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Working conditions of residential roofers expose them to a unique sloped environment. The purpose of this study
is to determine in what way traversing across a sloped/roof surface alters lower extremity kinematics of the
upslope and downslope legs compared to level walking. College aged males negotiated across a pitched (26
degrees) roof segment during which lower extremity three-dimensional kinematics were calculated. One foot
was higher on the slope and one was lower for the duration of cross slope walking. Overall, cross-slope walking

on a 26 degree roof significantly altered 77% of the measured lower extremity variables compared to level self-
selected pace walking. The data suggest that roof pitch incite significant differences in crossslope walking of the
kinematics in the lower extremity between the upslope and down slope limbs when compared to level surface
walking. These alterations could temporarily alter proprioception which may in turn lead to increased falls and
musculoskeletal injury, though further study is needed.

1. Introduction

Since 2011, 173 per 10,000 workers in the construction industry
experienced non-fatal falls to a lower level (BLS, 2016a). Additionally,
most fatal falls (81%) were falls to a lower level, and 40% of those fatal
falls were from 15 feet or less. In the private construction industry, falls
from height to a lower level were responsible for almost 40% of all
deaths (BLS, 2016a). In addition to falls, roofers have the second
highest incident rate of work—related musculoskeletal disorders
(MSDs) in all construction sectors (BLS, 2013). Most of these MSDs are
in the lower back and lower extremity (Holmstrom and Engholm,
2003). When roofers are burdened with MSDs they face work limita-
tion, missed work, and/or reduced physical functioning, leading to
premature departure from the workforce (Welch et al., 2008, 2009).
Due to the fact roofers have such high injury risk and it has been shown
that changes in lower extremity kinematics, posture and gait variability
have all been linked to increased risk for falling (Perry and Burnfield,
2010), the association of cross-slope walking and its influence on gait
merits further study.

Additionally, the demand for roofers is increasing, in 2015 there
were roughly 140,000 roofers and in 2016 there were 146,000 (BLS,
2015, 2016b). The BLS also estimates that between 2016 and 2026 the

job growth is at 11% suggesting that by 2026 there could be over
162,000 roofers (BLS, 2016a). Furthermore, over 90% of roofers work
on residential projects, which usually have steeper roof surfaces which
range as low as 10°, but can be as steep as 45° (BLS, 2015). According to
Liberty Mutual 2018 Workplace Safety Index, direct costs for: repetitive
motion injuries was $1.5 billion; falls on the same level was $11.2
billion; and falls from to a lower level was $5.9 billion. Together, these
three classifications of occupation injuries accounted for 31.8% of all
workplace injuries in 2018 (Mutual, 2018). As a result, the cost of in-
jury and illness for roofers is extremely high (Leigh et al., 2004; Welch
et al., 2010). For example, the insurance rates for roof work are nearly
three times as high as the average rate of all construction trades in the
Washington State (Industries, 2015) and more than three times of the
average rate of all trades in the Ohio State (Compensation, 2015).

As it has been shown that individuals are less stable directly after
working on a roof (Wade and Davis, 2009; Wade et al., 2014), and
sloped working surfaces lead to an increased risk of slipping (OHSA,
2017) which, if on a roof, could lead to a fatal fall from height (BLS,
2016a; b). Furthermore, cross-slope walking induces an asymmetric
gait, which might lead to increased risks for MSDs and falling; however
much of the asymmetric gait research is focused on asymmetries caused
by clinical disorders and aging (Hesse et al., 1997; LaRoche et al., 2012;
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Yogev et al., 2007). Thus with the immense costs associated with MSD
and falling injuries and the increase in roofer employment opportu-
nities in the future, it is important to determine if walking on a sloped
surface alters gait characteristics in such a way to increase fall and MSD
risk to the workers immediately upon getting on a pitched/sloped re-
sidential roof.

Sloped or inclined walking — defined as walking directly up or down
a sloped surface (i.e. toward the roof ridge or eave)—has been studied
in the laboratory in the past. With slopes as little as + 10°, there is an
increase in hip and knee flexion as well as ankle dorsiflexion (McIntosh
et al., 2006; Redfern and DiPasquale, 1997). Upslope walking induced
kinematic postural changes that were needed for toe clearance at heel
strike, and in addition, to regulate the body during downslope walking
(Lay et al., 2006). Ankle, knee, and hip joint kinematics compensated
for the gradient at push off and during swing (Kuster et al., 1995).
While increasing the slope did decrease the step length and gait period
during downslope walking, this did not alter gait speed (Leroux et al.,
2002; Redfern and DiPasquale, 1997). Peak foot-floor angles during
touchdown in the sagittal plane were smaller during uphill walking
compared to level but larger in downhill walking in the frontal plane on
a 19-degree laboratory sloped surface (Wannop et al., 2014). Toe-off
foot-floor angles were smaller compared to level walking in the sagittal
and transverse planes, but small than level walking in the frontal plane
on a 19-degree laboratory sloped surface (Wannop et al., 2014).

When upslope walking was performed on a treadmill (up to 10%
grade), an increased flexed posture of the hip, knee, and ankle at initial
foot contact was observed. A downslope treadmill grade of 10% de-
creased flexion of the hip at initial foot contact as well as increased knee
flexion during weight acceptance and late stance (Leroux et al., 2002).
Toe clearance in young, healthy adults was significantly different be-
tween a positive 3% grade and negative 3% grade treadmill walking,
but there was not a change from level to the graded walking
(Khandoker et al., 2010).

Cross-slope gait, defined as walking along the slope with one foot
higher on the slope and one foot lower on the slope (i.e. toward the roof
hip), has been far less studied. Cross-slope gait evaluations have been
made in low angle conditions ~6° in a clinical setting (Dixon and
Pearsall, 2010) or railroad ballast in an occupational setting (Andres
et al., 2005). Both conditions found significant changes from level
conditions including ground reaction forces, joint moments, and sa-
gittal kinematics (Dixon and Pearsall, 2010) as well as frontal kine-
matics (Andres et al., 2005). Wannop et al. (2014) studied cross-slope
gait on a 19-degree slope and determined the foot-floor angles in the
downhill foot do not change compared to level, but the uphill foot
changed in all three planes. The sagittal plane angles decreased com-
pared to level while the transverse and frontal plane angles increased
(Wannop et al., 2014). While walking cross-slope—on a 19-degree
surface—the foot-floor angles during toe-off in the downbhill foot in-
creased in the sagittal and transverse planes and increased in the frontal
compared to level. In the uphill leg, only the transverse plane foot-floor
toe-off angles increased compared to level walking (Wannop et al.,
2014). Damavandi et al. (2010) investigated the effect on multi-seg-
mented foot kinematics during 10° cross slope walking. Only the frontal
plane kinematics were significantly changed from level to cross slope
walking in a multi-segmented foot (Damavandi et al., 2010). While
these findings are interesting, they do not come close to replicating the
steep surfaces encountered by roofers. Although there is not a standard
roof pitch—and pitch usually is dependent on geographical loca-
tion—many modern roofs can have slopes greater than 30°
(Myroof.com, 2017; Systems, 2017).

The current study reports on the extent which lower extremity ki-
nematics are altered when individuals are first introduced and traverse
across a sloped surface. The purpose of this study is to determine in
what way traversing across a sloped/roof surface alters lower extremity
kinematics of the upslope and downslope legs compared to level
walking. It is hypothesized the introduction of a sloped surface will
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induce a substantial change in lower extremity kinematics when com-
pared to level walking in healthy young male subjects.

2. Methods

Eleven college-aged male subjects (19.1 = 1.49yrs,
81.15 = 15.14kg, and 180.73 + 5.89 cm) who were considered in-
experienced walking on sloped surfaces participated in the study.
Subjects did not report any history or clinical evidence of neurological,
musculoskeletal or other medical conditions affecting gait performance,
such as stroke, head trauma, neurological disease (i.e., Parkinson's,
diabetic neuropathy), or visual impairment uncorrectable by lenses and
dementia. All subjects reviewed and signed University of Mississippi
Institutional Review Board approved informed subject consent forms.

Subjects completed two separate testing sessions on different days,
at least a week apart: level surface and sloped surface walking in the
biomechanics laboratory at the University of Mississippi. The first ses-
sion was a level surface and the second session was the sloped surface.
Due to the complexity and time requirements to install the sloped
surface, the testing sessions were not randomized. The level condition
consisted of a level ten-meter vinyl covered walk-way. The sloped
condition contained a 2.43 m wide x 7.32m long section of 15.24cm/
30.48 cm pitch (26°) shingled sloped surface—which was designed to
simulate a walkable residential roof surface—was attached to the la-
boratory floor (Fig. 1). A residential roof is considered walkable until a
pitch of 20.32cm/30.48 cm (339); therefore the 26° angle was chosen as
a steeper walkable roof, but not to induce any greater risk than normal
activities (Roofkey.com, 2017).

Subjects wore spandex clothes and 15.24 cm high work boots for
both testing conditions. The subjects were outfitted with thirty-nine
14mm reflective markers according to the Plug-in-Gait marker set
(Vicon Inc. Oxford, UK) and completed both conditions at a comfortable
self-selected walking pace. The level condition required the subjects to
walk across the ten meter walkway; while the sloped condition asked
the subjects to traverse the sloped roof section. By traversing the roof
section, one foot was higher on the slope (upslope) and one foot was
lower on the slope (downslope), Fig. 1.

Ten trials from each condition were recorded using a Vicon 612
system at 120 Hz. Subjects were allowed no acclamation time on the
sloped surface, and kinematic data were collected immediately after the
subjects stepped onto the roof surface. This was done to capture the
kinematic change what occurs when individuals are first introduced to
a sloped surface, akin to the situation when an individual first ascends a
roof. Marker trajectories—referenced to the same global coordinate
system for both conditions—were filtered with a Woltering filter and
three-dimensional lower extremity kinematics (ankle, knee & hip) were
calculated using the Plug-in-Gait pipeline in the Nexus software (Vicon
Inc. Oxford, UK). After the ten trials, one gait cycle from each leg was
collected. A gait cycle is defined by ipsilateral heel strikes and were

Fig. 1. A) Frontal view of subject on roof segment. B) Sagittal view of 15.24cm/
30.48 cm pitch roof segment.
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determined in this study with two methods. The initial heel strike (HS)
was determined with the use of a force plate (FP) when the vertical
ground reaction force (GRFv) was equal to 10% of the subject's weight.
A Coordinate-Based Algorithm proposed by (Zeni Jr et al., 2008) was
used to define the subsequent ipsilateral HS. An ensemble average of
the ten trials would then represent one subject. Outcome measures for
this study were the three-dimensional (sagittal, frontal, and transverse)
peak lower extremity angles (ankle, knee, and hip), from both condi-
tions (level and sloped), and were compared using paired a repeated
measures ANOVA. Level condition peak angles were separated and
matched to the corresponding upslope or downslope leg. For example,
if the left leg was downslope, the left level leg peak angles would be
compared to the left downslope leg peak angles. Data analysis was
completed using SPSS v22 and p-values were set to 0.05.

3. Results

As hypothesized, the introduction of a sloped surface considerably
altered lower extremity kinematics compared to level surface walking.
Of the 26 outcome variables analyzed in the current study, 20—or
approximately 77%— of these variables were significantly changed
with the introduction of the sloped surface. The results comparing
cross-slope (upslope and downslope) walking with level walking are
summarized in Tables 1-3 and Figs. 2-5.

3.1. Sagittal plane

3.1.1. Downslope leg

All but one (hip extension) of the downslope leg sagittal, lower
extremity peak, angles significantly changed as a result of traversing the
sloped roof segment. There was no set pattern of the change in kine-
matics— for example ankle plantarflexion was significantly larger in
the flat condition (18.85° + 12.29%) than the sloped condition
(13.95° + 13.55%, while flat ankle dorsiflexion (22.06° + 9.98°), knee
flexion (50.38° # 9.73%), and hip flexion (17.52° + 7.58%) were sig-
nificantly smaller than the sloped condition (28.08° + 7.180,
63.57° + 9.22°, and 22.61° * 5.49°).

3.1.2. Upslope leg

All of the upslope leg sagittal, lower extremity peak angles sig-
nificantly (p > 0.001) changed as a result of traversing the sloped roof
segment. Completely opposite to the downslope leg, the ankle plan-
tarflexion (15.09° + 7.99°%) and hip extension (22.20° + 4.22°) were
significantly smaller in the flat condition than the sloped condition
(18.25° + 8.13° & 24.50° = 5.12°), while flat ankle dorsiflexion
(24.54° + 4.16%, knee flexion (48.31° =7.99°, and hip flexion
(15.78° + 6.26°) were significantly smaller, then the sloped condition
(21.16° + 5.45°, 37.15° + 18.85°, and 11.14° = 5.03°).

3.2. Frontal plane
3.2.1. Downslope leg

All of the included downslope leg frontal lower extremity peak
angles significantly changed as a result of traversing the sloped roof

Applied Ergonomics 75 (2019) 134-142

segment. Flat condition ankle inversion (13.10° + 15.99%), knee ab-
duction (35.72° + 11.23% and hip abduction (8.39° + 3.37%) were
significantly smaller than the sloped condition (4.23° = 31.77°,
31.80° + 13.37° & 4.89° = 3.02°). Hip adduction (3.54° + 2.52°) was
significantly smaller, then the sloped condition (5.95° = 2.819).

3.2.2. Upslope leg

The hip upslope leg lower extremity kinematics were significantly
influenced between level and sloped conditions. Level condition hip
abduction (7.25° + 4.22°) was significantly smaller than sloped con-
dition hip abduction (8.40° = 4.55°), p = 0.02. Hip adduction was
significantly larger in the level condition (4.03° + 4.13%) compared to
the sloped condition (1.15° + 4.17°).

3.3. Transverse

3.3.1. Downslope leg

Only downslope leg hip external rotation was significantly affected
by the sloped condition. Level condition average was larger than
(55.95° + 9.51°) the sloped condition (52.10° + 9.31°). It is important
to note that ankle external rotation was trending to a significant change
based on the sloped condition, p = 0.06.

3.3.2. Upslope leg

Upslope leg ankle external rotation was significantly larger during
the level (20.95° + 41.84) condition compared to the sloped
(0.10° + 62.57°) condition. Knee internal rotation was significantly
smaller in the level (2.26° *+ 11.98°) condition compared the sloped
(15.49° + 69.62°) condition. Knee external rotation was significantly
larger in the level (24.82° + 10.86°) condition compared to the sloped
(14.47° = 47.08°) condition. The level condition (56.38° + 8.95%) was
significantly smaller than sloped (59.43° + 6.89°) condition for the hip
external rotation.

4. Discussion

In this study, we determined and documented the extent by which
cross-slope walking alters the three-dimensional lower extremity kine-
matics of the upslope and downslope legs compared to level walking.
Overall, cross-slope walking on a 26° roof significantly altered 77% of
the measured lower extremity variables compared to level self-selected
pace walking. This study was the first to quantify the kinematic changes
induced by steep walkable roof cross-slope walking which is commonly
encountered by residential roofers.

Cross-slope walking produced significant changes in plantar- and
dorsiflexion in both up- and downslope legs. The decreased plantar-
flexion during cross-slope walking in the downslope leg is suggestive
of—given nature of the slope—the downslope foot is in contact with the
surface less time than in level walking and therefore less plantarflexion
is needed to clear the toe during swing. The opposite is true in the
upslope leg where increased push-off is required to initiate swing phase
(Houglum and Bertoti, 2011; Perry and Davids, 1992). Dorsiflexion
decreased in the downslope leg while increasing in the upslope leg
compared to level walking. Our dorsiflexion findings agreed with Dixon

Table 1

Descriptive sagittal plane quantitative statistics and results of hypothesis tests of differences between level and sloped differences in the downslope and upslope legs.
Peak Joint Angle (deg) DownSlope UpSlope
Sagittal Level Sloped Mean Difference p-value Level Sloped Mean Difference p-value
Ankle Plantarflexion 18.85 = 12.29 13.95 = 13.55 4.90 0.02 15.09 = 7.98 18.25 + 8.12 -3.16 < 0.001
Ankle Dorsiflexion 22.06 = 9.98 28.08 = 7.17 —6.02 < 0.001 24.54 + 4.16 21.16 * 5.44 3.38 < 0.001
Knee Flexion 50.37 = 9.73 63.57 = 9.21 —13.20 < 0.001 48.3 = 7.99 37.15 + 18.84 11.15 < 0.001
Hip Flexion 17.52 = 7.58 22.6 = 5.49 —5.08 < 0.001 15.77 + 6.25 11.14 + 5.03 4.63 < 0.001
Hip Extension 22.85 + 545 22.03 *+ 4.89 0.82 0.28 22.19 + 4.22 245 = 5.11 -2.31 < 0.001
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Table 2
Descriptive frontal plane quantitative statistics and results of hypothesis tests of differences between level and sloped differences in the downslope and upslope legs.
Peak Joint Angle (deg) DownSlope UpSlope
Frontal Level Sloped Mean Difference p-value Level Sloped Mean Difference p-value
Ankle Inversion 13.09 = 15.98 4.23 + 31.77 8.86 < 0.001 Not Present
Ankle Eversion Not Present 27.06 + 26.52 20.24 + 53.02 6.82 0.23
Knee Abduction 35.71 = 11.23 31.79 + 13.37 3.92 0.01 38.55 + 10.77 39.18 + 19.06 —0.63 0.76
Hip Abduction 8.38 = 3.36 4.88 = 3.01 3.50 < 0.001 7.24 = 4.22 8.4 = 4.54 -1.16 0.02
Hip Adduction 3.53 = 2,51 5.94 + 2.82 —2.41 < 0.001 4.03 = 4.13 1.14 + 417 2.89 < 0.001

and Pearsall (2010) suggesting the sustained change in functional leg
length—during cross-slope walking—throughout stance decreases the
upslope dorsiflexion (decease in functional leg length) and increases the
dorsiflexion in the downslope leg with the need to increase the func-
tional leg length (Dixon and Pearsall, 2010).

Knee flexion was significantly changed in the sloped condition
compared to the level in both up- and downslope legs; this differed from
previous cross-slope reports—in that only the upslope leg significantly
changed (Dixon and Pearsall, 2010). The 20° slope difference between
these studies has a marked effect in the lower extremity kinematics. The
increase in knee flexion in the current study during swing in the
downslope leg is likely compensating for the increased dorsiflexion
observed at the ankle. Furthermore, the increased knee flex-
ion—coupled with the increased hip flexion—will allow for proper
positioning of the foot for the subsequent heel-strike, similar to stepping
down from a height. The decrease in knee flexion in the upslope leg is
present due to observations that subjects adopt a limp style gait with
the upslope leg. Therefore, leg swing is much quicker than in level gait
meaning the knee does not have time to flex as much during the swing
phase, which is also supported by the decrease in hip flexion in the
upslope leg.

Hip flexion was significantly greater in the downslope leg and sig-
nificantly less in the upslope leg compared to level walking. The steep
roof condition used in the present study introduced changes in the
lower extremity kinematics not reported in hip flexion during 6° cross-
slope walking in the up- and downslope legs (Dixon and Pearsall, 2010).
The increased hip flexion in the downslope leg is likely due to the slope
allowing more swing to occur before heel-strike; while the contrary is
true during the upslope leg where the decrease in hip flexion is due to
the early heel-strike required by the slope. Cross-slope walking sig-
nificantly increased hip extension in the upslope leg which is needed to
compensate for the reduced knee flexion and aid in propelling the body
forward.

In the current study, ankle inversion was significantly smaller in
sloped condition than the flat condition in the downslope leg, which
differs from previously reported data (Dixon and Pearsall, 2010). Ankle
eversion did not change as a result of the slope in the upslope leg. It is
unclear why the ankle inversion decreased in the sloped condition;
however, one possible explanation is the footwear of the subjects. No
specific instructions were given on how to tie the boots, the subjects
might have tied the boots tighter in the sloped condition in an effort to
provide more support. Knee abduction was larger in the flat condition

in the downslope leg. This could possibly be due to an increased knee
adductor muscle activity while traversing a sloped surface. The ne-
cessity for the more active adductor muscles could have multiple
causes, such as helping position the shank for heel strike and to act as a
preventive measure due to increased shear forces caused by the slope
surfaces as seen in the medial-lateral ground reaction forces (Dixon and
Pearsall, 2010).

During swing phase, hip abduction is decreased in the sloped
downslope leg and increased in the sloped upslope leg when compared
to level walking. Because frontal plane hip motions are concomitant
with pelvis motion, the decreased downslope abduction is consistent
with the gluteus medius not having the proper force to maintain the
pelvis in the same orientation as level gait. In the upslope leg, the
momentum of the swinging leg and the body trying to maintain the
center of mass within the base of support will cause the increase in hip
abduction.

Normal ankle rotation motion is not well defined, and there are
ongoing investigations (Houglum and Bertoti, 2011). In the current
study, both upslope and downslope legs displayed a decrease in ex-
ternal rotation between level and sloped conditions. The foot would
want to create a leading edge with the boot parallel (i.e. toward the roof
hip or gable) to the slope thereby reducing the chances of slipping.

Upslope leg knee internal rotation increased, and the downslope leg
decreased compared to level walking. The increased internal rotation is
required during swing phase to assist the swing leg to position for the
heel strike. The increased internal rotation is expected with the de-
creased external rotation from level to slope.

Hip external rotation decreased in the downslope leg from level.
This occurs to position the foot in a parallel manner to the roof fascia in
order to promote center of mass (COM) movement that is along the line
of progression and not downhill. The increased external hip rotation in
the upslope leg is positing the foot toward the ridge of the roof to again
help the COM stay in progression of the movement as well as ensure
that the plantar surface of the foot will fully contact the roof. This is
difficult on a slope without the increased external hip rotation in the
upslope foot.

A limitation of the current study was all subjects walked the same
direction on the slope. Therefore, the right leg was always the upslope
leg. Furthermore, it was not determined which leg was the subjects’
dominant leg. Future studies could compare how dominant vs non-
dominant legs respond as upslope compared to the downslope leg.
Another limitation might have been the high boots the participants

Table 3
Descriptive transverse plane quantitative statistics and results of hypothesis tests of differences between level and sloped differences in the downslope and upslope
legs.
Peak Joint Angle (deg) DownSlope UpSlope
Transverse Level Sloped Mean Difference p-value Level Sloped Mean Difference p-value
Ankle External Rotation 21.22 + 26.27 12.12 = 38.32 9.10 0.06 20.95 + 41.84 0.09 = 62.57 20.86 0.01
Knee Internal Rotation 13.04 = 30.99 14.69 = 32.77 —-1.65 0.72 2.25 = 11.97 15.49 + 69.62 —13.24 0.01
Knee External Rotation 28.85 + 15.65 32.98 + 16.98 —-4.13 0.72 24.81 + 10.85 14.47 + 47.08 10.34 0.03
Hip External Rotation 55.95 + 9.51 52.1 = 9.31 3.85 < 0.001 56.38 + 8.95 59.43 + 6.88 -3.05 < 0.001
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Fig. 2. Lower extremity kinematic comparing level walking with slope walking. Grey line and band represent mean + 1 standard deviation of level walking. Black
line and band represent mean * 1 standard deviation of cross slope walking.

wore. Given the variability in the outcome measures of this study, some
of the variables statistical power might be considered low, however, the
statistical power does not diminish the clinical relevance. The high
boots, though more common in a work environment — as we tried to
mimic a work situation - covered the malleoli which could reduce the
accuracy of the lower extremity ankle kinematics, particularly in the
transverse plane. Finally, the roofer segment was located on the ground,
rather than at an elevation typical of a roof. This change might have
negated any possible psychological effects associated with the height
which could have influenced the kinematics.

Many of the lower extremity kinematic changes observed in the
current study can be related to pathologies (Houglum and Bertoti,
2011; Perry and Davids, 1992) and aging (Kawashima et al., 2004;
Kerrigan et al., 2001; Luepongsak et al., 2002; Masani et al., 2007;
Province et al., 1995; Romero et al., 2003; Winter 1991) which have
increased risks in falling. More importantly, the extreme position in-
duced by cross-slope walking might affect proprioceptors which could
lead to in an increase in MSD's and falling due to the decreased stability
(Wade and Davis, 2009; Wade et al., 2014) cross-slope walking imposes
in the lower extremity kinematics. For example, the asymmetric nature
of cross-slope walking might lead to a greater occurrence of knee
compartment involvement leading to osteoarthritis (OA) or unequal

distribution in bone mineral density in the lower extremity. Due to the
fact that the contact pressure will be moved either medial or later-
al—depending if upslope or downslope leg—induced from consistent
roof walking, as was similarly found in obese individuals (Wearing
et al., 2006). Furthermore, a cross-slope walking condition—which
introduces leg-length incongruity—may aggravate MSD risks such as
hip pain, lower-back pain, arthritis of the spine, and stress fractures
(Gurney, 2002). The asymmetric nature of cross-slope walking might
also increase fall risk due to the feet at different elevations. This dif-
ference will cause larger upper body motion compared to level walking
which has been shown to be related to increased fall risk (Lee and Chou,
2006, 2007; Mandeville et al., 2007).

5. Conclusions

This study established that walking cross-slope on a steep surface,
such as a roof, has a profound influence on the three-dimensional lower
extremity kinematics. There was not a set pattern to the changes in the
lower extremity kinematics—for example, the downslope plantar-
flexion angle decreased compared to level while the upslope foot in-
creased compared to level. A major challenge to cross-slope gait is the
demand of two different functional leg lengths. One side will have to



S.P. Breloff et al.

409

304

204

Degrees

80 A

IS o
o o
L L

Degrees

N
[~
1

301

Degrees
N
o
L

-
=}
1

Ankle Dorsiflexion

*
*
< <
e\°Q e\°Q
o N
Knee Flexion
*

1 .

< <

\OQ \OQ
Q %
o N
Hip Flexion

< <
% ¢ e\°Q
& QQ

407

30

Degrees

10

407

301

Degrees

10

Applied Ergonomics 75 (2019) 134-142

Ankle Plantarflexion

- Level
B Sloped

T

T

Hip Extension

T

Fig. 3. Peak sagittal kinematic angles equating level and sloped walking. Error bar represent + 1 standard deviation and * signifies a significant change in kinematics
between conditions at p < 0.05.

139



S.P. Breloff et al. Applied Ergonomics 75 (2019) 134-142

Ankle Inversion Ankle Eversion
40 80
* - [
60
[ n
[ [
[ o
5 5 40
[ o
a a
204
0-
< <
Q
e\°Q o°
04‘0 R
Q
Knee Abduction
80
60
4 * B Lcvel
2 40
o
o B Sloped
a e
204
0-
(4 (4
9\°Q 9\°Q
& N
Q
Hip Abduction Hip Adduction
151 10 =
*
*
* 8 *
10 -
"]
o © 6-
- ! E
o o o
o
a ;. o é’ 41
.
.
. 21
.
i .
0 0
< <
\oQ \oQ \OQG \OQz
(\% Qo" 2 2
& N ° o0
oo °~x‘
Q

Fig. 4. Peak frontal kinematic angles equating level and sloped walking. Error bar represent + 1 standard deviation and * signifies a significant change in kinematics
between conditions at p < 0.05.

140



S.P. Breloff et al.

Hip External Rotation

80 -
* *
60 T I
[
(]
2
5 40 e
(] e
(=}
204
0_ -.-.-.-.-.
< <
%\OQ fo\oQ
oéo OQ
Q
Knee Internal Rotation
100 -
[
80
"]
o 601
[
S
= —_
o J
a 40
204
- o
| |
|
0-
< <
e‘oQ e‘oQ
O‘xxo \)Q
Q

- Level

Applied Ergonomics 75 (2019) 134-142

Ankle External Rotation

80 -
60
]
(]
2
5 40
(]
[a]
204
0-
< <
%‘OQ %‘OQ
04“\ OQ
Q
Knee External Rotation
80 -
60 *
7]
(]
e
5, 401
(]
a
204
0- T
< <
fo‘°Q 9\°Q
04‘0 QQ
Q

B Sloped

Fig. 5. Peak transverse kinematic angles equating level and sloped walking. Error bar represent = 1 standard deviation and * signifies a significant change in

kinematics between conditions at p < 0.05.

make kinematic changes that might be completely different to the
contralateral side to allow gait leading to environmentally induced leg
length discrepancy.

It is apparent that cross-slope walking presents many challenges to
gait. These changes could lead to increased musculoskeletal disorders in
roofers and place them in an increased risk for falling however further
research is required to confirm these speculations. Based on the current
study's findings, educational and training procedures—to provide
workers with the information and expertise needed to work safely in a
sloped environment—are paramount to ensure individuals working on
a sloped surface avoid unknown hazards associated with this unique
environment.
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