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ABSTRACT It is imperative that research be done to understand the nature of slips and falls from 

tractors. The objective of this project was to measure static joint angles of the ankle, knee and hip 
during both ingress and egress to compare all nine combinations of initial step heights (350, 450 

and 550 mm) and access path angles (50, 60, and 75) to quantify joint angles required to complete 
these functional activities.  A mock-up of a tractor access path was constructed with adjustable i) 
height of first step, ii) step spacing and iii) access path angle. Participants representing the 5th, 50th, 
and 95th male height percentiles were recruited to ingress and egress for nine combinations of 
initial step height and access path angle (with step spacing constant). Egress was tested facing 
both toward the tractor and facing away from the tractor. Static angle measurements of the ankle, 
knee and hip were taken for each step and stair configuration using a goniometer. Participants 
were asked to rank the designs in terms of comfort, providing information on the location of any 
discomfort experienced. Analysis of the experimental results reveals different ranges of joint motion 
required to complete the functional activities of ingress and egress. The most discomfort was noted 
when the measured joint angles were extreme and the majority of instances of extreme joint angles 

occurred when the stair angle was 75 or when the initial step height was 550 mm. Access paths on 
tractors should avoid steep access path angles and initial step heights of 550 mm. 

Keywords: agricultural safety, tractor egress, static joint angles 
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INTRODUCTION It is well known that the farming industry experiences many injuries and 

fatalities each year, and many researchers have tried to uncover the causes behind various types 
of accidents that occur. The focus of this research is tractor accessibility, or more specifically, joint 
angles associated with ingress and egress. The long-term intent is to determine whether access 
path design contributes to either falls or chronic injuries.  

While it has been suggested that the forces at the various joints used during tractor mounting and 
dismounting are partially to blame for chronic injuries (Verampala 2011), a review of the literature 
did not recover any significant information regarding the recommended knee, hip, and ankle angles 
during normal activity. A search of the literature found numerous papers giving normal ranges of 
motion (ROM) for both the hip and the knee, and as discussed by Roach and Miles (1991), the 
literature published on normal ROM does not discuss whether or not the measurements were taken 
for active or passive joint movement. Although Roach and Miles (1991) provided some description 
of normal active and passive ROM, there is no information on the recommended ROM for 
individuals of different ages, genders, or physical health. Similarly, there is no indication of 
recommended ROM values for activities such as stair climbing by individuals from varying 
demographics. 

Further literature explored the force and moment measurements passing through the different joints 
in the lower extremities (Protopapadaki et al. 2006), while others analyzed angles with their relation 
to gait and force (Costigan et al. 2001). Andriacchi et al. (1980) also discussed the relationship 
between knee and hip angles for ascent and descent, and stated that dorsiflexion angles during 
ascent are greater than those during descent, but these observations were made for typical stairs in 
buildings, not steps leading into tractors. This project will aim to measure the static ankle, knee and 
hip angles for various stair configurations for participants from the 5th, 50th, and 95th male height 
percentiles thereby relating step positioning to comfort. 

MOCK-UP DESIGN Before the experiment could begin, a 

tractor cab access path mock-up had to be designed. After 
considering what is present in an actual tractor, as well as 
what is required to ensure a certain level of safety on a 
tractor, the mock-up shown in Figure 1 was built. Using 
basic materials, such as wood, angle iron and a non-slip 
metal grating for the stairs, this mock-up was built to 
represent the cab and access path of a small four-wheel 
drive tractor, having a cab platform (approximately 1.2 m by 
1.5 m), and measuring 3.2 m tall. The mock-up was 
designed with angle adjustable stairs and height adjustable 
stair treads to facilitate the testing performed in this project. 
A review of the literature identified various recommendations 
for height of the first step above the ground:  400 mm 
(Hammer 1991); 550 mm preferred or 686 mm maximum 
(ASABE 2008); 760 mm (Latif and Christianson 1988). In a 
standard for ladders, cages and walkways, it is suggested 
that the maximum distance between ladder rungs should be 
300 mm (ASABE 2008). In our opinion, initial step heights of 
686 or 760 mm seem unreasonable. Thus, a decision was 
made to test three initial step heights on the low end of the 
recommended values (i.e., 350, 450 and 550 mm) and to 

use step spacing of 300 mm. Stair angles of 50, 60 and 75 
were selected for testing.  

Figure 1: Tractor cab access path mock-up 
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EXPERIMENTAL SET-UP AND PROCEDURES Three participants, one selected to represent 

each of the 5th, 50th and 95th percentile of male heights, were recruited for this experiment. Prior to 
climbing onto the cab mock-up, the participants had their Lateral Epicondyle (Femoral), Lateral 
Malleolus (Ankle), Iliac Crest, and Greater Trochanter (Femoral) marked. In between each of these 
major markers, a secondary marker was placed to assist in the measuring of the joint angles. 
Participants had their height, shoe length, and limb lengths (right side of body) measured. These 
measurements were taken from the center of one joint to the center of the next, and are 
summarized in Table 1.  
 

Table 1: Anthropometric measurements of the three participants recruited for this study 
(measurements taken on the right side of the body). 

 Anthropometric Measurements (cm) 

 5
th
 

Percentile 
participant 

50
th
 

Percentile 
participant 

95
th
 

Percentile 
participant 

Height 151 171 198 
Shoe Length 25 27 32 
Lateral Malleolus to Lateral Epicondyle Femur 38 42 50 
Lateral Epicondyle Femur to Iliac Crest 50 56 65 
Lateral Epicondyle Femur to Greater Trochanter of Femur 39 43 47 
Iliac Crest to Acromion 36 32 46 

  
After marking participant anatomies, the steps were adjusted into one of the nine combinations 
listed in Table 2. Once the stair angle and first step had been appropriately placed, the last two 
access path steps were fastened onto the stair runners, each positioned 300 mm above the 
preceding step (other than for B3, where the third step was placed 350 mm above the second 
because the design of the mock-up prevented placement of the step in the desired position).  
 
To begin the experiment, the participants were asked to climb up and down the mock-up, where 
static measurements of their ankle, knee, and hip joints were taken. For each of the nine initial step 
height – stair angle combinations, the participants had their joint angles measured during ingress, 
backward facing egress, and forward facing egress; the measurements were taken manually using 
a goniometer on each step during the climb and descent. The nine stair angle combinations, and 
their corresponding identification number, are shown in Table 2. 
 

Table 2: Combination and ID Number 

 A1 A2 A3 B1 B2 B3 C1 C2 C3 

Stair angle (˚) 50 50 50 60 60 60 75 75 75 
Height of first 

step (mm) 
350 450 550 350 450 550 350 450 550 

 

The participants did not climb up the stairs in any particular order, and were not given any 
instruction as to how they should climb, beyond that they should stop after every step (to enable 
angle measurements to be taken), and that they should use all of the handholds deemed 
necessary. After each participant had completed the ingress, backward facing egress, and forward 
facing egress set for all nine combinations, they were given a questionnaire to complete, so that 
participant comfort could be better understood. 
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RESULTS  
 
Ranking of Step Height – Stair Angle Combinations To better understand discomfort during 
ingress and egress, participants were asked to rank each of the nine step height – stair angle 
combinations from 1 to 9, with 1 being “most comfortable” and 9 being “least comfortable”. 
Participants were also asked to provide information about where discomfort was felt, and for what 
step position. The comfort ratings considered factors such as handhold accessibility and joint 
comfort.  
 

Out of the nine combinations tested, the 5th percentile participant ranked the combination of 50 

stair angle and 350 mm initial step height as the most comfortable, while the combination of 75 
and 550 mm was ranked the least comfortable. It should be noted that the 5th percentile participant 
was unable to reach the ground during forward facing egress for all combinations when the initial 

step height was 550 mm and for the 450 mm step height with the 50 stair angle. The results for the 
50th percentile participant were similar to those of the 5th percentile participant, with the combination 

of 60 stair angle and 350 mm initial step height ranked as being the most comfortable, and the 

combination of 75 stair angle and 550 mm initial step height as being the least comfortable. 

Finally, the 95th percentile participant reported that the combination of 50 stair angle and 450 mm 

initial step height was the most comfortable with the combination of 75 stair angle and 550 mm 
initial step height being the least comfortable. A full summary of step height – stair angle 
combinations and their comfort ratings for each participant is shown in Table 3 below.  
 

Table 3: Ranking of the step height – stair angle combinations by three subjects (with 1 being most 
comfortable and 9 being least comfortable). 

5
th

 Percentile Participant 50
th

 Percentile Participant 95
th

 Percentile Participant 

Initial step 
height 

Stair angle Initial step 
height 

Stair angle Initial step 
height 

Stair angle 

50 60 75 50 60 75 50 60 75 

350 mm 1 2 5 350 mm 2 1 7 350 mm 2 5 8 

450 mm 3 4 8 450 mm 4 3 8 450 mm 1 4 7 

550 mm 6 7 9 550 mm 5 6 9 550 mm 3 6 9 

 

Considering only the 50 stair angle, two of the three participants ordered the step heights in 
decreasing magnitude in terms of increasing level of comfort (i.e., the greatest step height was 
ranked as the least comfortable). The 5th percentile participant indicated that moderate discomfort 
was felt on ingress, backwards facing egress, and forward facing egress on the first step for the 
450 mm and 550 mm initial step heights. The participant indicated that pain was felt prevalently in 
the hip region for these step heights, but that no discomfort was felt for the 350 mm initial step 
height. The participant also noted that, although all the handholds could be reached while facing 
the mock-up, it was impossible to reach the handholds from the last step for the 350 mm step 
height during forward facing egress. The 50th percentile participant did not feel any significant 
discomfort during ingress and backward facing egress, however, forward facing egress was 
uncomfortable for all initial step height positions. The participant was unable to reach the handholds 
on the first step and from the ground during forward facing egress, causing a feeling of being 
unbalanced, and putting extra stress on the calf of the right leg, which was positioned on the first 
step. In addition, the participant was unable to properly position the foot on the steps during forward 
facing egress, as the calf of the leading foot consistently rubbed against the previous step. The 
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participant did not find that reaching the handholds while facing the mock-up was difficult. The 95th 
participant did not feel any discomfort on ingress or egress for either the 450 mm or 350 mm initial 
step heights, however, the 550 mm initial step height caused the participant to feel discomfort in the 
knee and lower back regions. The participant remarked that discomfort was experienced only when 
stepping onto the 550 mm high first step from the ground, or when stepping down from the same 
step to the ground. In addition to this, the participant felt that the handrails were too low to reach 

when standing on the highest step. Similar results were observed for the 60 stair angle.     
 

The step height – stair angle combinations for the 75 stair angle were ranked as being the most 
uncomfortable out of all nine possible combinations for all participants. For the 5th percentile 

individual, the 75 stair angle had comfort ratings consistent with the comfort ratings for the step 

heights for the 50 and 60 step angles. The initial step height of 350 mm was rated the most 
comfortable by two of the three participants, and the initial step height of 550 mm was rated the 
least comfortable by all three participants. The 5th percentile participant felt moderate to severe 
levels of discomfort in the hip and gluteal region for all of the step positions on ingress, feeling the 
most discomfort on the first step off the ground for each step location. Special mention was made of 
the 550 mm stair height, which caused the participant to feel severe discomfort and instability 
during both backward and forward facing egress. In addition to this, the participant was, with the 
exception of the third step, unable to comfortably reach any of the handrails present while facing 
away from the mock-up. The 50th percentile participant was able to reach the available handholds 
for the majority of ingress, backward facing egress, and forward facing egress, with the exception of 
the ground when facing away from the mock-up. The 95th percentile participant felt significant 
discomfort in the lower back and hips when climbing onto or off the first step of the mock-up for the 
550 mm step position. Additionally, for all three initial step heights, and on all steps on the mock-up 
during ingress and both types of egress, the participant was unable to find a stable position, as 
shins were hitting the front of the steps for the entire duration of each ingress, backward facing and 
forward facing egress; causing the participant to be unable to properly plant the foot on the stair 
tread. The participant felt unable to reach the available railings while on the top step of the access 
path for all initial step heights, increasing instability both while facing toward and away from the 
mock-up. 
 

Joint Angles Joint angles for the ankle, knee, and hip were measured for each participant on each 
step of each access path configuration. Graphs were constructed using the smallest non-neutral 
and largest angles experienced for each joint. Neutral position angles (for the hip and knee), and 

those within 15 of this position, were discarded for the range because this is considered to be 
normal for individuals standing at rest. Data were plotted separately for i) ingress, ii) backwards 
facing egress, and iii) forwards facing egress.  
 
The range of ankle angles over the entire access path is slightly different for the different modes of 
dismounting or mounting of the tractor (Figs. 2 to 4). The largest range of ankle angles is found 
during forward facing egress, followed by backwards facing egress and ingress. Forwards facing 
egress was also, notably, the method of dismounting that saw participants lose heel contact with 
the steps most often, which contributed to a larger ankle angle fluctuation. Differences between 
ingress and backwards facing egress may be accounted for by the direction of the participant’s 
movement. Individuals were unable to see the locale to which they were moving during backward 
facing egress, and while this may not have affected them enough that they consciously had to 
adjust their movement and positioning.  We infer from the measurements taken, that being unable 
to see the ground during egress may have caused them to lean towards the mock-up to increase 
their stability for the duration of the downwards climb, causing an increase in the ankle angle 
ranges measured. 
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Knee angle ranges showed a similar trend to that of the ankle in that forwards facing egress 
showed the largest range of knee angles, while ingress again displayed relatively smaller angle 
ranges. Stair combination A3 for ingress seems to be an anomaly among the nine step positions, 
with the angle range starting lower for the 95th percentile, and extending further for the 5th percentile 
participant. Similarly, angle ranges for backwards facing egress, and to some extent forwards 
facing egress, for this position show a similar pattern. While it cannot be said with full certainty what 
caused this departure from what seems to be the norm, the shift is likely due to the awkward 

positioning of the first step at the 50 angle. Not only was the first step extremely high, at 550 mm, 

but the combination of this step height at the 50 angle made participants feel unstable and 
uncomfortable. As such, participants were more inclined to adjust their stance, especially during 
long stretches of static positioning, to offset the discomfort and instability caused by the stairs, 
which affected the measured knee angles. Similar reasoning is used to explain the large angle 
ranges for the various participants for the C(1-3) and B3 combinations during egress. For positions 

C2 and C3 especially, the high initial step heights combined with the steep stair angle of 75 made 
participants feel unsafe and unstable, particularly during forward facing egress, as noted in the 
questionnaires. This instability affected not only the participant’s comfort and ability to egress 
safely, but the way that they positioned themselves for the static measurements to be taken.  

Figure 2: Ankle Angle Range - Ingress 

Figure 4: Ankle Angle Range Backwards 

Facing Egress 

Figure 3: Ankle Angle Range Forwards 

Facing Egress 
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Unlike the ankle and knee angles, the hip angles showed a higher variability in the data for all 
ingress, backwards facing egress and forwards facing egress for all three participants. In particular, 
backwards facing egress showed large angle ranges for the 5th and 50th percentile participants for 
combinations B2, C2 and C3 (the latter two also occurring for ingress). While forward facing egress 
had varying ranges for each combination, B1 showed a much larger range for the 95th percentile 
participant than the 5th and 50th percentile participants. Again, the range of hip angles is likely 
influenced by the participant’s ability to reach the handholds, as well as their need to compensate 
for their otherwise unstable position on the access path. If participants were unable to reach 
handholds while standing upright at their position, they would have to adjust their position 
accordingly - usually by leaning forward with their upper body at the hip, causing an increase in the 
angles measured at the hip, increasing the overall angle range. In particular, reaching the 
handholds from the ground for positions C3 and C2 was, as discussed below, problematic for both 
the 5th and 50th percentile participants, which could account for the increased hip angle range for 
these combinations. 

 

 

Figure 5: Knee Angle Range – Ingress 

Figure 6: Knee Angle Range Backwards 

Facing Egress 

Figure 7: Knee Angle Range Forwards 

Facing Egress 



 

 

8 

 

 

Correlation between discomfort and joint angle  Using the discomfort information given by the 

three participants, angles were classified for each participant according to their location within the 
range of angles experienced by the ankle, knee and hip. Extreme angles are those that are within 
one degree of the lowest and highest angle measurements taken during either ingress, backwards 
facing egress or forwards facing egress, while middle angles are any angles that fall within the 
range, but are more than one degree away from an extrema.  

For the 5th percentile participant, it was found that instances of discomfort corresponded mainly with 
the extreme angle values for the hip and the knee, and a mix of middle and extreme angle values 
for the ankle. In addition, the participant felt obvious discomfort when the ground was out of reach 
from the last step. Instances of joint area discomfort occurred only on the first step for this 
participant for all of ingress, backward facing egress, and forward facing egress, with ingress being 
the case for which most instances of discomfort were reported. The step height – stair angle 
positions A1 and B1 had no reported discomfort in the joint regions.  

For the 50th percentile participant, step height – stair angle combinations A1 – B3 had discomfort 
due to calf chafing and stretching reported mainly for the first step and ground during forward facing 
egress, while none of either ingress or backwards facing egress caused the participant any 
discomfort. However, for combinations C1 – C3, discomfort was reported for ingress, backwards 
and forwards facing egress, with the most discomfort being felt on the first and second steps. Much 
like for the 5th percentile participant, discomfort was reported while ankle angles were almost 
equally in the middle and on the extreme ends of the angle range, and the knee and hip angles 

Figure 7: Hip Angle Range Backwards 

Facing Egress 
Figure 6: Hip Angle Range Forwards Facing 

Egress 

Figure 8: Hip Angle Range - Ingress 
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were on the extreme ends of the range. It should also be noted that for A1 – B3 and C3, some 

neutral angles (i.e., 0 for both knee and hip) were reported as being uncomfortable for the 
participant, but these instances of discomfort only occurred when one foot was on the first step and 
one foot was on the ground for forwards facing egress. The step height – stair angle positions B1 
and B2 had no reported joint discomfort for this participant.  
 
The 95th percentile participant reported far fewer instances of discomfort for combinations A1 – B3, 
but C1 – C3 showed a significant decrease in comfort levels with the participant citing moderate to 
severe discomfort on all steps for all ingress and egress, without specifying a specific stair position. 
For this reason, only angles from A1 – B3 could be related to comfort level. Considering A1 – B3, 
we see that ankle angles were equal parts middle and extreme values, while both hip and knee 
angles were primarily extreme values on the range of angles. The step height – stair angle 
positions A1, A2, B1, and B2 had no reported discomfort in the joint regions. 

Using the above information on discomfort, as well as the angle range values, it became clear that 
the majority of participant-reported problems occurred on the upper range of the measured angles, 
and for the first step on the access path. Looking closely at the angle values for the first step, it was 

discovered that across the participants and step heights, the 75 stair angle had the majority of 

extreme maximum angle values, while the 50 stair angle category had the least. Similarly, if only 
the step height was considered, the 550 mm initial step height had, by far, the most instances of 
extreme maximum values, while the 350 mm step height had the least. In combination, C3 had the 

largest number of extreme maximum values, suggesting that the 75 and 550 mm positions, alone 
or in combination, will ultimately yield the most discomfort and the highest measured angle values 
across participants.  

SOURCES OF EXPERIMENTAL ERROR  Although all necessary steps were taken to 

mitigate errors in the experiment, some error was unavoidable, mainly due to the use of human 
subjects in the experiment. Participant movement while the static joint angle measurements were 
taken might have affected the accuracy of the angle measurements. In addition, participant’s 
clothing, to which the joint markers were attached, often shifted during ingress and egress, 
requiring adjustment before measurements were taken to ensure that the best possible values were 
obtained.  

Due to the nature of the mock-up design, some errors may have also been incurred as a direct 
result of minor inconsistencies in distance between the first and second steps, and between the 
second and third steps between the nine step heights – stair angle combinations. In particular, for 

the 60 step angle with an initial step height of 550 mm, the third step was 35 cm higher than the 
second step, while the second step was the desired height of 30 cm above the first step, resulting 
in a discrepancy in the measured angles.   Angle measurements on forward facing egress may 
have been impacted especially on the third and second steps due to the fact that the cab mock-up 
platform was far too high above the third step for participants to reach. This often necessitated that 
the participants turn around on the final step in order to egress facing forward, decreasing their 
stability, affecting their comfort, and impacting the joint angles measured at this position. 
 
Errors related to movement type must also be considered. Static angle measurements differ from 
measurements taken while the individual is in motion. Since all of the joint measurements taken 
were static, conclusions made from these measurements concerning active motion must consider 
the difference in values between static and active measurements. All three participants felt that 
while they were comfortable climbing up the access path, having to stand in the static positions 
during ingress and egress impacted their self-positioning on the steps, as they needed to stabilize 
themselves better in order to hold the required position. This positioning may have impacted the 
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joint measurements taken, as they are from a still and stable position, as opposed to a fluid and 
instantaneous set of angles during climb. 

Finally, participant familiarity with the mock-up may have affected the way participants climbed the 
access path, as well as their comfort level. During the experiment, it was observed that as 
participants gained confidence in ingress and egress, and as they became more familiar with the 
mock-up, so also did their concerns change. The most significant example of this is found in the 
comparison on forward facing egresses for the 5th percentile individual. While the participant was 
unable to reach the ground from the 550 mm high first step during forward facing egress for all stair 

angle positions, for the participants first set of egresses, performed on the 50 step angle, reaching 
the ground from the 450 mm initial step position was also impossible. Although the participant 

expressed concerns with the 50 – 450 mm combination, the participant was able to reach the 

ground for both the 60 – 450 mm and the 75 – 450 mm combinations, both which were completed 
later in the set of trials. And so it seems that the hesitation or inability of the participant to reach the 
ground from this height and angle was more an issue of familiarity with the mock-up, and less an 
issue related to the specific step height – stair angle combination. However, further tests would 
have to be performed in order to conclude if this is indeed the case. 

 

 

CONCLUSIONS AND RECOMMENDATIONS After completing the experiments with the 

different step height – stair angle combinations, it became clear that the combination of 75 stair 
angle and 550 mm initial step height was the most uncomfortable for all participants. The 
participants felt that this combination was dangerous during forward facing egress, and that the 
height of the first step compromised their comfort and safety. Unfortunately, this step angle and 
initial step height was not prohibited by a recent ASABE standard (ASABE 2008) and is, as such, a 
possible stair configuration. The fact that this configuration is technically allowed by the standard is 
a cause for concern, as not only is it an uncomfortable position during forward facing egress, but 
handholds are far less accessible from the bottom of the access path, and frequent bruising and 
heel instability may occur due to the interference of steps with the participant during ingress or 

egress. Furthermore, the combination of 75 step angle and the 550 mm initial step height means 
that maximum extreme values for this combination are more likely to occur.  
 
All participants had difficulty reaching the handholds at some points during mounting and 

dismounting of the cab, and individuals felt that the lack of handholds, especially for the 75 stair 
angle, decreased their stability on the access path. While the 95th percentile participant was able to 
reach the handholds with more ease from the ground, when compared with the 5th and 50th 
percentile participants, this participant was not able to reach the handholds on the stairs as easily 
from the top of the steps. In contrast, the 5th and 50th percentile participants were unable to reach 
the handrails as easily from the bottom of the access path, but reaching them from the top of the 
stairs was much easier. From these observations, we can conclude that all participants will be, in 
some instances, negatively affected by poor handrail positioning, and that this could be a factor in 
injuries obtained during ingress and egress. 
 
Finally, static angle measurements taken reveal that the majority of discomfort felt by participants in 
their joints, especially in the knee and hip region, were for extreme angle values obtained for the 
respective joint and participant. For ankle measurements, angles seemed to take on both middle 
and extreme values equally. While no literature indicating the recommended maximum hip, knee 
and ankle angles was found, the fact that participants complained of discomfort for both low and 
high angle extrema suggest that there may be a correlation between comfort and an individual’s 
position in the suggested normal range of motion. To make any definitive conclusions about 
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comfort and how it relates to angle extrema, more research should be done on recommended 
passive and active ranges of motion for major joints in the extremities.  
 

Results from this project suggest that configuration B1 (stair angle of 60 and initial step height of 
350 mm) is the ideal step configuration, as no participant cited any joint discomfort during ingress 
and egress, and handhold concerns were minimal. Additionally, configurations C2 and C3 should 
be reconsidered, as their current use on in-field tractors means that operators are more likely to 
experience angles close to the extreme maximum of the normal joint angle range, which could 
result in immediate pain, discomfort, and instability, and future chronic injury. 
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