOUT AX1S THRUUGH TATAL C.G. (LS3=-IN-SEC SQ)

YAW MOMENT OF INERTIA UF THE TCTAL BICYCLE
ABOUT AXIS THROUGH TOTAL (.. (LHB-IN-SEC SQ)

ROLL-YAw PRODUCLT OF INERTIA OF THE TOTAL B{CYCLE
ABOUT AXIS THROUGH TOTAL C.Ge (LB=IN-SEC SQ)

WEIGHT OF FRUNT FORK ASSEMALY
{FURK yWHEEL v AND HANDLE BARS),(LB)

PERPENDICULAR DISTANCE FRUM C.GL. OF FRONT
FORK ASSEMBLY TU STteR AXiS [INY

OISTANCE PARALLEL JUL STEEK AXIS FRUM C.G. CF
FRONT FURK ASSEMBLY TU FRUNT wWHEEL CENTER (IN)

ROLL MOMENY UF [NEXTIA uF FRUNT FORK
ASSEMBLY ABOUT AN AXIS PEKRPENDICULAK TO THE
STEER AXIS THRUUGH C.G. GF ASSEMBLY (LB-IN-SEC Su)

PATCH MUMENT OF INERTIA OF FxONT FURK
ASSEMBLY ABOUT AN AXIS [HRUUSH THE C.G.
OF THe ASSEMBLY {Lo-1IN-tC SJb

Y AW MUMENT OF INERTIA 7 FRONT FORK
ASSEMBLY A80uUT The STtok AXLS (Ld=IN-5+0 SQI

ROLL~YAw PRQUUCT UF INERTIA OF FRONT

FORK ASSEMBLY AdUUT AN AXIS THRUUGH
THE C.Ga JF THE ASSEMBLY (LB-IN-StC S&)

Table 6 (Cont.):

6.3V
.30

19.20

£3.10

13,10

.20

$0.T0

- 3.le

17.60

1.63

9.00

38

fiF TrHE SPUILER

WETSAT Ok wIDFR LY

LUCATEIN Jr «I0tRr C.he flinasl)
UF RFAR wr"FL CENTER (IN)

HEIGHT OF «IDER (.G, ARDVE OGRO0ND (TN
HELGHT JF 5ADILE ABOVE S&UGNG ([H)

QULL MUMENT OF [NERTIA OF 2100R ABNUT
AN AXTS THRuUSH SIS .5, (Ld=IN->rl Sq)

PITCh MOMERT JF INERTIA D RINER ABUIT
AN AXTS THROUGH HIS Cote (1A-1IN-SF0 300

YAn MOMENT GF INFRTIA UF RIJER ARDUT
AN AXTS THEOUGH HIS CuGae (L3-IN=->E0 32)

RILL-YAw PvUDUCT OF INERTLA OF 2UNEx ASGUT
AN AXIS THEOUGH HIS CoGa. (LA=IN-SfL SO

CASTEL ANGLE OF THF STEE R Ax1S {OF )
FURK UFFSET {IN})

UNODEFLECTEF wHrtl RuUbL NG VADIUS (IND
TIR: SECTICN wINTH (IN)

RAUTAL STIFFNESS OF TIWE (Ln/1N)

SPIN MUMENT UF INERTIA F THe FRINT
wHEEL (LB-IN-SeC SO

SPIN MOMENT OF INFQTLA 1°F T=F RFA&&
mAFEL (Ud-TIN=5TC S2)

MINIBIKE PHYSICAL CHARACTERISTICS

132400

11.0¢

3249

24,80

27.30

317,903

1840




PHYSTCAL CHARACTERTISYICS UF THT SCRAMHLIW

WHEFLBASE (LN}
TOVAL wEluHT OF BICYCLE (L8)

LOCATION QF TOTAL BICYCLE (.G
FORWARD UF REAR wHEEL CENTEK (IN)

LOCATIUN OF TuTAL BICYLLE C.G.
ABUVE GRUUND (N}

ROLL MOMENT OF [NERTIA UF THE THOTAL BICYCLE
ABUUT AXIS THROUGH TUTAL C.Ge. (LB-IN-SFC SQI

PETCH MOMENT OF INERTIA OF THE TOTAL dICYCLE
ABOUT AXIS THROUGH TOTAL C.u. (Lg=-IN-5tC SQI

YA« MOMENT OF INEsTIA UF THE TUTAL BICYCLE
ABUUT AXIS THRUUGH TOTAL C.ue (LB-IN-SEL SQ}

RULL-YAW PRODULT OF INERTIA OF THE TUTAL RICYLLE
AdUUT AXIS THROUGH TUTAL C.G. (LB-IN-SEC S«l

WEIGHT UF FRUNT FORK ASSEMBLY
(FURK,WHEEL ¢ AND HANDLE HARS), (LB}

PERPENDICULAR DISTANCt FRUM C.G. UF FRONT
FORK ASSEMBLY TU STEEK AXIS (1IN}

OISTANCE PARALLEL YO STFER AXIS FROM (.G. UF
FRONT fURK ASSEMBLY TG FRONT wHebL LENTER (IN)

ROLL MOMENT OF INcRTIA OF FRONT FORK
ASSEMBLY ABOUT AN AXES PERPENDICULAK 10 THE
STEER AXIS THROUGH C(aG. UF ASSEMBLY (LB-IN-SEC S4)

PLTCH MOMENT (OF INERTIA CF FRONT FORK
ASSEMBLY ABOUT AN AXLS THRJUGH THE C.0G.
Of THE ASSEMBLY [LB-IN-SEC S3)

YAwW MUMENT OF INERTEA UF FRUNT FURK
ASSEMALY ABOUT THe STEER AXIES {(LA-IN-5EC SQ)

ROLL-YAa PRUDUCT OF INExTIA OF FRUNT

FURK ASSEMBLY ABOUT AN AXI> THR.IUGH
THE C.Go OF THE ASSEMBLY (LB-IN-SEC 32)

Table 6 (Cont.):

37.00
1U0.00

16,30

13.50

la. 60

H4,.40

43.50

-l.8v

BeS6

b4l

Loy

—Uabn
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wEIGHT O+ RIDER (LB}

LUCATIUN UF wlDER C.i, FLRaARD
UF REAK wHECL CENTER CIND

HeloRT 18 FIO0KR Lob. ARIVE SROONT (IN)
HELGHT UF SADULE ARIWE LEHING EIN)

RULL MUMENT NOF [NERTIA LF o« [De ARJUT
AN AXTDS THROUGH HIN CoGe (Ld=Lv-3FC $3)

PITCH MUMENT JF INFOTIA 7F {DER AROUT
AN AXTS TARJLGH HIS Labe (LH3=IN-SFC SO

YAW MIMENT JF INERTEA NF RINER ABOUT
AN AXES THRUUSGH HES CaGe (LB-IN=3EC S9)

ROLL-YAn PRUDUCT OF INEKTTA NE R10ck AROYT
AN AXLS THROUGH KIS C.ba (LB-TN-SFC SQ)

CASTER ANGLR 'IF THE STFEF AXIS {DEG)
FORK IFFSET (IND

UNDERLECTEDR wHEEL ROLCINS 2AT)S (INY
TIRF SECTICN wiDTH (IN)

KADTAL STLFFNESS 9F TISt (LS/EN)

SPIN MOMINT 2F [NEETIA 0 140 = 20NT
WHEFL (Li—TN=SEC >o)

SPIN MUM: NT 13F INFKRTIA - THg <FaAv
wHEEL tLo=-IN=5:C S,

MINIBIKE PHYSICAL CHARACTERISTICS

132.00

6,00

36.00

26430

?27.80

319,90

18,40

a.a2



PHYSICAL CHARACTERISTICS OF THE MMSA

wHEELBASE (IN)
TUTAL wtIGHT GF BICYCLE (LB}

LOCATION OF TUTAL HICYCLF C.G.
FORWARD OF REAR wHEEL CENTER (IN)

LOCATIUN UF TUTAL BICYCLE (.G,
ABOVE GKUUNUD (IN}

ROLL MUMENT 0f INLxTIA OF THF TUTAL BICYCLE
ABUOUT AxI5 THROUGH TOTAL C.G. (LB-IN-SEC SQ)

PITCH MUMENT OF INERTIA UF THE TOTAL BICYCLE
ABQUT Ax1s THROUGH TUTAL C.G. (LB-IN-SEC SQ)

YAW MOMENT OF INERTIA 0OF THE TOTAL BICYCLE
ABOUT AXxI1S THROuLH TDTAL C.G. (LB-IN-SEC SQ)

ROLL-YAw PRODUCT OF INERTIA OF THE TOTAL BICYCLE
ABOQUT AxiSs THROUGH TOTAL C.G. (LB-IN-SEC SQI

WEIGHT OF FKUNT FURK ASSEMBLY
{FORKywHEEL » AND HANDLE BARS)H,(LB)

PERPENUICULAR DISTANCE FRCM C.G. OF FRONT
FORK ASSEMBLY TO STtfk AXIS (IN)

DISTANCE PARALLEL TO STFER AXIS FROM C.G. GF
FRONT FURK ASSEMBLY TU FRUNT WHEEL CENTER (IN)

ROLL MOMENT GLF INERTIA UF FRUNT FORK
ASSEMBLY ABUUT AN AXIS PERPENDICULAR TU THE
STEER AXIS5 THROUGH L.G. UF ASSEMBLY (LB~IN-SEC SQ)

PITCH MUMENT UF INERTILA OF FRONT FORK
ASSEMBLY ABUUT AN AXI[S THROUGLH THE C.G.
OF THE ASSEMBLY {LB-IN-SEC 5Q}

YAW MOMENT UF INERTIA UF FRUNT FORK
ASSEMBLY ASUULT THe 5TEER AXIS (LB~IN-SEC SQ)

ROLL-YAw PRUGUCT UF INERTTA 0OF FRONT

FORK ASSEMBLY AuuT AN AXIS THROUGH
THE C.G. JF THE ASSEMALY (LB-TN-SEC S&!

Table 6 (Cont.):

30.00
57.30

13.80
10.30

5.25
l6.90
13.70

=l.l6

044

Lo

WEIGHY OF RIDER (L8)

LUCATION JF RIDER C.G. FORWARD
OF REAR wHEEL CENTER (IN}

HEIGHT OF RIDER C.G. ABOVE GROUND (IN}
HEIGHT OF SADDLE ABOVE GROUND (IN)

ROLL MOMENT OF INERTIA OF RIDER ABOUT
AN AXTS THROUGH HIS C.5. {LB-IN-SEC SQ)

PITCH MOMENT OF INERTVIA OF RIDER ABOUT
AN AXIS THROUGH HIS C.G. (LB-IN-SEZ SQ)

YAW MDMENT OF INERTIA OF RIDER ABOUT
AN AXIS THROUGH HIS C.G. (LB-IN-SET SQ)

ROLL~YAW PRODUCT OF I[NERTIA DF RINDER ABOUT
AN AX[S THROUGH HIS C.G. (LB-IN-SEC SQ)

CASTER ANGLE OF THE STEER AXIS tDEG)
FORK OFFSET (IN)

UNDEFLECTED WHEEL ROLLING RADIUS (IN)
TIRE SECTION wWIDTH {IN)

RADPAL STIFFNESS OF TEIRE {(LB/IN}

SPIN MOMENT OF INERTIA OF THE FRONT
WHEEL (LB-[IN-SEC SQ)

SPIN MOMENT OF INERTIA OF THE REAR
WHEEL (LB-~!IN-SEC SQ)

MINIBIKE PHYSICAL CHARACTERISTICS

25.90
i7.90

27.80

39.90

18.40



PHYSITCAL CHARACTFRISTICS UF THE MINI-TRATL

WHEELBASE (1In)

15420 wELHHT NEEIDER (LA) 132.00
TOTAL WEIGHY OF BICYCLE (LnW) 117,00 LUCATION OF RINER ToUe FUZmARD 13.50
OF REAR aHbel CENTER CIN}
LOCATION OF TOTAL BICYCLE Coie i9.5C
FORWAKU OF KEAR wHEEL CLeNTER (IN) HETOLRT LE RIDIFR Cufh, ARJVE SROUND CINY 12,130
LOCATION OF fuTaL SICYCLE Cuse. 13,50 HELGHT UF S ACOLE ARUVE trUUND T 24,30
ABUVE GROUND (EN)
FOLL MOMENT GF INERTIA OF 2 [DER A40yT 27,49
ROLL MUMENT OF INERTIA OF THE [OTAL KICYCLE 13.79 AN AXES THXGUGH SIS (e (LR=IN=SEC SO
ABOUT AXIS THROUGH HUTAL Ceo. (LB-IN-SEC SQI
PLTCH MOMENT UF INERTTA ©F 2102 ALOYT 49.90
PITCH MOMENT OF [NERTIA UF THE TOTAL BILYCLE ©9.29 AN AXTS THOUGA IS CoGe (L3-IN-Sc0 S5}
ABOUT AXIS THROUGH TJTalL (.5, {Le=IN-5FC 530
YAw MIMENT OF INpKTIA (F KIDER 8g700T 14,40
YAW MOMENF OF INEKTIA UF THE TUTAL BICYCLE 39.9u AN AXTS THRODAM #IS £.6, LLA-IN=SEC S
ABOUT AXIS THRUUGH TOTAL Ce.u. (LB=1N->FC SQI
RULL-YAW PROJUCT OF INFRTTA OF R10F% A3ygT 2.0
ROLL-YAw PRUDUCT UF INERTIA (F THE TOTAL BICYLLE -l.58 AN AXTS THOUSH HES C.Ge (LA-IN-5FT 82)
ABOUT AXIS THRGUGH TUTAL Ceus (LA-IN-5EC SQ)
MEIGHT OF FRONT FORK ASSEMALY 25,40 LASTER ANGLE W TAr SThbrx ax1S €3r o) . 25.00
{FURK ) WHEEL ¢ AND HANULE BARS) (LA}

FORK OFFSET {IN) 1.50
PERPENDICULAR UISTANCE FkuM (.bL. UF FRONT 1.50

FURK ASSEMBLY TO STEER AX[S (DN}

UNDEFLECTED mAEEL SOLL NG <ADTUS (DN 7.50
DISTANCE PARALLEL TO STEER AXiS FRUM L.G. UF 9.25 TIRE SFCTHIN wIlOTH (INY .69
FKONT FDRK ASSEMBLY TO FRUNT wHEEL CENTER (N}

KADLAL STIFFNFSS O TR (1R/1N) 200,00
RULL MUMENT UF INERTTA CF FRONT FORK
ASSEMBLY ABOUT AN AXIS PHaPeNOICULAR 10 THE 6.87 SPIN AUMENT Uk INFSTIA OF THE bcand 2.5
STEER AXIS THROUGLH CoGa UF ASSFMBLY (LB-IN-SEL SJ} wHEEL (L3~ IN-5FC SQ)
PLICH MUMENT uF INDKTIA UF FRONT FORK SPIN MAMENT R EnbeTTA P THr ~-ak .67
ASSEMBLY ABOUIl AN AXIS THRUULH 1ntE CuGe Ga b} mHEEL (LY Th=5F0 S3)
OF THE ASSEMBLY (Lu=IN-StL SJ)
YA MOMENT OF INERTIA )k ERUNT bRk Lale

ASSEMBLY ApQul THe STErR AXDy (L#~IN=5EC S5Q)

ROLL=YAw PRUDUCT -3 INERTLA UF RONT
FURK ASSEMBLY ABJUT AN AXT3 THRUUGH e hn
THE CoG. OF THE ASSEMRLY (Ln=IN=5(C 2.1

Table 6 (Cont.): MINIBIKE PHYSICAL CHARACTERISTICS

L1



in the input format required for the computer simulation pro-

gram. (Section 3.3)
3.2 Full Scale Minibike Performance Tests

The full scale test program was concentrated on ob-
taining baseline performance data on minibikes which is an es-
sential early step in the formulation of standards. A direct
benefit of this work was the identification of several perfor-
mance factors which merit consideration as subjects for safety
standards. Emphasis was placed on the braking, accelerating,
and cornering stability characteristics on smooth level ground.
In addition, a special test was devised to simulate off-road
tump Jjumping. The full scale tests were performed by an ex-
perienced teen-age rider on the skid pad of the Calspan Vehicle
Experimental Test Facility. In all tests, objective measurements
0of performance were supplemented with subjective evaluations by
the rider (Appendix D). 16 mm motion pichures and still photo-
graphs were taken of all phases of the test program. Over 300
test runs were performed to obtain data on the operating envelopes
of each vehicle,.

The following is a description of the braking, ac-
celerating, steady cornering, and maneuvering tests which were
employed. Table 7 contains the resultant performance figures

for each minibike (except the MMSA which was not included in the

normal full scale tests because of its extremely small size).
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Table 7
SUMMARY OF FULL SCALE TEST RESULTS

‘ ] TRAILT ‘T MINI l
TOAD CHARGER FLITE SPOILER | SEF:IAMBLER TRAIL MMSA**

STOPPING DISTANCE FROM 15 MPH (ft) 13.7 14.0 14.3 ' 11.7 ]! 12.7 8.3 ——
EQUIVALENT DECELERATION (g'si 0.55 0564 0.53 L 0.64 ! 0.59 0.91* -
ELAPSED TIME TO TRAVEL 75 ft. FROM [

STANDING START (sec.) 5.6 5.8 4.6 4.2 -
EQUIVALENT AVERAGE ACCELERATION {g’s) 0.16 1 0.14 o 0.22 0.28 0.33 0.27 —
MAXIMUM SPEED WITH GOVERNOR (MPH) 21.2 ! 233 18.8 211 323 - ==
MAXIMUM SPEED WIDE OPEN THROTTLE (MPH) 26.0 “ 31.3 28.2 ‘ 245 335 27.9 12.0
MAXIMUM STEADY LATERAL ACCELERATION (g’s) 0.61 i 0.63 { 0.65 0.74 0.71 0.73 -
AVERAGE TIME THROUGH SLALOM COURSE (sec.) 204 20.0 } 191 18.2 | 18.2 18.7 -
AVERAGE NUMBER OF STEERING CORRECTIONS

THROUGH SLALOM E%RSE 24 24 [ 22 16 18 L 7 ’ ——

" USING FRONT AND REAR BRAKES SIMULTANEOUSLY [{REAR BRAKE ONLY: 16.3 feet {0.46 g), FRONT BRAKE
ONLY: 12.3 feet (0.61 g)].

“SEVERAL TESTS WERE NOT PERFORMED WITH THE MMSA MINIBIKE BECAUSE OF ITS LIMITED SPEED
CAPABILITY.



Table 8 contains descriptions of the types of brake mechanisims,

control levers, engine sizes, tires, etc. used on each minibike.

Braking Tests

Stopping distances from a speed of 15 mph were measured
using a pace car with a calibrated speedometor for accurate speed
contrcl, All minibikes tested had rear wheel brakes only except
the Minitrail which had both front and rear wheel brakes, All
rear wheel brakes had left hand lever controls except the Mini-
trail which had a right foot control for the rear wheel brake
and a right hand lever control for the front wheel brake. On
all minibikes the brakes were sufficiently effective to lock
the rear wheel. Therefore, the braking capability as measured
was primarily a function of tire/pavement friction and the di-
mensions of the minibike (total c.g. height and wheelbase) and
was nct limited by the braking mechanism. Generally, it was not
possible to lock the front wheel of the Minitrail because of ex~-
cessive hand grip force requirements. This is desirable since
locking of the front wheel results in loss of steering control
which would be hazardous when braking at speed or in a turn.
Three braking runs were made with each minibike and the average
stopping distances from 15 mph and equivalent decelerations were

computed as shown in Table T . Figurell is a photograph of =&

typical test.
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Table 8
MINIBIKE COMPONENT SPECIFICATIONS

MINI TRAIL MMSA

TOAD CHARGER TRAIL FILTE SPOILER SCRAMBLER
TREAR BRAKE CONTROWLiAM LE; LEFT LEFT LEFT L;Tﬁii o »Wl;'(‘IGHT RIGHT
HAND HAND HAND HAND HAND HAND HAND
FRONT BRAKE CONTROL —_ A__”’" 7 BE ::; - _“—7——777 j:— B . R”IGHT RIGHT
FOOT FOOT
TYPE OF BRAKE o S - I
MECHANISM* B1 B2 B2 B3 B4 B4 B4
ENGINE HORSEPOWER 3.0 3.0 3.0 4.0 3.5 1.9 1.3
CLUTCH CENTRIF ) CENT;?IF CENTRIF CENTRIF CENTRIF_ CENTRIF CENf;F .
TRANSMISSION NONE NONE NONE NONE TORQUE MANUAL AUTO SINGLE
CONVERTER 3 SPEED SPEED
THROTTLE CONTROL RIGHT HAND AND COUNTERCLOCKWISE TO OPEN ON ALL MINIBIKES
ON-OFF SWITCH NONE NONE MOMENTARY MV?NONE MOMENTARY POSITIVE MOMENTARY
RIGHT HAND LEFT HAND RIGHT HAND LEFT HAND
TIRE SIZE 4.10/3.50-4 | 4.10/3.50-5 4.10/3.50-6 2.50-10 3.00-10 3.50-8 2.50-8
TIRE CROSS SECTION SQUARE SQUARE ROUND ROUND ROUND ROUND ROUND
TIRE TREAD TYPE DIRT DIRT DIRT KNOBBY KNOBBY KNOBBY KNOBBY
OUTSIDE TIRE DIAMETER {in.) 10.0 11.2 123 15.3 16.5 15.0 12.6
FRONT SUSPENSION RIGID TELESCOPIC SINGLE TELESCOPIC TELESCOPIC TELESCOPIC TELESCOPIC
FORKS EXT. SPRING FORKS FORKS FORKS FORKS
HYDRAULIC DAMPER NO NO NO NO NO NO NO
REAR SUSPENSION RIGID RIGID RIGID SWING ARM SWING ARM V SWINGAA;RVM WS?‘ATING‘ARM
HYDRAULIC DAMPER NO NO NO NO NO NO NO
CASTER ANGLE (deg.) 27.4 27.2 17.8 24.2 31.6 25.0 27.8
STEERING TRAIL (in.) 0.9 15 0.4 —1.9 3.6 1.8 0.9

“B1- CONTRACTING BAND TYPE BRAKE MOUNTED ON CLUTCH
B2 - CONTRACTING BAND TYPE BRAKE MOUNTED ON WHEEL
B3 - DISK BRAKE WITH CAM OPERATED DUAL PAD FLOATING CALIPER

B4 - INTERNAL EXPANDING TYPE DRUM BRAKE




Figure 11 MINIBIKE BRAKING TEST

46



Acceleration Tests

The time taken to travel T5 feet from a standing start
was measured. Five runs were made with each minibike and the
average elapsed times and equivalent average acceleration over
the 75 foot distance were computed (Table T). Figures 12 and
13 show examples of these tests. Figure 13 is especially in-
teresting because it demonstrates a tendency of some units to
produce inadvertent "wheelies" on acceleration. This is discussed

further in a supplementary subjective evaluation report,.

Maximum Speed Tests

The elapsed time to travel a fixed distance was mea-
sured to determine maximum speed of the minibikes. Each minibike
was tested with normal throttle governor operation and with the
throttle governor inoperative (i.e., wide open throttle). Since
the Minitrail and MMSA had no throttle governors, ocnly one con-
figuration was tested with these units. Elapsed times (running
the fixed distance course in both directions to correct for wind
effects) were used to compute maximum speeds from the average of

three round-trip runs with each minibike in each throttle confi-

guration, Table 7.

Steady Cornering Tests

The elapsed time to travel around a 25 foot radius
circle was measured to determine steady-state cornering capability
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Figure 12 MINIBIKE ACCELERATION TEST

Figure 13 MINIBIKE ACCELERATION “WHEELIE"
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in terms of maximum lateral acceleration. Figures 14 znd 15 are
photographs of typical tests. A circular course weas constructed
with traffic cones set in a circular pattern. The cones were
placed 27 feet from the center of the circle so that the path

of the vehicle center of gravity had a radius of approximately
25 feet. The lateral acceleration Ay (in g's) of each minibike

4R

was computed from the expression: Ay=-7§f?3:—, where R is the
radius of the circular path (25 feet) and T is the time required

to lap the course. The average elapsed time for ten runs was

used to compute the maximum lateral acceleration for each mini-

bike, Table 7

Handling Tests

Evaluation of handling quality depends on the ex-
perimenter's ability to obtain valid objective measurements of
system (the rider-vehicle combination) performance. Since the
rider is often capable of modifying his own control characteris-
tics to compensate for deficiencies of the machine in the per-
formance of a specific task, the avoidance of ambiguous results
can only be achieved with careful consideraticn of the makeup of
the task and the selection of the metrics used for evaluation.

The full scale minibike handling tests were based on
the theory that the relative handling capabilities of the six
minibikes could best be determined if rider control activity

measurements as well as overall performance measuremenis were
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Figure 14 HARD CORNERING IN THE MINIBIKE LATERAL ACCELERATION TEST
[Note foot peg on inside]

Figure 15 MINIBIKE LATERAL ACCELERATION TEST
50



taken. The task used in the minibike handling evaluation was a
thirteen pylon slalom course, Figure 16. The procedure for
running the ccurse (Figures 17 and 18) was as follows. After en-
tering the start/finish gate the pylon to the right was looped
first. Continuing throughthe course, the rider circled the last
pylon which was positioned on the centerline of the course and
returned through the course in the opposite direction, finally
exiting through the start/finish gate. The test rider was in-
structed to run the course at constant throttle to minimize the
effect of power differences between vehicles.

Each minibike was instrumented with a device to count
steering reversals. The device was switched on and off when the
minibike entered and exited the start/finish gate. Ideally the
course could be run with exactly sixteen steering reversals (in
fact this was accomplished once with the Mini Trail)}, The number
of steering reversals in excess of sixteen represent steering
corrections necessary to compensate for vehicle deficienies and/or
correct for rider errors. The elapsed time required to run the
course was measured as the criterion of overall performance

The handling tests were run as the last series of the
full scale tests to maximize the test rider's experience with all
minibikes. Furthermore, the test rider was allowed to practice
about one half hour before data runs were made. Approximately

ten test runs were made with each minibike. After the series
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Figure 16 SCHEMATIC DIAGRAM OF MINIBIKE SLALOM COURSE
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Figure 18 HARD MANEUVERING IN HANDLING TEST
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of six minibikes were completed, testing of the first and second
of the series was repeated and data were averaged with the ini-
tial runs to minimize the effects of training. Table 7 showvws

the average times and average number of steering corrections
(total steering reversals minus sixteen) for each of the six mini-
bikes tested in the slalom course.

The three minibikes with the longest times and most
steering corrections were also those with the lowest steady state
lateral acceleration capability. These three minibikes also had
(on the average) about 60% less steering trail than the three
better performing minibikes. Lateral acceleration capability and
steering trail are known to be important factors in determining
two-wheel vehicle handling. Furthermore, the three slower mini-
tikes had no rear suspensions and the two slowest minibikes had
in addition sguare profile tires with the smallest outside di-
ameter.

On the basis of average elapsed times the worst mini-
bike was about 12% slower than the fastest. One minibike required
significantly fewer steering corrections than the others (less
than half the next best), although it was not the best in over-
all performance. It is interesting to note that this minibike
became the "favorite" of a group of casual minibike riders asked
to give their subjective evaluations of the test fleet. This is
consistant with the results of the full scale handling test which

showed that this minibike is the easiest to control.
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Bump Jumping Tests

The purpose of the bump jumping test was to qualitative-
ly evaluate the tendency of minibikes to pitch the rider off
when hitting bumps at low speeds. The bump used in the test
was b.5 inches high at the center and about 5 feet long with a
smooth ramp-like profile, Figure 19. Each minibike was ridden
over the bump at approximately 7 mph. 16 mm motion pictures
were made of all bump jumping runs.

The first run with each minibike was with the rider
seated. Minibikes with rear suspensicns (with no shock absor-
bers) tended to catapult the rider over the handle bars. 1In
fact, in the first trial run using the bump, the rider having
been thrown over the handle bars, lost control of the vehicle
and fell off (unfortunately, motion pictures were not made of
this run). This experience proved that even an experienced
rider can be thrown (at relatively low speeds, 7 mph) if he is
surprised by a sudden bump while in the seated position. Mini-
bikes with no rear suspensions (rigid frames) did not tend to
throw the rider nearly as badly as those with rear springs.
However, the "shock" of hitting the bump was much more severe.

Successive runs were made with each minibike with the
rider standing on the foot pegs. By absorbing the shock with
his legs and by Jjerking the handle bars the rider was able to

control the pitching to a greater or lesser degree depending on
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Figure 19 MINIBIKE BUMP-JUMP TEST
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the particular minibike. A separate report contains evaluation

by the test rider of each minibike in the bump jumping test.
These tests certainly indicated that a possibly hazard-
ous situation can occur with minibikes having undamped rear sus-
pensions. Further testing to determine the improvement which
can be gained by using shock absorbers on rear suspensions is
recommended.
3.3 Computer Simulation of Minibike

Approximately two years ago, Calspan undertook a brief
study of bicycle stability and control under sponsorship of the
National Commission on Product Safety. This work is reported
in Reference 1 . One of the principal results of this work was
the development of a mathematical model of the two-wheeled
vehicle, a task which was supported in part by CAL internal re-
search funds.

For the last year CAL has been engaged in a general
program on bicycle dynamics. A fundamental objective of this
program was the development and validaticn of a comprehensive
digital computer simulation of a bicycle and rider based on the
previous mathematical model. The development of this computer
program was supported by the measurement of the physical proper-
ties of several bicycles and full scale experimental validation
tests.

This simulation, which includes a rider control model

with steer and rider lean degrees of freedom, is operational
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and is currently being used for bicycle stability analyses
(References 2 and 3).

The basic equations of motion of the mathematical
model are in general valid for all single-track two wheel vehicles.
Furthermore, the computer program has been written with a genera-
lized subroutine format which allows easy modification and ex-
tension for studying a wide range of two-wheel vehicles.

The Calspan two-wheel vehicle simulation provides an
efficient means of studying the effects of design parameters and
riding conditions on minibike stability and handling. Without
building prototype hardware or risking personal safety, simulat-
ed tests can be performed on new design concepts over an un-
limited speed range and for many road and riding conditions. An
additional advantage is that the simulation results are of the
same type as from actual experimental tests: time histories of
the motions of the vekhicle. Moreover, instrumentation is not re-
gquired and the choice of motion variable to be observed is un-

limited.

Current Status of the Computer Simulation

The vehicle-rider model on which the simulation is
based is a system of three rigid masses with eight degrees of
freedom - six rigid body degrees of freedom, a steer degree of
freedom of the front wheel, and a rider-lean degree of freedom

(Figure 20). 1Included in the analysis are tire radial stiffness,
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Figure 20 TWO-WHEEL VEHICLE MODEL
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tire side forces due to slip angle and inclination (camber) an-
gle, the gyroscopic effects of the rotating wheels, steering
moments due to tire side and vertical forces, as well as all in-
ertial coupling terms between the rider, the front wheel and
steering fork, and the rear wheel and frame.

Figure 21 .shows the physical parameters of the vehicle
which are included in the mathematical analysis. The symbols
MD, MR’ Mp, are the masses of the rider, the rear wheel and frame,
and the front wheel and steering fork assembly, respectively.
The mass distribution of the vehicle is assumed to be symmetrical
with respect to the vertical-longitudinal plane through the ve-
hicle's geometrical center. Thus the X-Y and Y-Z products of
inertia are zero; otherwise the Y-Z products of inertia and all
moments of inertia of each rigid mass are included. QF is the
caster angle of the steer axis and § is the steer angle of the
front wheel about the inclined steer axis. Reference 2 contains
a complete description of the mathematical analysis. The final
matrix equaticn of motion of the complete eight degrees of free-
dom system is shown in Figure 22.

The rider control model consists of two related modes
of operaticon - a roll stabilization function and a guidance
function. Both of these.control functions have been developed
for rider steer control. The roll stabilizatiocn function has
been incorporated in the bicycle simulation and is operational.

Current work is aimed at implementing the guidance function for
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rider steer control.

The rider model incorporates human operator character-

istics which have been developed in theoretical studies of man-

ual control as utilized here. The human operator outputs are

steering torque and rider lean torque, with inputs of vehicle
roll angle, roll velocity and roll acceleration. Space path co-
ordinates are related to vehicle position and direction of motion.
Also included are rider reaction time delay and lag compensation.

Forty-four input data are required by the simulation
program. These data include dimensions, weights, moments of
inertia, tire side force coefficient, initial conditions, etc.
Figure 23 is a listing of typical input data.

The digital computer bicycle simulation program basical-
ly consists of the application of a modified Runge-Kutta step-by-
step procedure to integrate equations of motion. The integration
step size is variable although a value of 0.01 second is general-
ly used. With a step size of 0.01 second, solutions up to 10
seconds duration (problem time) may be obtained. Solution output
is obtained from a separate output processor program which can
produce time histories of as many as 36 variables (bicycle trans-
lational and angular positions, velocities, accelerations, and
tire force components, etc.) in both printed and plotted format.

A fundamental objective of Calspan's research program in two-
wheel vehicle dynamics is the ultimate use of the computer simu-

lation as a design tool. Maneuvers or riding situations
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Figure 23 TYPICAL INPUT DATA FOR COMPUTER SIMULATION PROGRAM
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would be simulated in which the resultant motions of the vehicle
could be employed to determine the effect of specific design
parameter changes on stability and maneuverablility.

The simulation program, consisting of seven subroutines,
uses approximately 110 K bytes of core storage and requires about
6 seconds of Central Processing Unit time per second of problem
time when run on an IBM 370-16% computer. The output processor
program uses approXimately 160 K bytes of core storage and re-
gquires about 5 seconds of Central Processing Unit time per typi-
cal run. The total cost of both the simulation and output pro-

cessor programs is approximately seven dollars per problem.

Application to Minibike Analysis

The computer simulation was used in this program pri-
marily to demonstrate its applicability to studying the stability
of the rider-minibike system. The stability of several minibike
configurations was investigated in two simulated situations:

1. Control response: developing a steady-state turn

from a straight vath

2. Disturbance response: re-establishing roll equili-

brium after a side force disturbance
In the first task the initial conditions of the minibike were
designated as straight line travel at a constant velocity of 10
mph. The input to the rider model was a requirement for an im-

mediate change to a steady state turn at a roll angle of 20 de-
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grees, In the second task the minibike was initially moving in
a straight line at 10 mph. The input was a 16 pound side force
disturbance applied for 1.1 seconds to the minibike. The force
was applied at a point near the center of the wheelbase and 23

inches above the ground.

Sirce the Charger minibike best represented the aver-
age of the six minibikes used in this program, its physical char-
acteristics were selected as the base configuration for its simu-
lation runs. Table 9 gives the characteristics of this reference
configuration.

Five minibike parameters were studied:

1. caster angle

2. fork offset

3. wheelbase

L, weight

5. rider weight distribution
Simulation runs were made with two variations of each parameter-
one greater and one less than the reference configuration values.
The parameter variations used in this study (see Table 9) repre-
sent the range of measured values from the test group.

Figure 2L shows the time histories of steer and roll
angles for the control response tests. The desired steady state
roll angle in these runs was 20 degrees. Table 9 shows the
steady state roll angle achieved for each minibike configuration

and the time to reduce the roll velocity to less than 0.5 degree
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Table 9

RESULTS OF SIMULATED MINIBIKE PARAMETER STUDY

—

CONTROL RESPONSE TEST

DISTURBANCE RESPONSE TEST

L9

STEADY STATE TIME TO REDUCE YAW ANGLE STEER ANGLE ROLL ANGLE
ROLL ANGLE ROLL VELOCITY DEVIATION CORRECTION DEVIATION
TO 0.5 deg/sec
MINIBIKE CONFIGURATION (deg.) {sec.) (deg.) (deg.) (deg.)
BASE CONFIGURATION* 18.6 3.2 5.3 5.5 74
15° CASTER ANGLE 14.3 29 12.3 6.8 10.2
35% CASTER ANGLE 26.0 -2.5 3.8 4.3
ZERO FORK OFFSET 8.6 5.5 215 11.3 16.2
3.0 in. FORK OFFSET DIVERGENTLY UNSTABLE -12.6 2.2 1.7
30 in. WHEELBASE 18.3 3.3 7.7 4.8 7.7
42 in. WHEELBASE 19.0 3.2 3.1 6.0 7.2
50 POUND MINIBIKE WEIGHT 17.8 3.1 5.2 5.7 7.8
120 POUND MINIBIKE WEIGHT 18.9 3.3 5.2 5.2 7.2
20% FRONT/80% REAR RIDER
WEIGHT DISTRIBUTION 17.8 3.2 7.3 6.5 8.7
60% FRONT/40% REAR RIDER
WEIGHT DISTRIBUTION 20.0 3.0 0.7 3.2 48

"24.2 deg. CASTER ANGLE, 1.38 in. FORK OFFSET, 36 in. WHEELBASE, 95.5 POUND WEIGHT, AND 31% FRONT/69% REAR RIDER

WEIGHT DISTRIBUTION.




STEER ANGLE - }-AND ROLL ANGLE-()- (degrees)

/{ e TYPICAL MINIBIKE

L ——— 15 deg CASTER ANGLE
e —
7
) 7 ' 35 deg CASTER ANGLE
// o e
2 // ”
/
. ) B O o
S e - ZERO FORK OFFSET
- ) {/ \\ 4/,,,/‘”'77"‘\ - =
- % " )
/ 3inch FORK OFFSET
o / .
/ P
1 ///
i
TN
R //r—\
. K 30 inch WHEELBASE
T —
3 r\'\‘#¥,‘»ﬁ
/ 42 inch WHEELBASE
< / /," e P
% ,. o o 50 Ib MINIBIKE
2 e
) 120 Ib MINIBIKE
. // . T e e e —
2 - Tt ——— e
I 20/80 RIDER WEIGHT DISTRIBUTION
* //Mw__‘—o—a——e
7 '
8 /”‘m—*——
l B 60/40 RIDER WEIGHT DISTRIBUTION

Figure 24 MINIBIKE CONTROL RESPONSE SIMULATION RUNS
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per second (time to damp the roll oscillation). Since the rider
model has constant characteristics, differences in minibike con-
trol requirements are reflected as differences in the steady

state roll angle and transient response. In the run with 3 inches
of fork offset, the steering trail became negative, resulting in
negative steer restoring torques and unstable performance (since
the rider model had no compensatory capability).

It is obvious from these results that, of parameters
studied, the caster angle and fork offset have the greatest in-
fluences on stability. Wheelbase, minibike weight, and rider
weight distribution had 1little effect in this test.

The simulated disturbance response test was developed
from a full scale test in which rocket motors were used to create
an artificial side wind gust. The full scale tests were performed
with the rider tracking a straight line at 10 mph. Motion pic-
ture coverage of the full scale disturbance response shows good
qualitative correlation for steer and roll angles with the simu-
lation run with the Charger characteristics.

The simulated rider did not try to track a straight
path but operated only to return the minibike to the vertical
equilibrium position. Hence, there generally was a deviation in
the final yaw angle relative to the initisl straight path. Table
9 shows the yaw angle deviation as well as the magnitudes of the
required steer correction and maximum roll angle deviation. Time

histories of steer and roll angles are shown in Figure 25.
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L .0 SAFETY STANDARDS RECOMMENDATIONS

This section is aimed at placing the results of the
studies performed during the program in appropriate perspective
for use in formulating safety standards. Our evaluations of these
results and the conclusions which we have drawn are presented in
terms of general recommendations on varicus design and operation-
al characteristics of tricycles and minibikes which should be
considered by the FDA in its develcopment of these standarés.

The major problem in translating the findings of this
study into useful specifications for the improvement of tricycle

and minibike operational safety lies in being able to define ob-

jective performance standards. It is very easy to be trapped in-
to phrasing standards in design terms, resulting in standards
which not only may be ineffective in ruling out poorly performing
units but which may also compromise the development of new and
better designs. Although we have not been able to suggest num-
erical values for requirements in all cases, a strong effort has
been made to cast our recommendations in this framework.

The study has been restricted to those aspects of total
design which are directly concerned with stability and control-
lability. In this regard, matters of structural strength and
design (material gauges, joining methods, quality control of as-
sembly, etc.) have not been of primary concern. However, to the

extent that these factors impinge on the safety of operation (a
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good example would be a foot rest peg which can dig into the road
surface in hard cornering), they have been identified and comment-
ed upon.
L.1 Tricycles

There would seem to be two over-riding considerations in
postulating regulations for the design of tricycles with regard to
stability - they should be objective (i.e., numerical) and they
should be performance-oriented(i.e., compliance should be demon-
strable by test). Witk these as prerequisites, our recommenda-

tions are offered as fcundations for tricycle stability and per-

formance standards,. It is recognized that these must be reviewed
within a broader framework of associated factors (cost of manu-
facture, cost to consumer, strucéural strength, etc.)

It snould be recognized that this study of fundamental
safety requirements of tricycles could not encompass all of the
myriad of designs available in the market. A conscientious effort
was made to obtain a representative sample of six units on which
to base the study and from which it was reasonable to expect iden-
tification of critical safety qualities. From observations and
test results with these units, it has been determined that the
following items deserved review,.

Rollover immunity

Seat height adjustibility

Rear axle step bar

Steering

Speed and Braking
T2



Rollover Immunity

The concept of a rollover stability parameter and the
existence of a critical value for each set of operating conditions
is not difficult to understand. Its use in conjuction with a
safety standard poses a number of questions, however. What is a
reasonable margin of safety to apply in a standard? How should the
standard be worded to avoid suppressing future design ideas that
are acceptable (on a performance basis) but may be compromised
by the wording? Can a simple, safe, and unambiguous performance
test be devised. In this regard, our recommendations are:

1. The standard should require demonstration of compli-
ance to a requirement which might be stated as -

The test unit shall not rollover (tipover) at a
speed of ___ feet/sec. (mph) on a circular path with
radius of ___ feet. The test shall be performed on a
level surface with an equivalent rider weight of
pounds rigidly attached to the seat as shown in
Figure
The Bureau's problem is then to determine values to be inserted in
the blank spaces and to devise detailed instructions for perform-
ing the test. These instructions would cover requirement for set-
tings of adjustable components, alternate values for speed and
radius 1if test units are incapable of the specified values, means

for performing the test, etc. Note that the test can be safely
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rerformed with a human rider if the unit can comply. The burden
is then on the manufacturer to produce a design (his perogative)
which will perform satisfactorily. (BPS's right to specify)

2. Alternatively, the Bureau could require that the
manufacturer provide the consumer with information on the roll-
over stability of the product. This information could be in the
form of the stability parameter and operational range of the unit.

BPE could compile these data for all products on the market and

make this information publicly available.¥*

Seat Height Adjustibility

It is recommended that the standard incorporate a re-

quirement for fixed seat height. The seat should be firmly and

permanently attached to the rear frame assembly.

Rear Axle Step Bar

It is recommended that the standard attempt to discour-
age double-riding. Rear axle protection and/or frame structural
stiffness should be accomplished by means which inhibit their use
by a passenger. It is our opinion that the rider who needs to use

the step bar in order to mount the tricycle is not properly mat-

ched to the unit and should not be aided in trying to ride 1it.

¥ There is a precedence for this in the Consumer Information re-

quired by tre National Highway Transportation Safety Administra-

tion on Automobiles.
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Steering Assembly

It is recommended that steering motion be limited. It
may not be reasonable to fix an absclute value for front wheel
motion but allowable motion might be related to wheelbase as a
function of a minimum value for turn radius. Based on our ob-
servations during testing, a minimum turn radius of 5 feet pro-

vided ample maneuverability of the test units for outédoor play.

Speed

We do not recommend specification of maximum speed for
direct-drive pedal-powered units. Rather, we believe that speed
should be related to other operational and design factors through
a rollover immunity specification. However, the Bureau should be
cognizant of the possibilty that designs utilizing indirect drives
(chain and sprocket systems, for example) which are capable of
higher speeds than currently available units may be marketed and
that these may require special study. In that case, the need for
speed-limiting (or, at least, review of the ramificaticns of
higher speed on safety) should be re-examined.

Brakes

-

We do not believe that brakes are necessary, or even
desirable, on vehicular toys employing direct-drive rider-developed
power for propulsion and having maximum speeds of less than 10
mph. Observations made during the test program indicate satis-
factory stopping ability for all units if the rider maintains foot

contact with the pedals. Nevertheless, one can conceive of units
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with high-inertia driven wheels (for which the rider's leg
strength is inadequate in braking) and it is recommended that the
Bureau consider the need for specifying limits on such vehicles,

The role of maintenance in operational safety cannot be
overemphasized. Many of the injuries reported by NEISS are
directly traceable to faulty equipment - missing pedals, loose
handlebars, broken sharp edges. While recognizing that good de-
sign practices should be aimed at minimizing the susceptibility
of equipment to such impairments and that this represents an ob-
ligation on the part of the manufacturer, we suggest that an
equal obligation resides with the parent to ensure that the tri-
cycle is in a reasonable operating condition. We recommend that
BPS consider the following avenues for emphasizing this aspect of
the problem -

1. Preparation of a booklet pointing out the hazards
of operating tricycles on steep grades (runaway speeds can quick-
ly become unmanageable), of being pushed on a tricycle (particu-
larly by adults), of riding double, and of using a unit with
defective or missing parts. The boocklet might also stress the
importance of a wide rear track, a low comfortable seat, well-
designed pedals, etc.

2. Requiring the manufacturer to provide each unit of-
fered for sale with recommendations on the ranges of rider weight

and steature for which the unit is suited.
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4.2 Minibikes

Extensive full-scale testing and analysis of minibike
performance suggests that the following items should be considered
by the BPS in formulating safety standards.

Braking¥*

There are several features of brake performance which

merit attention. These are:
1. Stopping distance (or deceleration). Satisfactory
btraking should be demonstrated by full-scale tests. ©Since vehi-

cle speed greatly affects stopping distance, the braking deceler-
ation requirement should be graduated with respect to the maxi-
mum speed of the minibikes. Based on our test results we re-
commend that an average decleration of approximately 0.5 g
(stopping distance of about 53 feet) should be required for mini-
bikes with a speed capability of 28 mph, If stopping distance
was required to vary linearly with maximum speed, then a stopping
distance in feet (from the maximum speed) numerically éequal to
twice the maximum speed in mph would give 56 feet ( a decelera-

tion of about 0.47g) from 28 mph.

¥ Minibike braking specifications should be consistent in form

with those now under development by BPS for bicycles.
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Furthermore, for maximum speeds of 15 mph the stopping distance
would be 30 feet (or 0.25g) which is the BMA-6 braking performance
standard for bicycles with rear brakes only. Test conditions
should specify test surface (dry, flat, free from surface dirt,

brushed concrete or equivalent) and rider weight.

2., Rider-applied brake control force. Control forces

should be compatible with the strength capabilities of the proba-
ble rider group. In addition, at least a qualitative requirement
that abrupt lockup of the brake shall not occur should be imposed.
Values for this specification should be available from other
current BPS studies.

3. The standard should incorporate some restriction

on front wheel lockup for units equipped with front wheel brakes.

Tires

Minibike performance is very sensitive to.tire inflation

pressure. In spite of this, few minibike tires are labelled with
manufacturer's recommended pressures. It is recommended that
the standarcs require such labelling - perhaps given as a range

of pressures, with separate instructions to indicate selection
as a function of rider weight and usage.

Cornering

Cornering capabilities of the machine should be demon-
strated in performance tests. In particular, the standard
should militate against any frame element such as foot pegs and

kick stands which scrub the surface at bank angles within the
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vehicle's operating range. We recommend, as a preliminary wvalue,
that this angle be at least 45 degrees. Frame elements speci-
fically designed to prevent rider injury in skids (i.e., skid
plates, etc.) are excluded from this requirement.

Suspension

Our test results indicate a strong relationship be-
tween rear suspension design and reduction in safety of operation
over uneven terrain. It is recommended that the minibike stand-
ards require all suspensions to incorporate damping.
Demonstration of compliance would require full-scale tests of a
seated rider traversing a bump of specified geometry at a spe-
cified speed without losing seat contact. Although this 1s re-
cognized as a severe test, the potential for accident with
novice riders on inferior designs Jjustifies this recommendation.
The Bureau would be expected to provide detailed test procedures
for performing this test to the manufactureres., A reasonable
starting point would be the procedure used in this program.

Acceleration

OQur full scale tests demonstrated that certain minibikes
had acceleration characteristics which caused rear pitcheover
during wide open throttle starts. The standard should incorpor-
ate restrictions on acceleration characteristics which cause
such inadvertent wheelies. ©Safe acceleration should be demon-
strated in performance tests (using mechanical pitch-over re=

straints, front wheel 1ift-off sensing ignition cut outs, etc.
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to restrict pitch-over in case of failure of the test units to
comply). Test conditions should specify "worst case" rider
weight, stature and position, and test surfece (i.e., a high
friction surface which prevents wheel spin).

Handling

The effects of several minibike parameters (caster
angle, steering trail, wheel size, etc.) on handling character-
istics have been investigated in the experimental and analytical
studies performed in this program. Certain parameters have been
identified as being significant but, as yet, there is not a suf=
ficient data base to permit gquantitative specification of re-
quirements for these factors in a safety standard. Clearly, more
work needs to be performed to establish the limits of permissable
tradeoffs among these interacting parameters to assure adequate
stability and control of the unit. CAL is currently engaged in
research on two-wheel vehicle handling which is aimed at just
such determinations. In addition to these analyses, procedures
for testing must be developed, and objective measurements and

guantitative performance requirements must be specified.
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Appendix A

Tricycle Rollover Stability Boundary

The objective of this analysis is to derive an expression
for the limiting opereating conditions at which a tricycle will
remain upright when cornering. This expression, which relates
the physical design of the tricycle to the characteristics of
the turn (i.e., speed, turn radius, etc), can then be used to
define boundaries for safe operation.

The significant parameters of the problem are identified
in Figure A-1 where the symbols are as defined below.

at Distance from the ground contact point of the front
wheel to the center-of-gravity of the rider-tricycle combin-
ation

b? Distance from the ground contact points of the rear
wheels to the center-of-gravity of the rider-tricycle combina-
tion

h: Distance of the center-of-gravity of the rider-tri-
cycle combination above the ground plane

1% Tricycle wheelbase

m: Mass of the rider-tricycle combination (equal to the

weight of the combination, W, divided by the gravitational

constant, g.)

R: Radius of turn

T: Overall track width of tricycle at rear wheels (the
distance between the outside edges of the rear wheels)
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mV2/R ROLLOVER
AXIS

R = RADIUS OF TURN
UPSETTING FORCE: m V2Z/R
RESTORING FORCE: W =mg

Figure A-1 CHARACTERISTIC DIMENSIONS OF TRICYCLE MODEL
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V: Tricycle speed

0" ¢ Angle between the longitudinal centerline of the
tricycle and a line connecting the front wheel contact point
and the contact point of one of the rear wheels. (This line
is the rollover axis)
Two primary forces are also identified in the figure - an
upsetting force, due to the centrifugal force (which is gener-
ated when the tricycle is on a curved path) and a restoring
force (the weight of the rider-tricycle combination). Over-
turning can occur when the moment around the rollover axis
resulting from the upsetting force exceeds the restoring moment
about this axis.

First consider the upsetting moment. The centrifugal

force acts at the c.g. of the system in a radial direction as

shown in the sketch below.

—

circular path
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Using the symbols of Figure A-1l, the moment about the longi-

2
mV h
tudinal centerline of the tricycle is Z The rollover axis,
however, lies at an angle of O with respect to the centerline,
2
mV h
and the moment about this axis is therefore - ﬁ4u3= —EET—-CO5G"

The magnitude of the restoring moment 1s determined by the
weight of the rider and tricycle acting at a radius arm il-

lustrated in the sketch below. This 2rm is equal to a $inG .

~

—=_

a sin ¢

Thus, the restoring moment is - MR = mgm Sin(§,
When W«Ris greater than M , the tricycle will remain up-

right in a turn. Therefore,b4kmay be compared with bAiJ to
define a rollover stability boundary -
mVZh
mga sin § > —— ¢cos &
R

av \/%//
— tan & > R
" 9
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This reduces to -



where the physical characteristics of the rider and tricycle
are described by the terms on the left and the operating con-
ditions by the terms on the right. From Figure A-1,

T
ent thattﬂxﬂr=ijz; so a very useful form of the equation for

it is appar-

the rollover stability boundary becomes -

T \/2/

Zht 9R
Note that the rider-tricycle mass term no longer appears ex-
plicitly in the expression. Both rider weight and tricycle
weight have, however, effects on the values of a and h. Note
further, that the right hand term is simply the lateral accel-
eration of the vehicle (in g units).

For certain purposes, it is desirable to replace the radius
of curvature term, R, with an equivalent steering angle term.
As shown in the sketch, the wheels of a three-wheeled vehicle
follow three separate tracks in negotiating a constant radius
turn at very low speed. The center of the circular arc which

is described is at the intersection of the extensions of the

rear axle and front wheel hub. The steering angle, g, is
S -
simply related to the radius by - % = tan _\2

or, when R>>L>8:‘Q‘/i2,
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Since the solid tires of tricycles operate at only very small
slip angles in cornering at all practical speeds, a reasonable
approximation for the rollover stability equation may be ob-

tained with the sutstitution of = = Then -
\/2 8
aT _ S
2h 9

Units having two front wheels (i.e., having a non-zero

front track width) may be treated in a similar way by modifying
the effective value of the restoring moment arm. This design

may be analyzed with the aid of the sketch shown below.

T -":'—b—-i«——w———j__i
T —- )
4

L3 — =
‘ - — T
,i/ — T ,Q,—-—L——-A-E
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The angle O can be defined by a number of measurements-
T-T T t
tan 0 = —= = = —
22 2(L+ab) 20

The restoring moment is-

(a+ a) sins ~W

Since AL = E ¢oL G, the moment arm may also be written as -

-tz Cosd + 0 sainQ

and the restoring moment is -
. t -
= i + = (05
Mg Mg (O..Sm@' > C G")

The upsetting moment is the same as for the 3-point contact

unit - 2
w N h
b4lJ = = cos &
The incipient rollover condition (MRfMu) is-

. . z
mg(a.smcs‘ + —%mgc) = _W"_c\é’_hcosg-

or -
, T _ V*h
atan & + > - /g‘Z
As indicated iEo-\ge, tav}t‘G' = -;——f— \/2/ , SO =
‘.—
et 7n - gR

which may also be written as - \}Z
EL o+ = (- )= /9R
2ht 2h X
Thus, the restoring momentTpf the 3-point contact unit (char-
d.
acterized previously by 2»&9 is augmented in the k-point con-
A T oL . : .
tact vehicle . by'zza (l—~j:). This equation has general appli-
cation; it reduces to a:szor 3-point units and to —  for

yA 2h

b_point vehicles with equal front and rear tracks.
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Finally,

it is desirable to move the constant factor

of 1/2 from the terms concerned with design to the operational

terms.

Thus,

aT

the rollover stability boundary may be defined as

oy 2
gR (for 3-wheel units)

2

) = 2V
gk (for b-wheel units)

ol
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Appendix B
Tricycle Pitchover Stability Boundary

Tricycles should afford the rider a certain level of
rollover stability so that turns can be made by the novice rider
with reasonable confidence. But they must provide a satisfactory
measure of pltchover stability to assure safe operation in normal
play on sloped driveways and sidewalks, particularly with passen-
gers on the rear axle step. The evaluation of this aspect of op-
eration can be best appreciated by an analysis based on Figure
B-1. This figure is similar to a portion of Figure A-1 and the

symbols used here are iaentical.



b~

Figure B-1 PITCHOVER ANALYSIS MODEL

The weight of the rider-ticycle combination is reacted

at the ground contact points according to the equation

wT =EWT + &8
2 L
(front) (rear)

W

Two angles are identified -

eF =
Er

-1

tan a/h

tan-1 b/h

and these are the static pichover angles for the combination.

That is, they are the angles of surface slopes at which the tri-

cycle will tend to pitch over when it faces downhill and uphill,

respectively. Since tricycles are not ordinarily equipped with




brakes, pitching moments due to longitudinal declerations are of

little consequence in normal operation. Acceleration effects are

also small since the riders connot generate sufficient pedal

torque to cause problems. Hence, the primary conditions of con-

cern with respect to pitchover are double-riding and curb-climbing.
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Appendix C

Physical Characteristics and Performance
Capabilities of Tricycle Riders
The potential tricycle rider group is taken as all
children between the ages of one and six years and the analyses
must therefore account for a wide spread in rider size and weight.
In order to keep the results in perspective, it is essential that
the physical characteristics of the rider group be examined in or-
der to identify those which have significant effects con stability.
Thus, we are primarily interested in rider weight and stature.
Data for this study were taken from a report of a study by
Swearingen and Young for the Federal Aviation Agency entitled

Determination of Centers of Gravity of Children, Sitting and Stand-

ing (Reference C-1). This report covers children of both sexes
in the age range of 5 to 18 years and provides data on weight,
stature, sitting height, and c.g. location as well as many other
measurements. For the purposes of the tricycle stability study,
these data were reduced to mean values for the rider group under

consideration. All computations are based on the values listed

below.
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Weight range

Vertical height of center-of-
gravity above seat for a seated

child (independant of weight)

Horizontal location of center-of-:
gravity in front of seat back for

a seated child (independant of

weight)

Vertical height of center-of-

gravity above floor for a stand-

ing child

Eorizontal location of center-of-:
gravity in front of the plane of

the back for a standing child

The

30 to 60 1bs.

8 inches

taken as acting directly
above top of seat post
(the reference gives a value

of 5.2 inches)

24 inches for L0 1bs. child.
(57% of stature, taken as

42 inches)

taken as acting directly
above the rear axle (the re-

ference gives a mean value of

2.8 inches)

stability parameter derived in this analysis utilizes

the location of the tricycle/rider center-of-gravity as a primary

variable.
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This necessitates the measurement of weights



and dimensions of the unit and their conversion to computed

values for the two location terms, "a" and "h". The computations

are made by treating the data in terms of a simple statics prob-

lem. Moments may be taken about the front wheel contact point to

obtain the value of "a" and about the ground to obtain the wvalue

of "h". Using the symbols shown in Figure C-1, the equations for

these terms are -

wv a; * Wgr an the longitudinal location of the
a = )
Wep system c.g.
and Wy hl + Wg ho the vertical location of the
h = H
W system c.g.
where wv = vehicle weight

Wg = rider weight

&, = distance to the vehicle center-of-gravity from the
front wheel contact point

&, = distance to the rider center-of-gravity from the
front wheel contacr point

hl = height of the vehicle center-of-gravity above the
ground

h2 = height of the rider center-of-gravity above the
ground

The dimension“b“(the distance from the rear wheel contact points

forward to the system center-of-gravity) is simply the wheelbase

. Y " . .
() minus the a dimension.
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RIDER
C.G.

= }

TRICYCLE /

C.G.
WEIGHT:Wv

b=

=
- > ———]
-

--———a-l—-}

—yg—————— 82 USISEE— |

Figure C-1 CENTER-OF-GRAVITY LOCATION

The addition of a passenger on the rear axle step

changes the values of both "a" and "h". If these modified terms
are symbolized as ”aD” and ”hD", respectively, the previous equa-
tions can be converted for their evaluation. Thus,
a WT + 8,P WP
a =
D .
WT + WP
and
L. h wT + hP WP
b =
Wy o+ Wp

where the subscript P denotes passenger characterisitics.
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