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Abstract: Working and walking environments often involve standing positions on different surfaces
with inclination and different friction. In this study, standing balance of thirteen participants dur-
ing sudden and irregular external perturbation to calf muscles was investigated. The aim of the
study was to evaluate the combined effect of surface inclination and friction on standing balance.
The main findings when eyes closed revealed that the standing utilised coefficient of friction (usycor)
increased when the surface was inclined for both high and low friction materials. The anterior-
posterior torque increased more anteriorly when the surface was inclined toes down and when the
surface friction was low. The results indicate that the anterior-posterior torque is a sensitive param-
eter when evaluating standing balance ability and slip risk. On inclined surface, particularly on the
surface with lower friction, the potential slip and fall risk is higher due to the increase of standing
utilised coefficient of friction and increased forward turning torque.
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Introduction

Standing balance and sufficient friction between foot-
wear and underfoot surface are important to maintain
postural stability and to prevent slip and fall accidents
in working and walking environments. According to
statistics of US Department of Labour!, roof workers
are one of the highest risk groups among those with fatal
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occupational injuries. Roofing work is exposed to eleva-
tion, often characterized by manual handling of heavy and
bulky materials and physical work. It includes standing,
walking, reaching, stooping, crouching, and kneeling on
inclined and confined roof surfaces, on narrow planks,
or along the edge of the roof. These postures and move-
ments are risky and require good balance. Good balance
is dependent on visual information, proprioception as well
as tactile perception’'?. Standing and walking balance is
challenged on sloped surfaces®® ' ) In the construction
sector, workers frequently need to stand on flat or inclined
surfaces, covered with roofing materials of varying friction
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(e.g. metals, felt, asphalt, bricks, tiles, scaffolds, plywood,
or plank)'?. Falls from roofs are a serious cause of both
fatal and non-fatal injuries in the construction industry
and even during leisure time while clearing snow from the
roofs of residential single-family homes'* ¥,

The most common primary reasons for falls were slips,
trips and losses of balance'®. The inclined surfaces in-
creased the risk of slip and fall incidents due to potentially
large shear forces at the shoe/floor interface'® '®, fric-
tional properties of the support surface'¥, and low friction
induced by various contaminations such as precipitation,
condensation, Snow or ice!* 1517 While there are numer-
ous studies on balance control in quiet stance® ¢ 1012 18),
investigations on standing balance on inclined supporting
surface materials in relation to induced perturbations and
reduced friction are not well documented.

Few studies have investigated the effect of surface fric-
tion on balance while standing on a slope. The study by
Keyserling e al.'” showed that to prevent drivers from
slipping while manoeuvering hand trucks down ramps it is
necessary to select ramp surface treatments and shoe sole
materials that provide sufficient friction for the task being
performed. In another investigation, three support surface
materials, Mocarbo rough tiles, patterned Isorel fibreboard
and Teflon sheet with coefficient of friction (COF) being
0.59, 0.42 and 0.13 were used to study if dynamic postural
mobility and performance are influenced when the risk
of slipping is higher. The results showed that the friction
contributes an essential element to the program of postural
dynamics®”. A recent study revealed that the amplitude and
duration of consecutive postural adjustments in single step-
ping is dependent on surface friction?". A laboratory study
on the effects of three factors: surface slope (0°, 18°, 26°,
and 34°), elevated height (0 and 3 m), and visual reference
(with and without) on standing postural instability was per-
formed by Simeonov et al”. However, only one type of sur-
face material (plywood and painted with slip resistant paint)
was used. This study, however, did not investigate the effect
of slope and surface friction on standing balance, which can
occur in winter and rainy seasons in many sectors.

Balance challenged by working and walking on an
inclined surface for a longer time period has shown an
increased postural sway®). A recent study on the effects of
surface inclination angle (0, 18 and 26°), standing direc-
tion (uphill, downhill, and lateral facing), and lumbar
extensor fatigue on postural control during quiet standing
showed that these three factors have negatively affected
postural control, suggesting that working surfaces should
be horizontal where possible?®. A similar study on balance

control during standing on inclined surfaces showed that
the isometric contraction in the ankle plantar flexor muscle
increased as the slope inclined towards toes-town direc-
tion?®). It has also been reported that the soleus muscle
electromyography (EMQ) increased in the condition toes-
down (ankle plantar-flexion)®?.

The increased inclination, causing increased shear
forces in combination with low surface friction could be
important contributing factors to losing balance, and trig-
gering slips and falls. There have been studies on standing
balance on inclined surfaces, but the influence of surface
material, friction and its interaction with inclination on
balance control has not well been reported in the literature.
Therefore, the objective of this study was to investigate
the effect of the combination of surface available friction
and inclination on standing balance and utilized friction.

Methods

Participants

Experiments were performed on thirteen healthy par-
ticipants (eleven men and two women, mean age 27.9 +
4.2 yr, weight 78.6 = 7.5 kg, height 1.79 + 0.04 m). The
participants had no neurological, musculoskeletal, balance
or other disorders and were not on any form of medica-
tion. All participants had worked, studied or lived in the
same city for more than two years, where the roads are
usually slippery when covered with ice and snow in win-
ter. Therefore, all participants had experience of standing
and walking on slippery slopes. The study (AFA project
no. 100026) was approved by the regional ethical review
board in Lund, Sweden (EPN), and performed according
to the Declaration of Helsinki for research involving hu-
man subjects. The participants signed informed consent
before their participation in the study.

Measurements

Two vibrators were placed over the centre of the Gas-
trocnemius muscle belly on the right and left calf. The
purpose of using vibrating perturbation was to perturb the
balance of the participant and to evoke body sway while
standing on a force platform. The perturbation technique
made standing balance more challenging in laboratory
settings. The forces and torques actuated by the feet were
recorded with six degrees of freedom by the force plat-
form connected to data acquisition system and software
developed at the Balance Laboratoryz). Data were sampled
at 50 Hz by a computer equipped with an AD converter
(Analogue Devices RTI-815). This method including the
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Fig. 1. a) Schematic picture of the subject standing on the force platform. Note the definition of the positive direc-

tions for the three forces and torques that were measured. b) Example of data from the measurements: torque in the

anterior posterior direction (M,) from one of the subjects standing on the horizontal surface covered by roofing felt

with eyes closed. Note the division of the result in five time periods, Q and P1-P4.

perturbation technique has been well described and used

in a number of studies on human postural control® 2> 2%,

Test protocol

The participants were asked to practise and familiarize
with the test conditions prior to the real trials, and then
were instructed to stand erect with their arms crossed over
the chest and feet at an angle of about 30° open in the front
(Fig. 1a). The participants either focused on a mark on the
wall at a distance of about 1.5 m or had their eyes closed.
The head orientation maintained the same between eyes
open and closed. Spontaneous postural sway in all three
directions were recorded for the first 45 s of quiet stance (no
vibration stimuli), after which the vibrators were turned
on/off according to a computer controlled pseudorandom

binary sequence (PRBS) schedule?®

, with a pulse time of
0.8-6.4 s for 200 s creating the same vibration stimuli for
all test conditions and participants (Fig. 1b). The partici-
pant was standing on the balance plate for a total period
of 245 s and the passage of events was divided into five
periods, the first one Q — Quiet stance, 45 s without vibra-
tion stimuli and disturbance, followed by four periods (P1-
P4), each of which was 50 s, (Fig. 1b). Two inclinations of
the platform, horizontal (Hor) and 10% (tana=0.1) which
gave an angle of inclination of 5.7°, were used and two
different surface materials covered the force platform. One
covering material was polyoxymethylene plastic (POM)
that was used to mimic a surface with low friction and the
other was roofing felt (FELT) that gave a good grip, thus

creating four test combinations (1. POMpyer, 2. FELTHor,
3. POM gy, 4. FELT 0%). These two types of materials
were chosen because they were used in previous investiga-
tions of actual slip resistance in non-contaminated surface
conditions®®. Each participant participated in eight tests
in total since each participant performed two trials, one
with eyes open, the other with eyes closed, in each of the
four test conditions. The participants sat and rested for
about 5 min between the tests, after which the participant
was asked to stand at the same position and in the same
direction (toes down in case on inclined surface) on the
platform. The sequence between the different conditions
and keeping eyes open or closed were randomized among
the participants in order to minimize effect of habituation.
All participants wore the same type of work shoes with ni-
trile rubber outsoles and deep treads. The same shoes were
also used for the measurement of the COF. A test assistant
was standing by the side of the participant to give support
in case of loss of balance during the test.

The positive directions of the forces and torques
measured by the balance platform were defined in Fig.
la. Note that the anterior-posterior torque, My, affecting
the platform was defined positive when the participant
tilts backwards, while the medial-lateral torque, My, was
positive when the participant was leaning to the right.
The coordinate system was fixed to the balance plate and
followed the plate when it was inclined. The balance plate
was calibrated. Its reliability was tested in previous studies

of standing postural sway> 2> 2% 29,
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Data analysis

In order to reduce the influence of the body sizes of the
participants, the forces from the three force measurements
were normalized to the body mass and the torques were nor-
malized to both the body mass and height of each individual
participant. Each test was divided into five epochs (Q, P1-
P4) and, for each participant, linear mean values and vari-
ance over each specified period were calculated. Statistical
analyses using a balanced two-way ANOVA were applied
and followed by multiple comparisons between different
test conditions. The difference was considered statistically
significant if p-value was less than 0.05 and the statistical
analyses were performed using the software MATLAB?.

The available coefficient of friction between the same
type of shoes and the two surface materials was measured
in non-contaminated condition on a horizontal force plate
according to the method used in a previous study?”. The
measured available coefficient of friction (COF) was
1a=0.37 for POM and ©s=0.49 for roofing felt, both of
which were lower than 0.50 that is recommended as the
threshold for safe walking on level surfaces®. No partici-
pant slipped during the balance tests. In order to evaluate
the risk of slip, the utilised coefficient of friction during
the test was calculated®”. The total friction force was de-

rived from the test data through F =,/F’+F;} and the

standing utilised coefficient of friction (usucor) through
dividing the frictional force by the vertical reaction force

F
from the surface, #sucor :F . The risk of slip increases

Period 1, P1
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when the value of the standing utilised friction approaches
the value of the available friction®>>®).

The use of variance in the analysis of the torque data is
motivated since the variance of the torque is independent
of the tilt of the force plate and independent of pos-
sible small variations in the positions of the test persons
standing on the force plate between the measurements.
By integrating the square of the torque over the time of
duration, it is shown that the variance of the torque is pro-
portional to the energy consumed and the work performed
by the ankle joint to maintain balance'® *”). The ratio of
torques (My/My) between the sagittal and lateral sway, is
proportional to the power of the signal in different planes
to maintain upright stance during perturbations.

Results

No significant differences were observed between the
different conditions when the participants kept their eyes
opened. The following results were from the tests when
the eyes were closed. The standing utilised coefficient
of friction increased when the surface was inclined. The
increase compared to horizontal surface is shown in Fig.
2 for both the roofing felt and the POM surface. However,
the available coefficient of friction of both POM and
roofing felt is higher than the maximal standing utilised
coefficient of friction on the inclined surfaces, indicating
that the slip risk is small**> %, although the risk is higher
on POM than on the roofing felt.

The average amplitudes of variance of My for all test
persons in the four test conditions during the five epochs

Period 2, P2

1. POM, horizontal 1 e

2.roofing felt, horizontal

3. POM, inclined 10%

4. roofing felt, inclined 10%

Standing utilised coefficient of friction

a)

Fig. 2.

Standing utilised coefficient of friction

b)

Comparison of the linear mean values of standing utilised coefficient friction, x5y cor, from data of the

thirteen subjects with eyes closed: a) period 1 (P1) and b) period 2 (P2). The rings in the diagrams correspond to the

linear mean value of all subjects in the study and each line corresponds to the interval.
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(Q, P1-4) are shown in Fig. 3a). No significant differences
of the variance of My were found between the test condi-
tions. However, the variance of My increased when the
plate with the POM surface was inclined and over time
(P4/P1, POM,¢9>POMpy;) as shown in Table 1. The same
differences were noted for the roofing felt but a significant
difference was observed only for POM. The variance of
the torque in the medial-lateral direction, My, was also
observed. The trend was that the variance decreased when
the plate was inclined for both surfaces but the effect of
the inclination was significant only for the surface with
lower friction (POMpo>POMq) as in Fig. 3b).

The variance of the quotient between the torques (My/
My) increased when the surfaces were inclined and over
time (P4, POM9%,FELT0%s>POMH,,) as in Fig. 3c), the
effect of the inclination was significant only for POM. If
the variance of the fourth period was scaled by the variance
of the first, the effect of the inclination became significant
for the roofing felt (P4/P1, FELT0%>POMHhor, FELTHor) as
in Table 1.

Discussion and Conclusion

This study was mainly aimed at investigating the com-
bined effect of available friction of surface materials and
inclinations on standing balance and utilised coefficient of
friction. The main findings revealed that on inclined sur-
face, particularly on the surface material with lower fric-
tion, the potential slip and fall risk was higher due to the
increase of standing utilised coefficient of friction and in-
creased forward turning torque. No significant differences
were observed between the different conditions when the
participants kept their eyes opened. The inclination and
surface friction effects were likely compensated by the vi-
sual stimuli. The standing balance was maintained within
the limited inclination (10%) and with present available
coefficient of friction (0.37 and 0.49) between the shoe-
underfoot surface combinations for both eyes opened and
closed. An earlier study comparing three conditions, in-
cluding also toes-up (inclined backwards), showed that the
control of the slow components of postural sway was more
dependent on vision in similar conditions. Depending on
the postural demand (inclination of the ramp), the proprio-
ception was affected differently, indicating that there were
both fast and slow mechanisms of balance control*®.

The increase of the utilised coefficient of friction when
the surface was inclined was similar for both types of
surface materials. The available coefficient of friction
(ua=0.37) was higher than the measured maximal stand-
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Fig. 3. Comparison of the variance of torque: a) mean variance
of My, b) mean variance of My, ¢) mean variance of M,/M,. The
values of the torques were normalized to the body mass and height
of each participant.

ing utilised coefficient of friction (usucor=0.13) even on
the POM surface. The study by Burnfield and Powers>
showed that the risk for slip is very small when the avail-
able COF is about 0.077 higher than utilised COF and
when the available COF is greater than 0.3. Although
utilised coefficient of friction is within the boundary of
the available COF, if more disturbances or distraction
were to be added the risk of falling would be different.
Furthermore, the slip risk could also be higher if more

Industrial Health 2018, 56, 292299
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Table 1. The quotient between epochs 4 and 1 of the variance of M,, M, and M,/M,

P4/P1 P4/P1
P4/P1
Variance of torque M, M, MM
(Eyes closed) (Anterior/Posterior) (Medial/Lateral) Y
p-value Quotient p-value Quotient p-value Quotient

POM, horizontal 0.032 0.68* ns 1.20 0.009 0.71%*
roofing felt, horizontal ns 0.81 ns 1.22 0.022 0.80%*
POM, inclined 10% 0.032 1.33* ns 1.14 ns 1.34
roofing felt, inclined 10% ns 1.08 ns 0.72 0.022 1.64%**

*The quotient of the variance of M, on POM and inclined 10% is significantly higher than on horizontal POM.

**The quotient of M,/M, is significantly higher on roofing felt and inclined 10% than on horizontal roofing felt

and horizontal POM.

slippery materials were used in either the shoe soles or un-
derfoot surface. For example, the available coefficient of
friction on melting ice (0.06) could be much smaller!”> ¥
than those on the two surfaces tested, and smaller than
the utilised COF obtained in present study. Therefore, to
maintain standing balance on icy roofs is very difficult and
slip and fall risks are extremely high.

In comparison to forces, torque variance is more rel-
evant in keeping the standing person from falling *. In
the present study when the surface was inclined forward,
the mean anterior-posterior torque (My) decreased. But the
effect was significant only on the surface with lower fric-
tion. Although the standing balance of all participants was
maintained during the whole test period and the slip risk
was very small, the anterior-posterior torque was affected,
namely by turning forwards, when the surface was inclined
forwards and when the available friction was smaller.
This may indicate that the anterior-posterior torques is
a sensitive parameter for the evaluation of standing bal-
ance ability and fall risk. This result is consistent with
the finding from the study by Simeonov ez al.” where the
increase of surface slope resulted in a progressive increase
of anterior-posterior centre of pressure displacement. The
comparison of sway velocity in the anterior-posterior and
medial-lateral directions revealed that slope had consider-
ably larger effects on the sway velocity components in
anterior-posterior direction (Vap) than on the medial-
lateral direction (V). The ratio Vap/Vmr increased with
slope, revealing a directional effect of slope on balance”.

The variance of the anterior-posterior torque increased
when the plate was inclined and when the participant
stood on the surface for a longer period of time (P4/
P1), especially for the surface with lower friction. In the
study of exposing the participants for 20 min to 2 h on
an inclined surface (26°), Wade and Davis® found that
standing posture on a level surface was less stable directly

after the exposure on the inclined surface. The variance of
the torque was higher during P4 than that during P1 could
be an effect of muscle fatigue caused by four minutes of
standing still. In the present study, the total standing period
was longer than those reported in the literature® 2% 3. The
magnitudes of the postural sway obtained in some of the
studies, where the authors induced muscle fatigue using
repetitive toe-lift exercise until exhaustion or similar fa-
tiguing pre-exercise, after which the standing balance was
2939 ¢could be higher than
that in the present study since the intensity of the induced

measured on a level force plate

muscle fatigue prior to the balance test was much greater.

The variance of the torque in the medial-lateral direction
(My) decreased when the plate was inclined for almost all
periods of stimulations. This difference was observed for
both surfaces but it was even clearer for the surface with
lower friction (POM).

The variance of the quotient between the torques (My/
My) increased for the inclined surface over time (P4 and
P4/P1). This may indicate that more energy is needed
while maintaining standing balance in the sagittal plane
when the surface is inclined in the same direction and this
is more obvious in late standing period. The findings of a
change e.g. increase in sway variance reflects that more ef-
fort is required to maintain posture under these conditions.
All differences in postural sway are more obvious for
the surface with lower friction. This could be understood
as low friction being a risk factor to challenge standing
balance. Some differences are more apparent over longer
time periods. This result seems to be consistent with the
findings by Wade and Davis® although they investigated
the standing postural sway after longer time (20 min—2 h)
exposure to a steeper slope prior to balance test than the
245 s standing during balance test in the present study.

The present study has limitations. Firstly, all participants
were young and healthy and the total number of participants
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(n=13), and especially the number of female participants
(n=2), was limited. Only two angles were used for the
inclination (level and 10%) in this pilot study. Although
the inclination was not much as compared to more inclined
roofs, 10% inclination is a challenge for pedestrians walk-
ing on slippery sidewalks, particularly in icy and snowy
winter conditions. This preliminary laboratory study was
performed on non-contaminated surfaces. The differences
of the available coefficients of friction were relatively small.
More challenging inclinations and slippery surfaces should
be further investigated. The study was conducted when the
participants were standing, not walking. We believe that
understanding standing balance ability is fundamental and
critical for dynamic stability, which should be investigated
in further studies, e.g. during walking on more slippery and
inclined surfaces. In normal conditions the surface under
the feet provides sufficient support and friction. The effects
of inclination on the risk of falls under real work conditions
have been observed and evaluated in an investigation of
reported falls in postal delivery workers*”. According to the
observation 30% of the falls occurred when walking down a
slope compared to 2% when walking up.

In conclusion, when eyes closed, on flat surface, there is a
significant reduction of the effort used to maintain stance, re-
flected in a reduction of body sway over time. The standing
utilised coefficient of friction (WSUCOF) increased when the
surface was inclined for both high and low friction materials.
The anterior-posterior torque increased more anteriorly when
the surface was inclined toes down and when the surface
friction was low. The variance of the quotient between the
torques (Mx/My) increased on inclined surface over time (P4
and P4/P1). The findings of a change e.g. increase in sway
variance reflects that more effort is required to maintain
posture under these conditions. The results indicate that
the anterior-posterior torque is a sensitive parameter when
evaluating standing balance ability and slip risk.

On flat surface, there is a significant reduction of the
effort used to maintain stance, reflected in a reduction of
body sway over time. In the context of inclined surface
or reduced friction, this adaption revealed in the P4/P1
indicates a reduced ability to adapt. This implies that more
energy and force are needed to maintain upright posture
in such conditions when eyes closed and that the safety
margin to a loss of balance is reduced although the utilised
coefficient of friction is still within the available friction.
Such findings can help to understand biomechanical mech-
anisms and prevent slip and fall accidents and injuries in
working and walking environments.

A systems approach to factors that challenge postural

I SVENSSON et al.

control in the context of everyday situations and especially
working and walking environments should be further
developed and applied not only to workers in construction,
health care, post-delivery and transport services, but also
to the disabled, the elderly and other frequent fallers.
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