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Forces required to operate controls on agricultural all-terrain vehicles:

implications for youth

Guilherme De Moura Araujo, Farzaneh Khorsandi Kouhanestani and Fadi Fathallah

Department of Biological and Agricultural Engineering, University of California, Davis, Davis, CA, USA

ABSTRACT

All-terrain vehicle (ATV) crashes are among the leading causes of injury and death among youth
in the agriculture industry. It is hypothesised that youth are involved in ATV-related incidents
because they cannot effectively activate the vehicle’s controls. This study evaluated potential
discrepancies between the required activation forces of the controls of fifty-four utility ATVs and
the strength of male-and-female youth of varying ages (6-20years old) and strength percentiles
(5th, 50th, and 95th). The activation forces of the ATVs’ controls were measured experimentally,
while the youth's corresponding strength was retrieved from the literature. The results of this
study demonstrated a physical mismatch between the forces required to operate ATV controls
and youth’s strength. Turning the handlebar, pressing the footbrake, and pushing the ATV off
are the most difficult tasks for ATV operation. These discrepancies compromise the youth’s abil-
ity to ride ATVs, increasing their risk of crashes.

Practitioner summary: Previous studies indicate that some youth engage in ATV incidents
because they cannot activate the vehicle’s controls. We measured the forces required to operate
eight ATV controls and compared them with the youth’s corresponding strength. Our results
demonstrated physical mismatches between the forces required to operate ATV controls and
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the youth’s strength.

1. Introduction

Agriculture is the most dangerous industry for youth in
the United States (U.S.) (Wright, Marlenga, and Lee 2013).
From 2003 to 2010, among workers younger than
16 years, the number of worker fatalities in agriculture was
consistently higher than in all non-agricultural industries
combined (Wright, Marlenga, and Lee 2013).

Youth perform various farm tasks, including herding
livestock, harvesting produce, and operating farm
machinery, such as tractors and ATVs. Due to the phys-
ical limitations (e.g. strength, anthropometry, and field
of vision) of youth, some work tasks could be riskier for
them than adults, thus increasing their likelihood of
being injured or killed. Several studies have shown a
strong relationship between the injuries of youth and
their ages, anthropometry, and developmental abilities
(Hard and Myers 2006; Brison et al. 2006; Hendricks
et al. 2005). In addition, the results of several studies
showed that youth younger than 16 are not capable of

safely operating agricultural tractors (Fathallah et al.
2008; Fathallah et al. 2009; Chang et al. 2010).

Based on the literature, one of the most common
causes of U.S. farm injuries among youth in agricul-
tural settings is farm machinery (NIOSH 2016), with
ATVs being either the most frequently cited cause
(Weichelt and Gorucu 2019; Hendricks and Hard 2019)
or the second after tractors (Wright, Marlenga, and
Lee 2013; Hendricks and Goldcamp 2010; National
Children’s Center for Rural and Agricultural Health and
Safety 2016). Hendricks and Goldcamp (2010) reported
ATVs as the primary source of vehicle injury for youth
on farms, causing 63% of the vehicle-related injuries.
According to Weichelt and Gorucu (2019), ATVs were
the leading cause of injury in agriculture among
youth (individuals under 17 years of age) (Weichelt
and Gorucu 2019). The number of reported fatalities
and non-fatal injuries in the U.S. among youth caused
by ATV on ‘AglnjuryNews.org’ were 52 and 26,
respectively (Weichelt and Gorucu 2019). Over the
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years, ATV injuries have increased among farm youth
(Wright, Marlenga, and Lee 2013; Bowman and Aitken
2010). Youth younger than 18 accounted for 36.8% of
all ATV-related injuries, according to the data from
the 2019 National Electronic Injury Surveillance
System. Moreover, 15.3% of all those injuries
occurred on farms or ranches (Wiener et al. 2022).

ATVs have narrow wheelbase, and high centre of
gravity (Ayers et al. 2018; House et al. 2016), which
make them unstable when traversing rough and
uneven terrains or negotiating hills, which are com-
monly observed scenarios on farms and ranches
(Chou, Khorsandi, and Vougioukas 2020). Utility ATVs
and sports models (which include youth ATV models)
have significant design differences. Utility models have
higher ground clearance, stronger torque for hauling
and towing, rear and front racks for carrying loads or
mounting equipment, a hitch to pull implements, and
higher weights (Khorsandi et al. 2021). In addition, util-
ity models usually have a 12-V power plug, which is
uncommon for sports models. For those reasons, util-
ity ATVs are more suitable and more commonly used
for farm tasks. As such, in this manuscript, we define
the term agricultural (or ‘ag.’) ATVs as utility ATVs that
are used on farms. Although some sports models can
also be used on farms, this study focuses on the com-
mon utility ATVs.

Despite the compelling evidence showing that utility
ATVs are unfit for youth, the most commonly used
guidelines for ATV-youth fit to disregard the rider's
physical capabilities. Instead, those recommendations
are mainly based on the rider's age (American Academy
of Pediatrics 2018), vehicle maximum speed (ANSI/SVIA
2017), vehicle engine size (CPSC 2006), and farm
machinery training certificate (Garvey et al. 2008). For
instance, youth as young as 14 are allowed to operate
utility ATVs while employed on non-family-owned farms
if they receive training through an accredited farm
machinery safety program (Garvey et al. 2008). The
National Safe Tractor and Machinery Operation Program
(NSTMORP) is a project of Hazardous Occupations Safety
Training in Agriculture for youth ages 14 and 15. The
NSTMOP training includes tractor and ATV education.
Students are certified after successfully passing a fifty-
question written knowledge exam, as well as an operat-
ing skills test and a pre-op/driving test (Murphy 2020).
However, these programs lack adequate coverage of
specific ATV-related topics, such as active riding and
physical matches of ATVs and youth.

It has been hypothesised that many ATV-related
injuries occur because youth ride utility ATVs that are
not fit for them (American Academy of Pediatrics
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2018; Murphy and Harshman 2014; Shults et al. 2005;
Dolan, Knapp, and Andres 1989; Anson, Segedin, and
Jones 2009; Mattei et al. 2011; Scott, Dansey, and
Hamill 2011). However, there is a lack of systematic
and quantitative data comparing utility ATVs' oper-
ational requirements and youth'’s physical capabilities.

Considering that 95% of all ATV-related fatalities
involving youth between 1985 and 2009 included util-
ity vehicles (Denning, Harland, and Jennissen 2014),
the purpose of this study is to evaluate the mis-
matches between the operational requirements of
agricultural ATVs and the physical capabilities
of youth.

To the best of our knowledge, the present study is
the first comprehensive study that quantitatively eval-
uated the mismatches between the forces required to
operate the controls of utility ATVs and youth’s
strength. This study will provide objective evidence to
assist in developing evidence-based recommendations
for youth regarding the safe operation of utility ATVs.
In the absence of such evidence, prior recommenda-
tions for ATV operation have been made, largely,
based on the rider's minimum age (American
Academy of Pediatrics 2018; ANSI/SVIA 2017; CPSC
2006; Garvey et al. 2008; NCCRAHS 2018).

2. Materials and methods
2.1. Study overview

Fifty-four utility ATVs were evaluated in the present
study. Selected models consisted of vehicles of varying
sizes and mileages (0-4000 mi) from the most com-
mon ATVs on U.S. farms (Honda, Yamaha, Polaris, and
CF Moto). Moreover, general descriptive variables,
such as manufacturer, model, series, engine capacity
(cc), drive terrain (4W/2W), transmission, suspension
type, and presence of a steering assist system (EPS)
were also recorded for further analysis of results.

This study focussed on the activation forces of
eight main ATV controls of utility ATVs: (1) Handbrake
lever, (2) footbrake pedal, (3) steering handlebar, (4)
throttle lever, (5) ignition switch, (6) headlight switch,
(7) hand gearshift lever, and (8) foot gearshift lever.
These controls were selected because they are the
most important and frequently used controls in agri-
cultural machines (Fathallah et al. 2008). In addition,
the inability of an operator to effectively activate these
selected controls would place them and any bystand-
ers at risk of serious injury or fatality. The force
required to push the ATV off the operator's body
(from an upside-down position) after rollover was also
considered since a significant number of rollover
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accidents result in the rider being pinned underneath
the vehicle and dying by asphyxia (Mcintosh
et al. 2016).

Youth's corresponding strength was compared to
the forces required to activate the eight ATV controls
and also to the ATV’s curb weight (rollover scenario).
For each comparison, riders received a binary score (1
if rider's corresponding strength was greater than the
force required to activate the control or push off the
ATV; or 0 otherwise). Riders with a combined score of
9 (sufficient strength to activate all eight controls and
push off the ATV) were classified as ‘capable of riding
the ATV'. On the other hand, riders with a total score
below 9 (insufficient strength to activate at least one
or more controls and/or push off the ATV) were classi-
fied as ‘not capable of riding the ATV'.

2.2. Data collection and experimental procedures

2.2.1. General descriptive variables

General descriptive variables for each vehicle were div-
ided into five main groups: (1) vehicle identification,
(2) drive train 2WD: two-wheel drive or 4WD: four-
wheel drive), (3) transmission system, (4) suspension,
and (5) steering system. A summary of all variables is
presented in Figure 1.

2.2.2. Activation forces of ATV controls

Data collection procedures of the activation forces of
vehicle controls were divided into three sections: (a)
Braking system, (b) Handlebar steering, and (c)
Auxiliary controls. In addition, the forces required to
push the upside-down ATV off the operator’s body are
described in section (d), which is titled ‘ATV
Resistance Force’.

2.2.2.1. Braking system. According to ATV Safety
Instructor Carina J. Ellis, ‘the footbrake pedal controls
the rear wheels’ brake; it is generally activated indi-
vidually (i.e. without the aid of the hand brakes) when
riding downhill so that the rider can freely use their

hands to control the vehicle’ (Ellis 2019). Also, by only
using the rear brakes, the risk of the ATV tipping for-
ward is reduced (by using the hand brakes, the rider
can accidentally activate the front brakes as well).
Therefore, the footbrake’s activation force was meas-
ured in a simulated downhill scenario, as shown in
Figure 2. The ATVs were placed facing the ground,
and the footbrake pedal was completely depressed
and then slowly released and pressed again when the
ATV started to roll down the ramp (no forces were
applied to the handbrakes of the ATVs during this par-
ticular field procedure). The lowest data point before
the ATV started to roll was identified as the minimum
force required for stopping the vehicle. For each ATV,
the procedure was repeated three times.

Activation forces on the footbrake were measured
with a button load cell model 10MR02-500 (Mark 10,
Copiague, NY, USA). The load cell was attached to a
shoe and connected to a laptop through a USB serial
connection during data collection.

The handbrakes are used for every scenario other
than the downhill. Its performance is evaluated based
on the vehicle deceleration rate, i.e. the relationship
between the time it takes to stop the vehicle entirely
and the distance travelled within this time (stopping
distance) (Koetniyom et al. 2018). Hence, the forces
required to activate the handbrake levers were
recorded along with their respective stopping distan-
ces for further investigation of a potential relationship.
This relationship is important because it allows for
estimating the minimum force required to brake the
vehicle in the shortest distance.

The vehicles were accelerated at a speed of 6.7m s~
[the most common speed at which ATV accidents
occur—(Schalk and Fragar 1999; CPSC 2015)] on a flat
gravel surface. A red tape was placed on the ground to
indicate a set point at which the rider should activate
the handbrakes, as shown in Figure 3. Whenever pos-
sible, the rider was asked to use both hands to activate
the handbrake levers (some ATVs only had a single
handbrake lever). Moreover, no forces were applied to

1

Vehicle identification

Manufacturer General Condition

Model Engine cc

Series Mileage
Drive Transmission Suspension Steerin
Train p g

[ | |
i Push Manual Independent Solid i Power
{ 2Wh ’ WD ’ [Automdm’ { Button ‘ Shift Rear Rear ] bt‘mddrd] Steering]

Figure 1. General descriptive variables.
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Figure 2. Foot brake testing, with button (foot)-loadcell interface: (a) side view, and (b) front view.

Measuring tape — used to measure
the braking distance (from the red
tape to the center of the front whee

of the ATV)

ed tape — used to indicate 53
. when the rider should start @
raking the ATV

Figure 3. Hand brake testing, with red tape to indicate the
braking point and measuring tape to measure the
travel distance.

the footbrake pedals of the ATVs during this particular
field procedure. The ATVs were initially placed at a dis-
tance of 20ft from the red tape. The stopping distance
was manually measured and recorded.

The tests to measure the forces required to activate
the handbrake were divided into three main categories:
(1) ‘test with no brake’ (no load is applied to the brake
lever), (2) ‘tests with variable forces’ (the rider con-
sciously applies partial depression of the lever), and (3)
tests with full brake (brake lever fully depressed). Tests
with extreme forces (no brake and full brake) were
repeated three times, while the tests with ‘variable
forces’ were performed five times because they
included a wider range of forces. The forces were plot-
ted against their respective stopping distance, and lin-
ear regression (braking distance=a+b activation
force™" + ¢ activation force”>—where a, b, and c are
constants) was performed to estimate the minimum
force required to stop the ATV in the shortest distance.
The braking distance would decrease as the force

applied to the brake lever was increased. However, the
braking distance would plateau once the brake lever
was fully depressed, regardless of the force being
applied to the brake lever. Therefore, we deemed that
the selected relationship was the best model to fit the
data (braking distance vs. force applied to the hand
brake lever).

A grip pressure sensor glove (GPSG), BT5010
(SENSOR PRODUCTS Inc., Madison, NJ, USA), was
used to measure the forces required to activate the
vehicle’s handbrakes (Figure 4). The pressure data
was converted into force measurements by multi-
plying the pressure values by the total area of the
sensors. Continuous measurements were obtained
through a USB serial connection to a portable com-
puter via custom-built software Tactilus 4.1.002rc6,
provided with the GPSG system. The GPSG pressure
range was 0-100psi, in 0.1 psi increments. A pre-
liminary test was performed to investigate if differ-
ent riders would yield different mean force values
for a given ATV, as suggested by Kung (Kung
2006). Data collected from three different subjects
and analysed through an ANCOVA showed no sig-
nificant difference between mean values (p =0.08);
thus, the use of the GPSG was deemed appropriate
for data collection.

2.2.2.2. Handlebar steering. The handlebar steering
test was performed with the vehicle in motion
because most ATV incidents occur in motion, and
friction forces between soil and tire differ if the
vehicle is static vs. in motion. Moreover, the result-
ing force required to turn the handlebar also
depends on the soil moisture content, the type of
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Figure 4. Handlebar steering test, with GPSP and cones to indicate the perimeter of the circular path.

soil (e.g. sand and clay), and the tire pressure. Since
most of the ATVs evaluated in this study were
obtained from local farmers and data was collected
on their property, we were unable to control the
soil type and moisture content during the field tests.
However, we ensured that all vehicles had their tires
calibrated according to the manufacturer’s catalog.
Furthermore, the handlebar steering experiments
were always performed on flat gravel surfaces.

Activation forces to steer the handlebar were
measured with the GPSG glove system. The vehicle
was ridden at a constant speed of 5m s~ in a circu-
lar path with a radius of 7.6 m, as shown in Figure 4.
The radius of 7.6 m was selected based on the rec-
ommendations of the U.S. ANSI/ROHVA 1-2011
Standard for Recreational Off-Highway Vehicle test-
ing (ANSI/ROHVA 2011). On the other hand, the
speed of 5m s~ was selected based on the ATVs’
dynamic handling test results of Grzebieta,
Rechnitzer, and Simmons (2015a). Briefly, this com-
bination of speed and radius produces lateral accel-
erations (x~0.34g) near the lowest vehicle rollover
threshold reported by Grzebieta, Rechnitzer, and
Simmons (2015a), which was about 0.36g for an
ATV model Kymco MXU300. In other words, this is a
conservative combination that focuses on the rider’s
safety and would yield a low injury risk for the test
rider in the case of an incident (Grzebieta,
Rechnitzer, and Simmons 2015a). Since we only had
one glove to collect the data, tests were conducted
in both clockwise and counterclockwise directions,
so we could measure the forces required to pull/
push the handlebars. All tests were repeated three
times in each direction (Grzebieta, Rechnitzer, and
Simmons 2015a), and the forces required to steer
the handlebars were identified as the maximum
force measured during the tests.

2.2.2.3. Auxiliary controls. The activation forces of
the auxiliary controls (ignition switch, headlight switch,
throttle lever, hand gearshift, and foot gearshift) were
measured with a handheld force gauge model 475055
(EXTECH Instruments, Waltham, MA, USA) as done for
a previous study with agricultural tractors (Fathallah
et al. 2008). Continuous and peak force measurements
(three replicates for each control) were obtained
through an RS-232-to-USB serial connection to a port-
able computer via custom-built software Extech Data
Acquisition 407001 A. The force gauge was always
placed perpendicular to all ATV controls.

Manufacturer-certified calibration was performed
before data acquisition procedures for data collection
devices used in this project (button-load cell, GPSG,
and the handheld force gauge).

2.2.2.4. ATV resistance force. The force required to
push the ATV off (from an upside-down position) was
calculated as the vehicle’s net weight.

It is important to clarify that a rollover can occur
under diverse conditions and, therefore, yield different
post-rollover configurations (i.e. the final location of
the operator and the ATV). Moreover, depending on
the post-rollover configuration, the rider may be able
to use different limbs/muscles to push off the ATV
(e.g. arms, quadriceps, legs, feet, etc.). To simplify the
matter and adopt a conservative approach, we con-
sider three different post-rollover scenarios (Figure 5):

1. The ATV is upside-down, and its centre of gravity
(CG) stands on top of the rider's chest (rider's
moment arm equals the horizontal distance
between the ATV's CG and its rear rack). In add-
ition, we consider that the rider has both hands
free to push the ATV off but cannot use their
legs. We deem that this configuration is the
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Figure 5. Rollover scenarios. (a) Rollover scenario 1, (b) rollover scenario 2, and (c) rollover scenario 3.

worst-case scenario, and if riders are strong
enough to push the ATV off in this case, they are
likely able to push the ATV off on all other roll-
over configurations.

The ATV is upside-down, and its front rack/chassis
stands on top of the rider’s chest (largest moment
arm). In this scenario, we also consider that the
rider has both hands free to push the ATV off but
cannot use their legs.

The ATV is upside-down, and its front rack/chassis
stands on top of the rider’'s chest, as in scenario 2.
The difference is that now we consider that the
rider can use both his hands and legs to push the
ATV off. This configuration represents the best-
case scenario and helped assess whether our con-
sideration for the worst-case scenario was too
restrictive.

For the first scenario, the rider's minimum corre-
sponding strength was assumed to be the same as
the ATV's curb weight. On the other hand, for the
second and third scenarios, the minimum rider’s corre-
sponding strength was calculated according to equa-
tions (1) and (2).

Hand’s moment arm

R = ATV
MCS cw X CGy

(M

Ras * Hand's moment arm 4+ R.s*Leg’s moment arm
< ATVew * CGy
(2)
Where:

Rmcs: Rider’'s minimum corresponding strength
ATVcw: ATV's curb weight

Hand's moment arm: Distance between the point
where the rider's hands touch the ATV and the ATV's
rear rack

CG,: Horizontal distance between the CG location
and the end of the ATV's rear rack

Ras: Rider's arm strength

Ris: Rider's leg strength (maximum voluntary con-
traction force—MVC)

Feet's moment arm: Distance between the point
where the rider's feet touch the ATV and the ATV's
rear rack

For simplification purposes, the hand’s moment
arm was assumed to be the same as the ATV length,
and the feet's moment arm was considered the same
as the CG,. The location of the ATV's CG was esti-
mated from various sources (Grzebieta, Rechnitzer,
and Simmons 2015a, 2015b; Grzebieta, Rechnitzer, and
Mcintosh 2015; Heydinger et al. 2016) due to the lack
of exact data.

2.2.3. Youth strength

Youth's physical strength for different body parts (e.g.
legs, hands, feet, and fingers) was used from multiple
sources (Department of Trade and Industry 2000,
2002; Parker et al. 1990). The data from the
Department of Trade and Industry included around
150 male-and-female subjects from the United
Kingdom (U.K.) aged from 2 to 90years. Subjects were
asked to exert their maximum strength at all times,
described as the highest force they could exert with-
out causing injury. Detailed information, such as the
number of subjects for each force measurement, selec-
tion criteria, type of equipment used for data collec-
tion, and data validity and reliability can be found
elsewhere (Department of Trade and Industry
2000, 2002).

Data regarding youth’s maximum voluntary con-
traction force (MVC) of the quadriceps were retrieved
from a previous research study (Parker et al. 1990),
which includes measurements from 267 male and 284
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Table 1. Corresponding youth strength to ATV controls.

Corresponding youth strength

Fit criterion
1 Foot brake
2 Hand brake
3 Handlebar

4 Throttle lever

5 Ignition switch
6 Headlight switch
7 Hand gearshift

8 Foot gearshift

9 ATV resistance (worst-case rollover scenario 1)
10 ATV resistance (scenario 2)

1 ATV resistance (best-case rollover scenario 3)

Press strength with the foot on a pedal (Department of Trade and
Industry 2002)

Pull strength on a cylindrical bar—one-hand (Department of Trade
and Industry 2000)

Push strength on a cylindrical bar—one-hand (Department of Trade
and Industry 2000)

Push with thumb (Department of Trade and Industry 2002)

Push with Index finger (Department of Trade and Industry 2002)

Pushing force on a convex knob (Department of Trade and
Industry 2002)

Press strength with the foot (Department of Trade and
Industry 2002)

Push strength on a cylindrical bar—two-hands (Department of Trade
and Industry 2000)

Push strength on a cylindrical bar—two-hands (Department of Trade
and Industry 2000)

Push strength on a cylindrical bar—two-hands (Department of Trade
and Industry 2000) + MVC (Parker et al. 1990)

female subjects. The subjects were of predominantly
white ethnic origin aged from 5 to 17years from
London, UK.

Corresponding youth strength and ATV controls are
presented in Table 1.

The mean MVC of each age group (6-10, 11-15,
and 16-20) was calculated as the average MVC
reported for all youth within that particular age group.
For example, the mean MVC of the age group 16-20
was calculated as the average MVC reported for youth
aged 16.5 and 17.5.

The corresponding strength for the youth of differ-
ent percentiles (5th and 95th) was estimated based on
the standard deviation and mean reported values.

2.3. Data analysis

The use of ATVs for work requires the ability to
repeatedly engage the vehicle controls (ATV-Safety-
Institute 2009), which may cause muscle fatigue and
injure the operator (Pheasant and Harris 1982). To
mitigate such outcomes, it is recommended that oper-
ators do not apply more than 30% of their maximum
strength (recommended exertion) (Pheasant and Harris
1982). Thus, the ‘recommended exertion’ is reported
in addition to the youth’s strength. For those cases,
the forces needed to activate repeatedly engaged con-
trols (i.e. brakes, handlebar, and throttle lever) were
compared to 30% of the youth’s maximum corre-
sponding strength.

General descriptive variables are presented
throughout the text using descriptive statistics. The
percent of observations for which mismatches were
observed is presented in tabular form. Bar graphs
based on age groups and force scenarios (normal vs.

recommended exertion) were used to display the per-
centage of vehicles without any limitations to youth.
For comparison, the percent of observations for which
mismatches were observed for an average (50th per-
centile) adult were also displayed on the bar graphs.

The primary results consist of measures of the acti-
vation forces required to activate the main ATV con-
trols and push the ATV off if the rider is pinned
underneath it and the corresponding strength of the
youth. This study evaluated youth in the age range
of 6 to 20years old from three strength percentiles
(5th, 50th, and 95th). Force measurements of ATV
controls were replicated three times for each vehicle.
To standardise the data collection procedures, all
tests conducted for measuring the activation forces
of ATV controls were performed by a single
researcher (gender: male; height: 1.83m; weight:
90.5kg). The average force for each ATV model was
used in comparing the activation forces to the
youth’s corresponding strength.

Furthermore, some utility ATVs are equipped with
electric power steering (EPS), which supplements the
torque the driver applies to steer the handlebar. For
this reason, the mean force required to steer the
handlebar of ATVs equipped with and without EPS
units is displayed jointly and individually in tabu-
lar form.

3. Results

Fifty-four ATVs were evaluated from eight distinct
manufacturers. Around 39% of the vehicles were
brand new, while 73% (n=24) of the remaining ATVs
were classified as in either good or excellent condi-
tion. Engine capacity ranged from 199 to 686 cc, with



Table 2. Descriptive statistics for control activation forces (N).
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ATV controls Mean (N) Std (N) CVR (%) CV (%) Min (N) Max (N)
Foot brake 151.3 60.0 6.0 39.6 67.2 340.0
Hand brake 21.3 243 7.6 113.7 14 82.2
Handlebar (all) 36.5 25.6 38 70.0 3.7 75.0
Handlebar (EPS) 29.5 25.1 4.0 84.9 3.7 61.6
Handlebar (standard) 452 244 3.6 53.9 3.9 75.0
Throttle lever 13.1 6.8 8.1 51.7 4.0 29.8
Ignition switch 124 6.4 5.0 51.8 3.2 27.2
Headlight switch 10.4 8.8 6.6 84.2 13 35.2
Hand gearshift 41.8 29.0 1.1 69.5 3.0 104.6
Foot gearshift 57.9 8.8 43 15.2 47.0 75.0
ATV curb weight 2700.0 512.6 - 19.0 1677.0 4070.1

Std: standard deviation; CV: coefficient of variation; CVR: mean coefficient of variation among replicates within the same ATV.

Table 3. Percentage of observations (n=54) for which controls did not limit ATV usage by male children of various ages and

strength percentiles.

6-10 11-15 16-20

Age group

Percentile 5th 50th 95th 5th 50th 95th 5th 50th 95th
Footbrake 22.7 63.6 79.5 63.6 97.7 100 68.2 100 100
Footbrake* 0 0 0 0 9.1 31.8 0 34.1 81.8
Handbrake 100 100 100 100 100 100 100 100 100
Handbrake* 70 95 100 90 100 100 100 100 100
Handlebar 100 100 100 100 100 100 100 100 100
Handlebar* 483 96.6 100 483 100 100 483 100 100
Throttle lever 100 100 100 100 100 100 100 100 100
Throttle lever* 75.7 94.6 100 75.7 100 100 100 100 100
Ignition switch 100 100 100 100 100 100 100 100 100
Headlight switch 93.6 100 100 100 100 100 100 100 100
Hand gearshift 97.2 100 100 77.8 100 100 100 100 100
Foot gearshift 100 100 100 100 100 100 100 100 100
Rollover (scenario 1) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Rollover (scenario 2) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 13.0
Rollover (scenario 3) 0.0 0.0 0.0 0.0 0.0 1.1 0.0 1.1 40.7
Total (controls only) 333 70.4 83.3 61.1 98.1 100 74.1 100 100
Total (rollover scenario 1) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Total (rollover scenario 2) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 13.0
Total (rollover scenario 3) 0.0 0.0 0.0 0.0 0.0 1.1 0.0 1.1 40.7
Total* (controls only) 13 18.5 18.5 14.8 259 444 18.5 46.3 85.2

*Recommended exertion force.

most vehicles in the range of 400-686 cc. Moreover,
50% of the ATVs evaluated had electric power steering
(EPS), 4WD (77%), solid suspension (61%), and manual
transmission (72%).

A summary of descriptive statistics for the controls’
findings is presented in Table 2. The mean coefficients
of variation among replicates of the same ATV (CVR)
ranged between 3.8 and 11.1%, which is in accord
with the results of a previous study (Fathallah et al.
2008). On the other hand, a wide range and high coef-
ficient of variation (CV) were observed for the activa-
tion forces of almost all controls across the various
ATVs evaluated. The mean activation force of the
handlebar was substantially lower (34%) for ATVs
equipped with an EPS unit.

Findings for corresponding youth strength vs. acti-
vation forces of individual controls are presented in
Tables 3 (males) and 4 (females). The auxiliary controls

presented low difficulty for the youth of all age
groups and genders. For instance, all simulated youth
were able to activate the headlight switch of 89.4% of
all ATVs evaluated, the throttle lever and the foot
gearshift of all ATVs, and the hand gearshift of 69.4%
of the ATVs. A common characteristic among all con-
trols with a high success rate is that they consist of
either switches or levers and are mainly operated with
the fingers (e.g. index finger or thumb). Moreover, the
handlebars also have very low difficulty for youth
(males can operate 100% of the handlebars
while females can operate at least 96.6% of the han-
dlebars—Tables 3 and 4).

On the other hand, the simulations revealed that
vehicles’ footbrake presented severe difficulty to the
youth. For instance, 6-10years-old males of the 5th
strength percentile were able to activate only 22.7%
of all evaluated footbrakes. The inability to depress
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Table 4. Percentage of observations (n=54) for which controls did not limit ATV usage by female children of various ages and

strength percentiles.

6-10 11-15 16-20

Age group

Percentile 5th 50th 95th 5th 50th 95th 5th 50th 95th
Footbrake 2.3 63.6 95.5 29.5 773 100 9.1 88.6 100
Footbrake* 0 0 6.8 0 0 29.5 0 0 40.9
Handbrake 100 100 100 100 100 100 100 100 100
Handbrake* 70 87.5 100 925 100 100 100 100 100
Handlebar 96.6 100 100 100 100 100 100 100 100
Handlebar* 345 724 100 48.3 96.6 100 96.6 100 100
Throttle lever 100 100 100 100 100 100 100 100 100
Throttle lever* 514 83.8 100 70.3 97.3 100 100 100 100
Ignition switch 923 100 100 100 100 100 100 100 100
Headlight switch 89.4 100 100 95.7 100 100 100 100 100
Hand gearshift 69.4 100 100 91.7 100 100 100 100 100
Foot gearshift 100 100 100 100 100 100 100 100 100
Rollover (scenario 1) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Rollover (scenario 2) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 3.7
Rollover (scenario 3) 0.0 0.0 0.0 0.0 0.0 1.9 0.0 0.0 1.1
Total (controls only) 18.5 70.4 96.3 37 81.5 100 25.9 90.7 100
Total (rollover scenario 1) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Total (rollover scenario 2) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 3.7
Total (rollover scenario 3) 0.0 0.0 0.0 0.0 0.0 1.9 0.0 0.0 1.1
Total* (controls only) 13 16.7 24.1 14.8 18.5 42,6 18.5 18.5 51.9

*Recommended exertion force.

the foot or handbrakes affects the youth’s ability to
reduce the speed or stop the ATV. In addition, failing
to reduce the vehicle speed can prevent the operator
from diverting from obstacles or potential bystanders.
These are critical findings since several studies have
shown that most ATV crashes include hitting a station-
ary object (Balthrop et al. 2007; Concannon et al.
2012; Helmkamp, Marsh, and Aitken 2011; Jennissen
et al. 2018; Lower and Herde 2012).

The simulations involving most youths of all age
and gender groups indicated that they cannot push
the ATV off for all considered rollover scenarios (i.e.
corresponding strength is less than the vehicle’s
weight). For example, a male youth aged 16-20 from
the 95th percentile (strongest group of subjects) could
only push off 40.7% of the ATVs for our best-case
scenario. That number is significantly smaller (13 and
0%) for the second and first scenarios, respectively.
The results are even more striking for female subjects
since females could only push off 11.1% of the eval-
uated ATVs for our best-case scenario and 0% of the
ATVs evaluated for the worst-case scenario. A similar
trend is observed for the activation forces of the foot-
brakes as well.

The results indicated that a 6-10-year-old male
youth from the 5th strength percentile can activate
the hand gearshifts (97.2%) of a larger percentage of
the evaluated ATVs compared to an 11-15-year-old
male youth of the same strength percentile (77.8%). A
similar trend is observed when comparing the per-
centage of footbrakes that 11-15 and 16-20-year-old

female subjects of the 5th strength percentile can acti-
vate. Although unexpected, the results are in accord
with the original youth strength data (Department of
Trade and Industry 2000, 2002; Parker et al. 1990)
used in the present study.

The percentage of ATVs in which riders passed all
criteria is presented in Figures 6 and 7 (males), 8 and
9 (females). The results indicate that most youths from
the 50th and 95th percentiles are strong enough to
operate the controls of a large number of the eval-
uated ATVs. For instance, the average (50th percentile)
female operator aged 6-10 is capable of operating the
controls of 70.4% of all evaluated ATVs. That number
increases sharply for older youth or youth of the same
age but higher strength percentile. A similar trend
was also observed for male operators. On the other
hand, the plots of totals highlight that most operators
cannot push the ATV off if pinned underneath it
(Figures 6 and 9).

A clear trend in the results indicates that older
youth were capable of riding a larger percentage of
ATVs. This trend indicates that they are less likely to
get involved in ATV accidents compared to their
younger counterparts. Similar findings were also
observed in other studies that evaluated the fit of
youth for agricultural vehicles (Fathallah et al. 2008;
Fathallah et al. 2009; Bernard et al. 2010).

An interesting observation is related to the
‘recommended exertion’ scenario (Figures 6(b) and
8(b)); all operators, including adults, are at risk when
comparing ‘recommended exertion’ with normal
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Figure 6. Percent of observations (n =54) for which male youth passed all criteria (controls only). (a) Normal force and (b) recom-
mended exertion.
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Figure 7. Percent of observations (n = 54) for which male youth passed all criteria (a) controls and rollover scenario 1, (b) controls
and rollover scenario 2, and (c) controls and rollover scenario 3.

forces. The number of ATVs without limitations in
footbrake, handbrake, handlebar, or throttle-lever
decreases sharply for the youth of all ages and
strength percentiles. For instance, the handlebar,
which did not present any significant difficulties for

youth under normal conditions, becomes a factor of
concern as males aged 16-20 in the 5th percentile
can only activate the handlebars of 48% of all eval-
uated ATVs. Furthermore, the percentage of ATVs
without limitations on the footbrake for females aged
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Figure 9. Percent of observations (n = 54) for which female youth passed all criteria (a) controls and rollover scenario 1, (b) con-
trols and rollover scenario 2, and (c) controls and rollover scenario 3.

16-20-years of the 95th percentile decreased from
100% (under normal conditions) to 40.9% under
‘recommended exertion’.

The ‘recommended exertion’ scenario also affects
the percentage of ATVs without limitations in any con-
trols for youth (‘Totals’). The average male operator

aged 16-20 presented a drop of 53.7% in the total
percentage of ATVs without limitations. The results
were even more striking for the females, as the aver-
age female operator aged 16-20-year presented a
drop of 72.2% of the evaluated ATVs. These results
provide quantitative evidence that youth cannot



continuously activate some ATV controls, i.e. youth
(and adults) should not be riding utility ATVs for
extended periods.

4, Discussion

The present results indicated mismatches between the
youth’s strength and utility ATVs’ operational require-
ments, especially for the footbrake, and the forces
required to push off an ATV if pinned underneath it.
Common causes of fatal and traumatic injury involving
ATVs include rollovers and collisions (Balthrop et al.
2007; Helmkamp, Marsh, and Aitken 2011; Cavallo,
Gorucu, and Murphy 2015; Denning et al. 2013). These
causes imply a functional loss of control of the vehicle
or a failure to avoid unexpected hazards (Fathallah
et al. 2008). The inability of youth to properly activate
the vehicles’ controls with 100% certainty likely
increases their exposure to incidents and, conse-
quently, injuries or fatalities.

The simulations related to rollover incidents indi-
cated that most youth cannot push the ATV off if
pinned underneath it. This raises serious concerns
about riders’ safety. Previous studies reported that
68% of farmworkers get pinned under the ATV after a
rollover accident, and 42% of those operators die due
to mechanical asphyxia (Mcintosh et al. 2016). Injuries
and fatalities due to mechanical asphyxia can be
reduced by the proper design and installation of a
Crush Protection Device (CPD) (Khorsandi, Ayers, and
Fong 2019). CPDs provide a crush protection clearance
for the rider in an overturned ATV (Myers 2016).
Making CPDs mandatory for ATVs ridden by youth
would likely improve riders’ safety.

Our data indicate that most youth aged 16-20 of
the 50th and 95th strength percentiles would be able
to activate the controls of a larger percentage of the
evaluated ATVs compared to a 50th strength percent-
ile adult. That unexpected result is likely due to the
high variability in the strength of adults. Previous
studies have shown a common trend where muscle
mass and strength decrease with age for adults over
30years old (Holloszy 2000; Volpi, Nazemi, and
Fujita 2004).

Current ATV-youth fit guidelines are mainly based
on the rider's age and vehicle engine size. However,
these recommendations are not supported by the pre-
sent findings, which clearly showed that there was the
youth who could effectively activate all, some, or none
of the ATVs' controls evaluated, regardless of the
vehicle’s engine size. As such, engine size and rider’s
age alone are poor indicators of youth-ATV fit.
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Despite the data showing a clear trend in which
older youth can safely ride a higher percentage of
ATVs, this can create a false sense of preparedness.
Other factors may also affect the rider’s safety, such as
their psychological and cognitive development, per-
sonal traits (e.g. thrill-seeking), and their riding experi-
ence (NCCRAHS 2018; FReSH 2012; Jinnah and
Stoneman 2016). In this regard, parents’ assessment is
critical to determine whether and to what extent
youth should be involved in ATV operations.

4.1. Study limitations

There are several limitations of this study that need to
be considered when interpreting the results. Youth
strength tests were not designed to evaluate their
capability to activate ATV controls. Instead, the data is
a subset of a larger dataset to provide designers with
ergonomics data for use in the design of safer prod-
ucts (Department of Trade and Industry 2002).
Unfortunately, no analogous data were available to
describe the specific forces required for youth to oper-
ate ATVs. The present study is the first to provide
such information.

In addition, the corresponding strength for the
youth of different percentiles was estimated based on
reported mean and standard deviation values, using
the standard normal table (Z table). To make these
estimates possible, we had to assume that the original
data was normally distributed, which may not be the
case. This issue could be addressed if the dataset con-
taining individual observations was available.

Another limitation concerns the ATV models eval-
uated in this study. Although we used a systematic
approach to identify common ATVs used in the U.S,
the sample is subject to sampling error and is not
necessarily representative of the models ridden specif-
ically by youth. Moreover, the safe and effective riding
of utility ATVs involves consideration of issues other
than the forces required to operate its controls. ATVs
are rider-active; that is, the rider must be able to shift
their body weight to safely perform manoeuvres, such
as turning, negotiating hills, and crossing obstacles
(National 4-H Council 2005).

Several limitations are related to the general condi-
tion of the evaluated ATVs. Even though an ATV may
appear to be in a good general condition, that does
not necessarily imply that all specific systems (e.g.
brake and steering systems) are working properly,
which could modify the activation forces of their
respective controls. This issue may limit the generalis-
ability of the results. It could be addressed by
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inquiring from ATV owners about their last inspection/
maintenance.

Lastly, the measurements of activation forces for
the handbrake, footbrake, and handlebar were not
obtained using standard methods (e.g. as described
by the Society of Automotive Engineers—SAE or ISO
standards). Since the forces of those controls are
affected by many factors, such as ground conditions
and tire abrasion, which are difficult to control, the
study’s approach adopted conservative (minimal force)
alternative methods.

5. Conclusions

This study evaluated the potential mismatches
between youth’s strength and the forces required to
safely operate eight different controls of fifty-four util-
ity ATVs. The main findings were that: (1) the activa-
tion forces required to operate utility ATVs typically
exceed the strength of most youth aged 6-20years
old, especially females; (2) youth should not operate
ATVs continuously for extended periods (e.g. work)—
for instance, the typical 16-20-year-old male of the
50th strength percentile is not strong enough to oper-
ate at least 50% of all evaluated ATVs; (3) the ability
to activate ATVs' footbrake along with the ability to
push off the ATV if pinned underneath are the most
critical factors to determine whether youth are cap-
able of riding based on their strength; (4) only engine
size and rider's age are poor indicators of youth-
ATV fit.

These findings raise serious concerns about the
ability of youth to safely operate utility ATVs in com-
mon use on U.S. farms. As such, the readiness of
youth to ride ATVs, especially for occupational pur-
poses, should be carefully evaluated by their
parents/guardians.

Furthermore, the present data brings to question
the validity of current youth-ATV fit guidelines as ATV
engine size, and rider's age seems to be inadequate
for determining whether or not a youth is strong
enough to operate the controls of a utility ATV.
Therefore, there is a need to review and update cur-
rent youth-ATV fit guidelines. Those guidelines should
include recommendations based on quantitative and
systematic data comparing the physical ability of
youth and the operational requirements of ATVs.

Overall, a mixed approach combining engineering
redesign, legislation, parent involvement, and safety
education is needed to prevent ATV injuries in the
youth of all ages (Jinnah and Stoneman 2016).
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