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ABSTRACT

The following report details the findings of a eari of
experiments and simulations performed on a commiéyci
available, shuttle style golf cart during severabneuvers
involving rapid accelerations of the vehicle. Itdstermined that
the current set of passive restraints on thesestgpgolf carts are
not adequate in preventing ejection of a rear fagiassenger
during rapid accelerations in the forward and Hitelirections.
Experimental data and simulations show that theamim height
above the seat a hip restraint must be in ordeseture a
passenger during sharp turns is approximately 18hes,
compared to the current restraint height of 5 isclr@irthermore,
it is determined that a restraint directly in frarftthe rear facing
passenger is necessary to prevent ejection. Inessidg these
issues, golf cart manufacturers could greatly redbe likelihood
of injury due to ejection of a rear facing passengem a golf
cart.

Keywords
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1. INTRODUCTION

The scope of this study is to analyze experimetiddh gathered
during testing of a commercially available golf tcaas it
accelerates from rest along various trajectoridse ferm “golf
cart” is used in this report to describe any 4-vidgeelectric or
gas powered, vehicle that does not qualify as a L%yeed
Vehicle®  (LSV) [4]. The typical golf cart’s top speedhistween
12-15 mph, and is not fast enough to qualify asS¥ LThese
types of vehicles are not as well defined as LS¥Wd are
unregulated in terms of safety standards. The ieshiaf concern
in this report are those with a seat facing theosjip direction of
the golf cart’s forward motion.

Tue to several environmental, social, and econdamttors, the
use of golf carts has become increasingly prevalentecent
years. These vehicles are no longer exclusivelyndoon golf
courses, but in residential areas, universitiesjrass complexes
and more [5]. With the increase in golf cart uslibn by the
general public, the injury rate due to golf cartidents has also

! Low Speed Vehicles are defined as any four wheetticle

whose top speed is between 20-25 mph as ruled by th

Department of Transportation in 1998. LSV are heldnuch
higher standards than vehicles that would be redleto as “golf
cars”
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increased [6]. It was estimated that there werercamately
48,255 golf cart related injuries during the ye2092-2005 [6].
One of the leading causes of golf cart injurieslie to ejection
from the vehicle [9,7]. It is estimated that 45%goff cart injuries
occur due to a person falling off a moving golf tcgr].
Moreover, Rear Facing Passengers (RFP) are paintgul
associated with golf cart ejection due to theireotation in the
vehicle [9].

During forward acceleration of a golf cart fromtres RFP is
subjected to the same force as the driver and frassenger. This
force will tend to push the front passenger inteirtlseat backs,
while it will pull the RFP off their seat backs. iShpresents a
danger not faced by the driver or front passengeind forward
acceleration. During a sharp turn, to the right édsample, the
apparent centrifugal force felt by the left sidePRWill push the
RFP out the left side of the vehicle. This creaesther danger
not faced by the driver or front passenger, in thatdriver can
hold onto the steering wheel, and the front passewgn see
forward and anticipate subsequent maneuvers. Adurtoncern
for the RFP is the magnitude and direction of taeatceleration
of the cart at any given time. If this value is grenough, the
static friction force between the RFP and the sedt be
overcome and the RFP will begin to slide. Dependimgthe
direction of the acceleration at that given timee RFP could
slide in a direction in which no restraints areser, resulting in
ejection from the vehicle. Given these risks asgedi with very
typical maneuvers, it would follow that the RFP \ebbe more
protected in their respective seat. The currentaiess however,
do not provide any more support for the RFP tham fitont
passenger.

Currently, neither the federal government nor theefican
National Standards Institute (ANSI) requires thaatsbelts be
provided in their golf cart standard Z13b.11]. Due to this lack
of regulation, it appears that the passive redsaiarrently used
are aimed to facilitate ease of use rather thawigeoadequate
safety. Even if seat belts were to be added a$etysaeasure to
golf carts, it would be unreasonable to assumeuter would
regularly utilize this feature, due to the frequamtering and
exiting of the vehicle during normal use. Therefopassive
restraints are needed to prevent ejection.

ANSI Standard Safety Requirements for Golf Cargy aabjuires
accessible hand holds and restraints to preventotitly from

2 This standard is optional and is complied withaodiscretionary
basis by golf car manufacturers
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sliding out of the vehicle during a maneuver sushuaning [1].
The typical shuttle style golf cart provides higstraints to the
side of a RFP (typically 4-6 inches above the ledethe seat)
along with a center railing (typically 6 inches wjdthat is
installed directly in the center of the two reacifey passengers.
The location of the hip restraint is such that dgrsharp turns, the
restraint can become a pivot point. If the forcashing the RFP
out the side of the vehicle are great enough, e Ban tip over
the hip restraint, resulting in ejection from thehicle. As shown
in Figure 1, there is virtually nothing in front tfe passenger to
prevent them from falling out of the cart duringr@ard
acceleration of the vehicle. The closest suppb# ¢enter railing)
is not in front of either RFP, and is out of reaghile they are
seated, making them unavailable for support. Itdlesady been
shown that the hip restraints typically found orif garts are not
tall enough to secure the front passenger duriragpskurns at
speed [8]. This study will show that this risk @pplfor the rear
facing passengers and that the center railing ssifficient in
preventing ejection during forward acceleration.

Rear Facing Passenger

Backrest

Center Railing

Foot Rest

Figure 1: View of modeled rear seat of the tested golf cart.
Dimensions wer e measur ed directly from test vehicle.

2. METHOD

A three axis acceleromefer sampling at 100Hz was used to

gather acceleration data from the rear facing,etlidvside seat of
a shuttle style golf cart. Two types of maneuveesenmeasured:

1.) Maximum acceleration from rest along variousudar
trajectories

2.) Maximum acceleration from rest along a stralgtet
Data was recorded with 90, 180, 270, 360, and ®4fde# turns of

the steering whe&in the clockwise direction. Figure 2 and Table

1 detail the maneuvers performed and measuredaddeeration

3 Sensr GP1 V2.2 Wireless Accelerometer
4 From a straight forward position

data signals were filtered using a moving averaije & window
of 0.5 seconds and displayed in terms of ‘g’ fol€aowing the
forward and lateral accelerations of the cart alomigh the
trajectories of the maneuver (radius), the angualeceleration
about the vehicle’s center was also calculated sfonulation
purposes.

These data were utilized as both input for simatetj and to
determine if sliding was likely to occur. One oktmain forces
securing the RFP is the friction between the RF® the seat.
Sliding between the RFP and the seat was deemeldave
occurred if the root-sum of squares of the forwardl lateral
components of the acceleration were larger tharstééc friction
coefficient between the seat and passenger. Ifiatiene during
the motion this value was exceeded, the instantamealues of
each acceleration component were used to detettmindirection
a RFP would slide.

Sliding is not the only cause of ejection from tiear seat of a
golf cart; therefore the Articulated Total Body (BJf modeling
software was used to visualize the above mentianadeuvers
and determine if ejection may occur even if frintidgs not
overcome [2]. ATB is a software program developgdihe Air
Force that uses an iterative process to simulage dymamic
interactions of free bodies (such as a human bedt) input
geometries, boundaries, and surfaces subjected prescribed
motion. A human body with dimensions of a 50th patite adult
male [3] was placed in the rear seat of a cart meddafter the
geometry of the cart used in the accelerometer rerpats.
Acceleration data gathered in the golf cart testsewinput as the
modeled cart’s accelerations and a simulation veafopmed. The
simulated RFP is a free body with no reactive feroéits own;
for all intents and purposes, the simulated bodyigésved as a
crash test dummy. Due to the rapid nature of the tests, and lack
of reaction time, the RFP can be viewed as a fagbctionless
subject when a sudden, unexpected acceleration takes.plac

R1 R2 R3 R4 RS

Forward Acceleration

Lateral Accleration

Figure 2: Visualization of maneuvers performed and
measur ed.

® Some joints were locked to prevent collapse oftibey during
accelerations from rest

® As would be expected when the RFP cannot see tvaatriver
is doing and has no anticipation of subsequent maae
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Table 1: Details of maneuvers R1-R5

Figure 2 Steering Turning Radius
Label Wheel Turn (m)
R1 540° 1.73
R2 360° 3.46
R3 270° 5.08
R4 180° 7.87
R5 90° 8.36

A feature of the ATB software is the prescriptioh physical

properties of the geometries and boundaries th&emsp the
vehicle’s model. Deflection forces, restitution ffméents, and
friction factors are prescribed to each sectiothefenvironment.
Most importantly, a friction factor of 0.5 is uséal characterize
the seat cushion and back rest, as determined éxperiments
with vinyl and cloth. Only the back seat will be deded, along
with its restraints (Figure 1), as the rest of go#f cart is beyond
the scope of study. With the golf cart modeled,heamneuver
performed in the golf cart tests were simulatednvite ATB

software and the occurrence of ejection determined.

3. RESULTS

3.1 Measured Maneuvers

The golf cart’s lateral and forward acceleratioresr@vmeasured,
from rest, through maximum acceleration with fivening radii.

Figure 3 shows a typical time history of the acalen data
gathered for each of the maneuvers. Specificailyurié 3 is the
gathered, filtered data from maneuver R2. The gérsrape of
each recorded maneuver was similar. Table 2 shiogvenbximum

lateral and forward accelerations of each maneuziemg the

occurrence of sliding. The direction of the foraeging on the
RFP the moment friction could be overcome is meabs@ounter
clock wise from the lateral direction of the RFBg$-igure 4).

Maneuver R2 (360° Turn of the Steering Wheel)

0.7

— Forward Acceleration

L
=Y

Lateral Acceleration

= o
Y o

Acceleration (g)

=3 =3
—_ 2

0 1 2 3 4 -1 6
Time (s)

Figure 3: Time history of acceleration datarecorded during
maneuver R4 from Figure 2.

Figure 5 shows the forward acceleration and latacakleration
from rest of the golf cart in a straight line. Igtation of the
forward acceleration of the signal yields a top espeof
approximately 14 mph (below the LSV threshold). sThumber
was supported by timed trials of the same maneuver.

3.2 Simulated Maneuvers

The maneuvers involving full acceleration with thikeels turned
(R1-R5) were simulated using the ATB software ttedine if

ejection was likely. Table 3 details the results thé ATB

simulations. As a display of the simulation’s viéld the time

from initial acceleration to ejection (defined & tmoment the
RFP’s person leaves the seat) was recorded. Asrshbe only
turn that did not cause ejection of the simulatéd®Rver the hip
restraint was maneuver R5, a 90° turn of the sigewheel.

Maneuvers R4-R1, all of which have greater lataaelerations
than maneuver R1, showed ejection of the dummyeitrahsing
amounts of time. Figure 7 shows a time lapse seampef

maneuver R2, which resulted in an ejection of tR€R

Forward Direction

Figure 4: Top view of RFP detailing the direction of dlip, when
dlip first occurs. Trend showsthat sharper turns movethe
direction of dip towardsthe space between restraints.

Straight Forward Acceleration

0.30 1 . ~—— Forward Acceleration

Lateral Acceleration

Acceleration (g)
s =
iy o

Time (s)

Figure5: Time history of acceleration data measured for
straight forward acceleration.

A simulation of maximum acceleration in a straighe was run
to determine if a reactionless RFP would be ejeotgidthe back
of the golf cart. Due to the lack of passive rasteadirectly in
front of the passenger, the simulated RFP was ezgjeatmost
immediately as shown in Figure 6. This is a fafrlyial solution,
in that the simulated human is a reactionless tbj&ven
moderate acceleration would result in ejection frihva vehicle.
Restraining the hip joint’s motion, allowing themsilated dummy
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to remain upright, the simulated RFP was not ejedtem the
vehicle.

Table 2: Peak forward and lateral acceleration of each
maneuver, aswell asthedirection of forcein which friction is
first overcome (see Figure 4)

X Maximum Maximum . .
Steering Direction
. Lateral Forward .
Rasius Wheel . . of Slip
Rotation Acceleration | Acceleration (D
(G) (G)
R1 540° 0.691 0.318 23.8
R2 360° 0.644 0.315 13.2
R3 270° 0.542 0.292 6.4
. DID NOT
R4 180 0.447 0.315 OCCUR
R DID NOT
R5 90 0.268 0.293 OCCUR

With the dangerous maneuvers known (R1-R4 in Fig)raew
restraint geometry was implemented during the sitior of the
same trials stated above. The height of the sideaiat was
increased incrementally until the RFP was no longgrcted

during any of the trials. The first height to prevejection was a

height of 13 inches above the seat. Figure 8 shibesomparison
of the original and altered hip restraints.

~ o

Figure 6: Simulation of the RFP reaction during maximal
acceleration in a straight line.

START

4. Discussion

The results of these experiments and simulatiormwvsthat a
commercially available golf cart is capable of decations large
enough to eject a RFP as well as cause the RARI¢oosit of the
vehicle. The most problematic maneuvers were this
presented, full acceleration from rest with the alkd@urned. This
is not an infrequent maneuver, if a driver were pimvide
maximum power from rest, without knowing the pasitiof the
wheels a rapid turn would be induced, and the paEsepossibly
ejected. Table 3 shows that every simulated ejedtok place in
less than 1.5 seconds, a short time for the dtiveeact by either
braking or making a correction with the steeringeelh From the
acceleration data in Table 2, it can be seen thgolacart is
capable of producing accelerations high enough wercmme
friction between the RFP and the seat. As showRigare 4, the
direction in which a person will begin to slide ohg circular
motion is towards the hip restraints; however, las turning
radius decreases, or the golf cart’s forward acattn increases,
slipping is induced in a direction such that neittiee hip restraint
nor the center railing can prevent them from bedjerted (see

Figure 4). This indicates that the space betweercémter railing
and the hip restraint should be occupied by a passstraint

EJECTION

Figure 7: Simulation of maneuver R4 resulting in gection of
therear facing passenger.

(a) (b)

Figure 8: Comparison of height of hip restraint (a) required to
prevent gection, and (b) the current hip restraint found on
shuttle style golf carts.

The accelerations in the forward direction, withauturn, reveal
that the maximum acceleration of a golf cart in floeward
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direction is 0.3 g. These results also show thatlacation in a
straight line is not accompanied by a G force geratugh to
overcome friction, and that lateral accelerationnécessary to
induce sliding. Although ejection did not occur whée hip joint
of the RFP was locked, that does not rule out thesipility of

ejection due to acceleration in a straight lindauAnan with lesser
strength and reaction time, such as an elderlyopemsould fit the
reactionless simulated RFP better than the rigid°.RFhe

reactionless simulated RFP was ejected from théckeehlmost

immediately.

The ATB simulation results show a more urgent peoblthat
current golf carts face: the tipping of the RFP rothe side rail.
As seen in Table 3, all but the most gentile maeeumeasured
(R1 in Figure 2) showed accelerations capableppiig the RFP
over the hip restraint (modeled with a measureqyttepf 5
inches). This indicates that the heights of theenirhip restraints
are not adequate in preventing ejection of the RFR. minimum
height of hip restraints required to secure the RRRing
maneuver R4 was found to be 13 inches above the Tk
drastic difference between the current, and necgsbkaight of
the hip restraint show the need for modificationnjtiry due to
ejection is to be mitigated. This dimension is d¢stemnt with a
previous study performed by [8]. This previous gtutticated a
restraint height of 12 inches is necessary to preggction of a
front passenger during sharp turns at full speetaceP
Tables/Figures/Images in text as close to theeafar as possible
(see Figure 1). It may extend across both colummsmaximum
width of 17.78 cm (77).

Table 3: Results of ATB simulation along with time until

gjection.
Radius Results Time to Ejection

(sec)

R1 Ejected 0.950

R2 Ejected 1.200

R3 Ejected 1.450

R4 Ejected 1.500

R5 Not Ejected N/A

5. Conclusions

Based on the evidence provided, it is clear thad th

shortcomings of current golf carts are twofold: ihe hip

restraints are not high enough to prevent a RAR fadling out of
the vehicle while making sharp turns, and 2.) teglete lack of
support for a RFP directly in front of their perstmaves them
vulnerable to slide out of the back of the vehicle tipping

forward out of the back with nothing to secure th&bathered
data shows that the lateral acceleration, in coatldin with the
forward acceleration of the tested maneuvers iicgritly high

enough to overcome friction between the seat ardRFP, and
cause sliding. Furthermore, the direction of tHidirsg indicates
that there is a danger of a passenger slidinglinegtion such that
neither the hip restraint, nor the center railirg dapable of
providing any resistance to the ejection of the REnulations
conclude that the lateral forces of a turning guaft provide
enough force to cause a RFP to tip over the hipaiesin all but

the mildest turn tested. In order to prevent egectduring

simulated accelerations, the required hip restragight was 13

inches above the seat. The suggestion of thidaeitido raise the
height of the hip restraint, and to relocate theteerailing from
between the two RFPs, to in front of each passenger

Golf cart manufacturers could utilize this inforioat to redesign
their future models of shuttle style golf carts. tekfarket
products could be developed fairly easily in ordey

accommodate the needs of consumers with existitfgcgds in

efforts to improve safety and reduce the likelihaddncident to
do rear facing passenger ejection.

Areas for further study could be the analysis tlehidles that
occupy the speed gap between typical golf cartsl8.thph) and

LSV (20-25 mph) to determine whether sliding cobé&dinduced

in a straight forward acceleration with these nmuower vehicles.

Another item of further interest would be to tdstde scenarios
and vehicles with proper crash test dummies aslatdin of the

simulations.
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