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Abstract: The foldable roll-over protective structure (FROPS) protects the operators against fatal
injuries in tractor roll-over accidents. However, a rear-mounted FROPS is often folded down or

heck removed. In the present study, the accessible zones and grasping areas in a rear-mounted FROPS
f.pecfaté’sr were redesigned and adapted to the 5th, 50th, and 95th European human anthropometric percentiles

L . . to enhance its correct and comfortable use. Then, a rod was proposed as a design solution to make
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Vigoroso, L.; Caffaro, F; Paletto, G.; the roll-bar grasping areas fall within the new accessible zones. The rod prototype increased roll-bar
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Academic Editor: Daniela Lovarelli 1. Introduction

Tractor roll-over is the most frequent type of accident in the agricultural sector [1,2].
The roll-over protective structures (ROPS), i.e., safety cab, frame, or roll-bar, are mechanical
structures fitted on agricultural and forestry tractors. Together with a driver’s retention
system, the seatbelt, they avoid or limit the risks to the driver resulting from roll-over of
the vehicle during normal use [3,4]. ROPSs have been adopted on tractors since the 1980s,
when significant safety and health, and ergonomics progress had been introduced [5].
published maps and institutional affil- 1 YOVINg to be effective measures to prevent injuries during tractor roll-over, they are
{ations. mandatorily fitted on tractors in many countries [6] because of requirements from public
road circulation and occupational safety and health regulations [7]. Foldable two-post
ROPS (FROPS) have been designed to facilitate tractor operation in low overhead clearance
zones: orchards and vineyards and confined spaces, such as greenhouses and animal
husbandry buildings [8]. FROPS are often fitted on narrow tractors (i.e., having at least
one axle with a track width not larger than 1150 mm, [9,10]). Two different categories of
narrow tractors are internationally recognised under ROPS safety and health regulation
requirements [11,12]: tractors with ROPS mounted on the front of the driving station, with
conditions of the Creative Commons & Maximum permitted unladen mass of 3500 kg [13], and ROPS fitted on the back of the
Attribution (CC BY) license (https:// ~ Ariver’s seat, without any unladen mass upper limit, unless they have a reversible driver’s
creativecommons.org/licenses /by / position or reversible seat and steering wheel (in this case the maximum permitted unladen
4.0/). mass is limited to 3500 kg) [14].
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FROPS also find application on bigger and higher power standard tractors (without
any track width and mass limitation regarding safety and health ROPS requirements [3])
when manufacturers need to curb the cost, and the purchase price, in markets with limited
economic possibilities, or on entry-level models; frequently, in these cases, the foldable
roll-bars are adopted to reduce space during transport and storage at the dealers” and
farmers’ facilities. According to the European Agricultural Machinery Association [15],
approximately 43,000 and 38,000 out of 191,000 and 177,000 tractors registered in 2019 and
2018, respectively, in European Union (EU) countries, are equal to or under 37 kW (50 hp),
and most likely belong to the narrow tractor category and are potentially equipped with a
FROPS. Hence, standard tractors are the most represented category where, even though
less common, the rear-FROPS are marketed.

Generally, the FROPS comprises two lower steel components, one for each side of
the tractor, mounted in front of or on the back of the driving seat, and an upper inverted
U-shaped folding steel tube. The lower and upper parts are joined at a pivot point by
a couple of pins on each side of the protective structure, making it possible to fold the
upper part frontward or rearward, based on the FROPS type (Figure 1). The folding
operation is generally manual, even though some dimensions and mass of the components
may overcome the human handling capacity, as observed in previous works [16,17] on
standard tractors.

S

]
Figure 1. Side (with upper folding component in upright and folded position) and front views of
a rear-FROPS.

FROPS, as all ROPS, are designed to absorb the energy developed by the impact with
the ground in case of overturn, but with a limited deflection to avoid the infringement of
the “clearance zone”, a standardised volume representing the space occupied by the driver
“when seated either inside the envelope of the structure or within a space bounded by a
series of straight lines from the outer edges of the structure to any part of the tractor that
might come into contact with flat ground and that is capable of supporting the tractor in
that position if the tractor overturns” [3] (p. 3). Recent surveys have revealed a new issue
about FROPS-equipped tractors and the fatality rate in agriculture in many developed
countries: the number of fatal accidents and severe injuries in tractor roll-over accidents
with folded down or removed FROPS has increased in the last years [18-21]. The manual
handling, considered a strenuous operation, and the poor reachability of the rear-mounted
FROPS have been recognised as the leading causes for removing or leaving the FROPS in a
folded down position [22,23]. Reachability issues especially affect shorter operators, who
reported the need to redesign the foldable roll-bar able to respect users” anthropometric
variability [16,17].

According to the ergonomics literature [24-28], the anthropometric and functional
variability in the interaction with sizes, volumes, and movements of the machines should
be considered to ensure that the machines address, as much as possible, the needs of
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the broadest audience. Indeed, taking into account reachability, quality of the grip, and
postures required to operate machinery parts increases the overall system safety and
comfort in use [29,30]. In addition, the European Machinery Directive [31] indicates that
the anthropometric variability and ergonomic principles must be taken into account to
improve the human-machinery interaction and minimise operators’ discomfort and fatigue.

State of the Art Regarding FROPS Manual Handling Requirements and Aim of the Present Study

Previous studies aiming to promote the comfortable and safe handling of rear-mounted
FROPS resorted mainly to technical engineering approaches to develop mechanical so-
lutions [32,33] to ensure the clearance zone is not infringed during strength tests and
protect the operator in case of roll-over [12,34,35]. Although the ergonomic issues during
FROPS operations have increasingly received attention [8,34], few previous studies stressed
the role of anthropometric variability in determining the quality of the human-FROPS
interaction; these studies highlighted the need for some redesign to enhance comfort and
safe use, especially for shorter operators who are adopting awkward postures and unsafe
climbing behaviours when handling the roll-bar [16,17]. The difficulties and the improper
behaviours that emerged from these previous field observations represented the rationale
of the present study and the resulting proposal of FROPS improvement.

The Organization for Economic Co-operation and Development (OECD) Standard
Code 6 for the Official Testing of Agricultural and Forestry Tractors [13] has introduced,
since 2016, optional minimum ergonomic requirements to improve the manoeuvrability of
front-FROPS fitted on narrow tractors. In 2017, the same requirements were also extended
to narrow tractors with rear-FROPS [14]. Such requirements were incorporated, becoming
mandatory, in the EU technical requirements for the type-approval of narrow new agricul-
tural and forestry tractors [10]. The OECD Code 7 [14] also acknowledges that tractors with
one of the axles less than 1150 mm where a rear-FROPS is fitted do not have any mass limit
unless they have a reversible driver’s position or reversible seat and steering wheel; in this
relatively uncommon case, the maximum permitted unladen mass is limited to 3500 kg.
Therefore, despite their reduced track, the narrow tractors can take a considerable vertical
shape, similar to those of standard tractors, making it practically impossible to raise/lower
the protective structure standing on the ground.

The OECD Codes [13,14] define the grasping area as “the portion of the ROPS and/or
additional handle fitted to the ROPS where the operator is allowed to carry out the rais-
ing/lowering operations” (Figure 2a) and the accessible zones in the human-FROPS
interaction as “the volume where an operator standing on the ground can apply a force
to raise/lower the ROPS” [14] (p. 22). The three accessible zones are defined as Zone
I—comfort zone, Zone Il—accessible zone without forward-leaning of the body, and Zone
III—accessible zone with forward-leaning of the body. The two areas above Zone II and
Zone 111, indicated as Extension of Zone II and Extension of Zone 1III, are the acceptable
extensions of the two respective accessible zones (Figure 2b).

In the accessible zones depicted in the OECD Code 7 [14], the only measurement
provided is the operator’s eye height, referable to an approximately 1.60 m tall person
(Figure 2b), without any specification regarding either the reason for choosing the manikin
characteristics or the anthropometric reference dataset. In the human-machine interaction,
beyond the human anthropometric variability, it is relevant to also consider tractor dimen-
sions which are not taken into account in the drawings of OECD Code 7. Indeed, observing
these drawings, we can infer that the machine represented is a “small tractor” (fully raised
FROPS is as tall as the human figure depicted) and it is not representative of the actual
measurements range of tractors with rear-mounted FROPS [3].

Therefore, starting from all the previous considerations, the present study has a
threefold purpose: (a) to resize the accessible zones provided by the OECD Codes (using
the same 2D graphical style), adjusting them to users’ anthropometric and functional
variability, (b) to develop a prototype design solution to increase FROPS reachability based
on the redesigned accessible zones, and (c) to test the suggested solution with real users
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characterised by different anthropometric measurements, to investigate benefits in terms
of safety and comfort in roll-bar handling.

Zone |

RS- Zone I

I Extension Zone Il
Zone lll

[ Extension Zone Il

1795 mm

1520

(a)

(b)

Figure 2. OECD requirements to guarantee a safe and comfortable FROPS operation: (a) accessible zones to handle the
roll-bar in front of its trajectory (OECD Standard Code 7), and (b) grasping areas (OECD Standard Code 7). Reprinted with

permission from [14].

In the following sections, we will describe the different phases which led to the
redesign of the accessible zones and the development of the prototyped solution. In
particular: (a) the redesign of both the human figure and the tractor starting from a set
of anthropometric dimensions and previous on-field observations to account for human
variability and tractor dimensions; (b) the integration of the analysis of the dimensional
characteristics of the human figure and the tractor with functional aspects regarding upper
limbs reachability and movements; and (c) the evaluation of a possible design solution, i.e.,
a rod, to increase FROPS reachability and validate graphical representation with a group
of users.

2. Materials and Methods
2.1. Development of the Human Manikin

According to the ergonomic requirements, the adoption of percentiles of anthro-
pometric variables is the most recommended approach in design. Often, the 5th and
95th percentiles are used to define the minimum and maximum values that are consid-
ered [36,37]. As reported in Pheasant and Haslegrave [28], many sources of anthropometric
data for different populations can be found in the extant literature and international stan-
dards [37-41], but “few of the surveys for either national or special populations provide a
comprehensive set of anthropometric dimensions (if such a set were possible)” [28] (p. 53).
Based on this, “designers are often faced with the need to estimate dimensions for some
design parameters even when using the most comprehensive data set” [28] (p. 53).

For the aims of the present study, three percentiles, respectively the 5th, the 50th, and
the 95th percentiles, were considered, and some specific measures of the body segments
were adopted considering the relation between the human reachability and the elements of
interaction with the tractor. Thus, 10 anthropometric variables, as defined in International
Organization for Standartization (ISO) 7250-1 [42], were considered: two variables (the
eye height and the crotch height) corresponded to those considered in the OECD Codes,
whereas the other eight variables were stature, forward reach, hand length and foot length,
shoulder height, elbow height, tibiale height, and elbow—wrist length (Figure 3). Among
the available anthropometric databases, the dataset reported in Jurgens et. al. [37] was
considered as the most comprehensive for the 10 variables of interest and all the three
percentiles considered (5th, 50th, and 95th). In addition, this dataset has been largely
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adopted in the European and international standards for anthropometry and human-
machine interaction [43,44]. The measurements provided by Jurgens et al. [37] represent the
average values for both sexes in a sample of 3 million Europeans with age ranging between
18 and 60 years. Moreover, “a compromise concerning a differentiated solution was found
in defining the median (50th percentile) of all measure of the European population by
way of the all European calculation, while the limiting percentile 5th and 95th were to be
set according to the countries hosting the highest and the lowest body measures in their
population respectively” [37] (p. 4) (Figure 4).

1. Stature (body height)
2. Eye height
3. Shoulder height

4. Elbow height

5. Crotch height

6. Tibiale height
7. Elbow—wrist length
8. Hand length

9. Foot length

10. Forward reach (grip axis)

Figure 3. The ten measurements considered to represent the human figure in the present study.
Based on Jurgens et al. [37] dataset (in which the anthropometric measurements of male and female
individuals were considered together), the human figure is represented through a sexless manikin.
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Figure 4. Human figure representations based on European anthropometric data [37] considering the ten variables of
interest: (a) 5th percentile, (b) 50th percentile, and (c) 95th percentile.

In conclusion, based on the only operators’” measurement provided in OECD Code 7
(i.e., the eye height that corresponds to 1.52 m), the stature of the human figure reported
on the OECD Codes is estimated to be just over the 5th percentile of an average European
subject, and limbs length is between the 5th and the 50th percentile [37].

2.2. Development of the Tractor Model

The enhanced image of the tractor has been defined based on the three most important
measurements related to the points of interaction with FROPS as observed in previous
studies on standard tractors [16,17]: (1) distance from ground to FROPS in the folded-down
position (45° angle between the upper folding part and the lower component of FROPS);
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(2) distance from ground to FROPS pivot pin, which corresponds to the height of FROPS
raised forming a 90° angle; (3) distance from FROPS pivot pin to the top of the fully raised
roll-bar (Figure 5).

602

1865

1540

Figure 5. Representation of the tractor, based on the average measurements collected on field.

2.3. Development of the Accessible Zones through the Merge of the Human and Tractor Representations

After having graphically and metrically defined both the human figure and the tractor
features, the manikins of the 5th, 50th, and 95th percentiles were overlapped to the tractor
representation to easily identify the interaction points between the human figure and the
machine. The postures of the manikins and their distances from the tractor were designed
based on those detected in previous field observations [16,17]. Only as a graphical reference,
the manikins reported in the results section have been depicted with the right arm raised,
simulating the grasp of the roll-bar when it was at 45°, and the left arm extended, simulating
the grasp of the roll-bar when it was at 90°.

To develop the accessible zones adapted to the three percentiles considered, the exist-
ing accessible zones used in the OECD Codes were scaled by adopting specific anatomical
landmarks and body measurements as a reference. In particular, body measurements as the
crotch height and the eye height, which correspond to the lower limit of the accessible Zone
I and to the upper limit of the accessible Zone II, respectively, were used as referring points.

Furthermore, with the aim to redesign the accessible zones respecting the ergonomic
principles, besides the human dimensional characteristics, the functional ones have also
been considered. Thus, the present study also took into account the results summarized in
KAN Study 50 [45] (Table 1); in particular it reports the relationship between the height
of the gripping point from the ground and the maximum forces applicable to operate a
swinging component of the machine, to determine the optimal height from the ground to
exert as little effort as possible. Considering the position of the roll-bar to be moved when
it is grasped by the operators the maximum forcesvalues at 45° and 90° for the lowering
and lifting task for male operators from the KAN Study 50 were considered. Such forces
area summarized in Table 1.

Table 1. Maximum applicable forces and height from the ground of the gripping point for lifting and lowering swivelling
manually operated parts according to the KAN study 50 (2013) when they are at 90° and 45°.

Swivelling Manually Operated Parts at 45° Swivelling Manually Operated Parts at 90°

Height from the Ground Lowering Lifting Lowering Lifting
1920 - - 500 N 500 N
1610 300 N 500 N - -
1380 300 N 400 N - -
1220 - - 500 N 300 N
790 500 N 500 N - -
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2.4. Test with Real Users to Validate the Graphical Representation

At the end of the whole redesign process of the accessible zones, a prototype solution
to increase the FROPS reachability was developed, fixed on a sample of FROPS and tested
with three real users representative of the three percentiles considered (5th, 50th, and 95th)
to evaluate benefits in terms of safety and comfort in roll-bar handling. Participants were
three young novice farmers. For safety reasons, the prototype of the handle was fixed
on an ad hoc structure which simulated the actual dimensions of a real tractor, whereas
some specific obstacles, such as those related to the rear wheels, were marked on the floor
using a white adhesive tape, asking participants not to cross that limit during the FROPS
handling tasks.

3. Results
3.1. Graphical Representation of the Accessible Zones Based on Human Manikins

The size of the newly developed accessible zones increases as the measurements of
the three human figures grow, as reported in Figure 6 (with the three percentiles depicted
separately) and Figure 7 (with the three percentiles overlapped). The figures highlighted
the variation of the accessible zones based on the percentile figure considered, extended
from 1660 mm to 2070 mm in height and from 556 mm to 700 mm in width, with all its
distinct areas depicted proportionally.
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Figure 6. Measurements of the accessible zone redesigned based on the three percentiles figures: (a) 5th percentile, (b) 50th
percentile, (c) 95th percentile when the FROPS is at 45° and 90°, and (d) 5th percentile, (e) 50th percentile, (f) 95th percentile
when the FROPS is in the upright position.
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2470

1718

Figure 7. The three percentiles figures and their respective accessible zones, overlapped.

When the FROPS is in the folded-down position the manikins can reach the roll-bar
by handling it in Zone II and extension of Zone II. In particular, the gripping point is on
the upper limit of the Extension of Zone II in the case of the 5th percentile figure, near
the lower limit of the same zone for the 50th percentile figure, and within Zone II for the
95th percentile figure. On the other hand, when the roll bar is at 90°, the 5th percentile
figure cannot reach the roll-bar since it is above the extension of Zone II, the 50th percentile
figure’s gripping point corresponds exactly with the limit of the same area, whereas the
95th percentile figure can reach the FROPS, handling it within the extension of Zone II.
Furthermore, from the representations, it is possible to assume that, when the FROPS is
fully lowered (i.e., at 0°), the gripping point of the roll-bar is on the edge between Zone
II and the extension of Zone II for the 5th percentile figure, within Zone II for the 50th
percentile, and on the border between Zone I and Zone II for the 95th percentile figure.
However, it is useful to remember that this latter condition did not occur in the actual
contexts observed in previous on-field studies, since the roll-bar was not completely folded
down, but it maintained an angle of about 45° [16,17].

In addition, in Figures 6 and 7, the manikins were not represented with hands and
arms raised when the FROPS has angle over 90° and in the upright position, since it was
previously noted that most operators were not always able to reach and grip FROPS in that
specific condition [16,17]. Indeed, this condition would be representable only for for users
belonging to the 95th percentile, who have to get closer to the tractor machinery and need
to change their hand position on the FROPS from the horizontal crossbar to the vertical
bars. This means that users placed their hands closer to the pivot pin. However, all the
three percentiles considered have their hands outside the accessibility zone.

3.2. The Developed Accessible Zones Supported by the Maximum Applicable Forces

Starting from elements depicted in Figure 6, the grasping area was considered and
the real distances from the ground to the manually operated part (i.e., the gripping point
of the roll-bar) were compared with those reported in the KAN Study 50 (2013) for swiv-
elling agricultural machines manually operated parts in lifting and lowering movements
(Figure 8). The comparison was useful to verify the reliability of the proposed accessible
zones with respect to the required posture.
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Figure 8. Distance from the ground to the manually operated part, both in the actual context and as reported in the KAN
study 50 for: (a) the 5th percentile, (b) the 50th percentile, and (c) the 95th percentile.

In Figure 8, the three percentiles figures, with the respective redesigned accessible
zones in interaction with the FROPS, are represented: the blue lines represent the height of
gripping points at 45° and 90°, measured in the real situation (based on [17]); whereas the
black ones represent the heights of the gripping point suggested as optimal in the KAN
Study 50 [45] for grasping machinery parts at the same angles of the roll-bar. Comparing
the two lines for each position of the FROPS, it is possible to note how the dimensions
recorded during on-field observations are just below the height values suggested as optimal
in the KAN Study 50 for both the roll-bar angles.

Based on Figure 8, Table 2 reports the accessible zones in which the gripping point is at
45° and 90° roll-bar angle and the respective height from the ground (in actual and optimal
conditions) for the three percentiles figures. With respect to the accessible zones, when
the roll-bar is at 45°, the real and optimal gripping points fall within the new accessible
zones or their extensions for all the three percentile figures, whereas, when the roll-bar is at
an angle of 90°, the gripping points for the 50th and 95th percentile figures fall within the
new accessible zones, while the gripping point of the 5th percentile is placed outside all
the accessible zones, almost 300 mm above the extension of Zone II.

Table 2. Areas of the accessible zones in which the gripping point is at 45° and 90° roll-bar angle and respective height from

the ground (in real and optimal conditions) for the three percentile figures.

Distance Ground-Gripping Point FROPS at 45°

Distance Ground-Gripping Point

(Folded-Down Position) FROPS at 90°
Percentile 1540 mm 1610 mm 1865 mm 1920-2150 mm
(from Observation) (KAN Study 50) (from Observation) (KAN Study 50)
5th Extension Zone II Extension Zone II / /
Limit Extension Limit Extension
50th Zonell Zone II and Zone II Zone II /
95th Zone II Zone II Extension Zone II Extension Zone II

3.3. Tips for Technical Improvements to Be Fitted on Tractors and Testing against the New
Accessible Zones

Based on the redesigned accessible zones, and to improve FROPS reachability, a design
solution was developed which allowed operators to handle the FROPS standing with their
feet on the ground and prevented them from adopting awkward and uncomfortable
postures. In detail, through some design sketches adapted for each percentile considered,
the research team decided to add a rod that would help operators perform the raising task
(Figure 9).
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2470
2470

(a) (b) (©)

Figure 9. Sketches of the suggested solutions proposed, used by (a) the 5th percentile figure, (b) the 50th percentile figure,
and (c) the 95th percentile figure, and its testing against the new accessible zones, to increase the users’ reachability for
FROPS handling.

A rod permanently fixed on the outer side and on the folding upper part of the FROPS
has been identified as a possible solution. The rod was inserted on a threaded pin fastened
on the FROPS and held in place by a nut. This connection allows the free rotation of the rod
on the vertical plane; whereas, when the rod is in resting position, it is locked by a retainer
placed in the lowest part of the FROPS. The rod, 800 mm long, can pivot on the vertical
plane to be operated, enabling the operator to raise and lower the FROPS. See Figure 10 for
more datails on the connection and retention solutions adopted.

(b)

Figure 10. The rod proposed as a solution to increase FROPS reachability. In both figures (a,b),
a coloured square highlights the fixing and connection joint of the rod with the FROPS, while a
coloured circle highlights the retention mechanism to lock the rod when in rest position.

Finally, after that the prototype was fixed on the FROPS, it was tested thanks to the
collaboration of a sample of three users representative of the three percentiles considered
(5th, 50th, and 95th). The following figures show the three users while lifting the FROPS
using the rod (Figure 11).
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(b)

Figure 11. The three users corresponding to (a) the 5th percentile, (b) the 50th percentile, and (c) the 95th percentile involved

in prototype testing, while performing the requested task of raising the FROPS. The redesigned accessible zones were

overlapped to the photographs to verify their feasibility in actual conditions.

Photographs taken while performing the raising task show that the 2D representations
made with manikins are rather loyal to the actual conditions. In detail, Figure 11 shows
that all the participants belonging to the three percentiles considered could raise the FROPS
standing safely with their feet on the ground, with the gripping point of the rod falling
within the redesigned accessible zones. In addition, after performing the requested task,
users expressed spontaneously their personal opinion related to the device just adopted.
Overall, all three users said that “this handle is really useful for handling the FROPS”
and “if it is available in the future on tractors, I will be eager to use it”. In detail, the 5th
percentile user expressed a greater appreciation for the device as “I found it simple to
use”, “handle adoption makes the task less tiring and standing with my feet on the ground,
I can better manage the force to raise the FROPS, so I can feel safer and more confident”.
Furthermore, it would also provide a postural and behavioural advantage to the 50th
percentile and 95th percentile operators, with the gripping point moving from Zone II to
Zone I (Figure 9).

4. Discussion

In this study, the accessible zones for rear-FROPS handling on higher tractors were
developed through the redesign of those provided in existing standards [3], by adapting
them to the anthropometric variability represented by the 5th, 50th, and 95th percentile of
the European population [37], and also considering the functional aspects [45]. The results
pointed out the relevance of considering the anthropometric variability when designing
agricultural machinery and its components, focusing especially on reachability issues of the
manually operated parts. Indeed, even though the accessible zones were adjusted to each
of the three percentile figures considered (5th, 50th, and 95th), when the roll-bar was at an
angle of 90°, the gripping point of the 5th percentile was placed outside all the accessible
zones. To provide a gripping point falling within the adjusted accessible zones for the
shorter users, we proposed a prototype solution that also represents an affordance for other
stature percentiles, following the principles of “Inclusive Design” [46]. The suggested
prototype design solution, i.e., the rod, has proven to be particularly appreciated by the
users who tested it. It also has the advantages of a limited cost increase of the roll-bar,
being easy to be stored on tractors, and available wherever necessary. This simple solution
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could respond to the needs expressed in previous on-field interviews and observations by
the operators [17], who wish for some improvement of the FROPS handling.

However, concerning the FROPS reachability issue of the 5th percentile, the gripping
point for these users is at the limit of the accessible zones regardless. Based on this, future
studies may evaluate the feasibility of a telescopic rod. In this way, when the rod is at
the minimum length, it would not hit other structural parts or components fixed on the
tractor; whereas, when the rod reaches the maximum length, it would be longer than the
one tested in the present study, thus further reducing the distance from the gripping point
and improving rear-mounted FROPS handling for the shorter users. Based on the present
results, a set of guidelines for designing and testing possible alternative FROPS design
solutions in compliance with the resized and adjusted accessible zones may be developed.

Whenever the proposed solution should be adopted on a FROPS intended for the
market, it should be installed on the items submitted to the ROPS test to verify that its
installation does not undermine the results of the test itself and that all the conditions of
acceptance provided by the OECD Code for the test are fulfilled. Installing such a simple
structure on an existing FROPS would require redoing the ROPS tests because, depending
on how the rod is connected to the FROPS body, by drilling or welding, it might discredit
the results of the test performed on the FROPS, compromising its efficiency in protecting
the operator in case of overturning. In addition, in future studies, the fixing method needs
to be tested to verify that the retention mechanism guarantees the rod remains fixed on the
outside of the FROPS in case of roll-over and does not infringe the operator’s clearance
zone. During the designing phase, it is essential to take into account the target market
and the anthropometric differences of the populations to which the machine is addressed.
This is particularly important for agricultural machinery manufacturing, which is a highly
integrated industry with globally marketed products [47]. Respecting anthropometric
variability and paying special attention to operators belonging to the 5th percentile, which
are particularly disadvantaged in the interaction with components placed at a greater
distance from the ground, is crucial in the design of products which are intended for
populations with a high inter- and intravariability based on geographical areas (e.g.,
Northern vs. Southern European populations [37]), gender (relevant for the increasing rate
of women in the farming population [48]), and age (relevant for the increasing rate of older
farming populations [48,49]).

The design of a rod, or also a telescopic rod, to make the gripping point closer to the
operator allows all the percentiles figures to handle the FROPS easily and enhances safety
for shorter people, who, in previous on-field studies, were observed climbing muddy and
unstable parts of the machinery to grasp the roll-bar [17]. However, technical improve-
ments could not be sufficient to solve safety issues in the human-machine interaction [50].
Therefore, in case of changes in technical features or a new design, it is recommended to
introduce information and training activities to promote the correct behaviour and use
of the proposed solution [51]. Many previous studies have indeed highlighted the role
of training in enhancing safety knowledge and behaviour in a sector such as agriculture,
characterised by complex and varied tasks [52-54], showing the high efficacy of visual
materials [51,55,56] for both local [57,58] and migrant farmworkers [59,60], who represent
a relevant percentage of the agricultural workforce in developed countries [61]. In line
with this, the 2D graphical representation of the adjusted accessible zones developed in the
present study could also be included in users’ manuals and training materials to overcome
cultural and language barriers in showing operators not only how to comfortably and
safely operate the FROPS, but also the focus on human variability adopted during the
design process of the machinery and its parts.

Limitation and Future Developments of the Present Study

Some limitations of the present study should be acknowledged. The suggestions
and improvements provided have been tested with a group of one user per percentile
considered. In the future development of the research, it will be useful to test the suggested
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solutions with a larger group of agricultural operators to also investigate the acceptability
and the usability of the proposed devices, to promote the comfortable and correct FROPS
operation for all users.

Regarding the variability issues, in the future development of the research, it could
be beneficial to further verify the accessible zones developed in the present investigation
among women and workers with different anthropometric characteristics compared to
the European population. Furthermore, it would be useful to involve participants with
different previous working experience and ages, considering the decrease in strength and
joint mobility with ageing and reduced mobility caused by musculoskeletal disorders
(MSD) and injuries [62-66]. In addition, considering that, as reported by NASA RP 1024,
the percentiles within a category of data are indeed exclusive, the use of anthropometric
manikins designed with the same percentile of all measures can be improved by considering
also the variability of the proportions between the different body segments in individuals
from both single populations and different populations.

Finally, in this phase of the research, the adoption of the 2D representation was con-
sidered as able and sufficient to point out how human variability can influence the safety
behaviours and the users’ interaction with the tractor components. The 2D technical draw-
ing adopted is also consistent with the technical representation used in the OECD Codes,
and it is recognised as essential for communicating ideas in industry and engineering [67].
However, the authors acknowledge that, in future developments, it could be helpful to
perform a deeper analysis using 3D simulation software which will allow reproducing the
dynamics of the actual operating conditions.

5. Conclusions

To improve the on-field observed critical interaction between the users and the FROPS,
in the present study, the accessible zones for FROPS operation provided by the OECD
Codes were resized and adjusted according to the anthropometric characteristics. Building
on this, a solution was suggested to benefit the shorter users in FROPS handling and, as a
consequence, also the taller ones. In conclusion, the present study highlighted that it is no
longer possible to follow the principle of “designing for the average”, which is primarily
being used when adjustability is not practical [68], to design industrial equipment and
machinery; the design must take into account those users who may have greater difficulties
in the interaction with machinery components, especially in terms of reachability. The
outcomes of the present research provide knowledge and evidence to regulatory and
standardisation bodies; they support a broad reflection on the extent to which human
variability should be considered in machinery design, and its impact on thematic policies
(e.g., occupational health and safety) in relation to the societal challenges. In particular,
the present study represents a contribution to introducing ergonomic requirements for
rear-mounted FROPS fitted on standard tractors, such as those considered in the OECD
Code 4.
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