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Abstract

Age-associated impairment of proprioception and decreased sensitivity to underfoot pressure, may have serious problems for 
the elderly for their ability to “correctly” judge or perceive the degree of slipperiness, while walking on an inclined slippery 
surface, such as a ramp. The present study focuses on investigating the role of age-associated influences on workers’ ability 
to perceive surface slipperiness and its impact on postural balance and slip and fall events while negotiating a ramp. The 
study was carried out on 32 younger and 33 older workers. All workers’ postural balance and slip/fall events were objectively 
quantitated with a human motion analysis system and subjectively measured with the perceived sense of slip/fall (PSOF) 
tool respectively, while they walked up and down a ramp (on a level surface or 0, or at 10, 15, and 20 degrees) on 2 surface 
coefficient of frictions (dry: 0.76-1.06; moderately slippery: 0.19-0.21). While slip rating scores for the dry surface were 
comparable between the groups, the older workers significantly (p=0.046) underestimated the slippery surface. The deviation 
of the subjective surface slipperiness rating from the mean (DSSSR) for each surface was calculated. As expected, the older 
workers’ objective measure of postural balance was poorer than the younger group when they negotiated the slippery ramp 
surface. Repeated measure logistic regression analysis showed that the younger group was more likely to slip but much less 
likely to fall as DSSSR increased. Therefore, a mismatch between perception of slippery surface risk and the actual risk may 
jeopardize workers’ ability to safely negotiate a slippery ramp surface and thereby make them more susceptible to slip-related 
fall-injuries.
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Introduction

In many countries, including in the United States, the 
workforce is aging [1]. This is partially due to the aging of the 
US population as well as continued workforce participation. 
The share of workers over ages 60 and over has doubled since 
2000 and is expected to continue to rise, based on population 
estimates. It is important to study older workers’ health and 
safety, and specifically postural control in older workers.

It has been shown that with aging controlling mechanisms 
of postural stability can be altered with relatively minor 
physiological changes, including temporary failure of 
binocular vision or sudden changes in the floor surface [2]. 
Previous investigators have implied that the central nervous 
system’s (CNS) ability to control postural muscle tone and 
balance deteriorates with age [3,4]. Furthermore, the age-
induced modification in the afferent-efferent pathways 
(visual, vestibular and proprioception) of the neuromuscular 
system causes increases in postural stability [5,6]. Studies 
have shown that postural stability undergoes maturation 
from birth to about 10 years of age, when it becomes adult-
like, and then remains stable until about 25 to 30 years of 
age [3,4,7-10]. After around 30 years of age, balance begins 
to deteriorate gradually until 70 years; after that, the rate of 
deterioration significantly increases [11-15].

These age-related increases in postural stability 
imply poorer postural balance. Maximum muscle strength 
is achieved between 20 and 30 years and, thereafter, a 
progressive age-related decline in the strength of most 
muscles begin [16-19]. Similarly, maximum oxygen uptake, 
after reaching a peak level at 25 years, begins a significant 
decline with age [20]. There are also significant age-related 
decrements in neuromuscular performance affecting 
balance [3,4,7]. In humans aged 60 years and older, the 
detrimental effects on physical strength are associated with 
muscle wasting, decrease in number of available motor units, 
and decrease in nerve conduction velocity [21]. Since the 
age-associated decrease in leg and trunk muscles are much 
greater than those observed in the arm muscles [19,22] and 
the leg/trunk muscles are also critical for postural stability, 
walking and navigating different inclines and surfaces may 
be impacted. In this study, dynamic postural balance during 
task performance while walking up and down the ramp will 
be quantified.

Joint mobility decreases in healthy people between the 
ages of 20 and 60 years [23,24]. Morgan [23] showed that 
the incidence of arthritis increases significantly beyond age 
45 years, which may contribute to decreased joint mobility. 
Anderson [25] reported decreased lumbar spine mobility 
with increasing age. Reduced elasticity may also contribute 
to impairment in joint mobility. In older workers with 

reduced joint mobility, the occurrence of shoulder muscle 
fatigue, when performing jobs with elevated arms, has been 
a significant concern. Reduced joint mobility and tissue 
elasticity may compromise older workers’ performance of 
tasks which require them to bend and reach. Furthermore, 
decreased joint mobility will have detrimental impacts 
in compromised situations such as when a worker is 
experiencing a slip. For example, studies by Perkins [26] 
and our group have shown that sliding of feet during a slip 
more than 3 cm may cause irrecoverable postural instability 
(resulting in a fall) in subjects with joint mobility impairment. 
Additionally, in older workers with limited joint mobility, 
a slip associated foot slide may cause undue sprain/strain 
on the joint ligaments/muscles, thereby causing postural 
instability. In this study, kinematic measures provide 
information on sliding distance and the associated impact on 
workers’ postural instability and potential for loss of balance 
during task performance.
 

Previous studies have shown that sensory-motor 
activities are detrimentally affected in people older than 55 
years [23]. The reaction time in older subjects (66 years and 
older) is about 30% slower than that of younger workers 
(18 to 30 yrs. of age) [27]. From the same study, movement 
of the older group was about 76% slower than those in the 
younger age group [27]. Adelsberg et al. [28] examined the 
relationship between age associated delayed reaction time 
and coordination time as a possible contributing factor to 
lower extremity fracture in subjects aged 6 to 85 years of 
age. Their data suggest that subjects with longer reaction 
times have higher risk of fracture, particularly those subjects 
aged 55 years and older. Both reaction time and coordination 
time increased after 45 years of age. Since the sensory-motor 
pathways are required for postural balance control, an age 
associated decline in performance likely has a detrimental 
impact on older workers’ ability to maintain safe upright 
balance during task performance. The degree of detrimental 
impact on postural balance may be even more severe 
when older workers are required to perform tasks under 
suboptimal conditions, such as in a poorly lit environment 
and/or with a slippery standing/walking surface. 
 

Visual acuity decreases from the mid 20’s to the 50’s. 
After that, the rate of decrement in visual acuity is rapid 
[29,30]. Visual acuity problems are exacerbated in a poorly 
lit environment [31,32]. In comparison to workers < 40 
years old, the illumination requirement increases by 50% 
for workers in the age range of 40-55 years and by 100% for 
workers over 55 years [33]. Depth perception also declines 
after age 45 years [30]. As visual input is critical for balance, 
an older worker’s ability to perform tasks while maintaining 
a safe upright balance in a poorly lit environment may be 
seriously jeopardized. Also, declines in depth perception 
may affect an older workers’ ability to maintain safe upright 
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balance while walking on a ramp. No such data exists for 
older workers. This study will be the first to report data that 
tests this hypothesis.

With aging, the vestibular system has been shown 
to undergo several changes. Rosenhall and Rubin [34] 
have shown that subjects over 40 years age have an age-
associated progressive reduction in the number of sensory 
cells and nerve fibers in the peripheral vestibular system. 
This reduction is significant in individuals older than 70 
years old. Age associate decrements in both vestibulo-
ocular reflexes and vestibulospinal reflex has been reported 
in the literature. Fregly [35] and Fregly, et al. [36] reported 
significant deterioration in these functions, especially 
beyond the age of 40 years.

The normal aging process has been shown to be 
associated with declines in proprioceptive function, 
which is a critical afferent needed for postural balance 
maintenance [14,37]. Previous researchers [38] found 
marked deterioration in elderly (>60 years old) subjects’ 
ability to correctly judge and/or reproduce a passive knee 
position. In addition, pressure sensation felt under the feet 
(during standing/walking) is also impaired by the normal 
aging process, which in turn, has detrimental impacts on 
these elderly workers’ ability to correctly judge the direction 
of motion of the body during task performance. Center of 
gravity (CG) based data provides a biomechanically sound 
assessment of body movement in space. This assessment 
is based on the concept that the entire body weight is 
concentrated at one point and the subject has no conscious 
“feeling” about the motion of the CG with respect to his/
her base of support. On the other hand, center of pressure 
(CP) is a point under the feet of the subjects through which 
the resultant force passes during task performance. As the 
task dynamics change, the magnitude of the resultant force 
and its point of application underneath the feet also change. 
This movement of CP is actually “felt” by the subject as a 
concentrated pressure point under the sole of his/her feet, 
which may cue the subject about the direction of his body 
motion, thereby allowing the subject to maintain safe upright 
balance by contracting the appropriate postural muscle 
groups. CP based data (not CG based) is a better predictor of 
slip potential during task performance. Therefore, an older 
worker, with age associated impairment of proprioception 
and decreased sensitivity to underfoot pressure, will have 
serious problems maintain safe upright balance, particularly 
while carrying out tasks while standing or walking on a 
slippery surface. 

In an older worker, normal age-associated declines 
in functional abilities may cause most of the fall/slip risk 
factors to place undue demand on their neuromuscular 
system during task performance. The normal aging 

process has been shown to be associated with declines in 
proprioceptive function, which is a critical afferent needed 
for postural balance maintenance [14,38,39]. In addition, 
pressure sensation felt under the feet (during standing/
walking) is also impaired by the normal aging process, which 
in turn, detrimentally impacts these older workers’ ability 
to correctly judge the degree of slipperiness of the walking 
surface. A previous study [40] has shown that in the presence 
of poorer judgment of surface slipperiness the higher centres 
elicit an inadequate motor control strategy for maintenance 
of upright postural balance even during semi-dynamic tasks 
performed in a standing position on a slippery surface. 
Therefore, a mismatch between actual risk and the perceived 
risk of surface slipperiness may jeopardize workers’ safety 
and cause a greater number of severe acute and traumatic 
injuries particularly when negotiating a ramp.

Methods

The present study focused on investigating the role of 
age-associated influences on workers’ ability to perceive 
surface slipperiness and its impact on postural balance 
maintenance and probability of slips/falls during negotiating 
slippery ramps of various inclinations and with various 
shoe and lighting conditions. The study was carried out on 
32 younger [mean age (SD): 49.5(2.59) yrs.] and 33 older 
workers [mean age (SD): 69.5 (3.12) yrs.]. All subjects 
were screened for the following exclusion criteria: daily 
requirements of prescription medication which may act upon 
the central nervous system, significant history of dizziness 
and/or tremors, alcoholism, vestibular, neurological, or 
cardiopulmonary disorders, diabetic symptoms and acute 
or chronic low-back or knee pain. All subjects were required 
to sign and complete a University of Cincinnati Institutional 
Review Board (IRB) approved consent form prior to 
completing testing. Subjects then completed a questionnaire 
that included hours slept, PSOF, hours worked, regular 
exercise, and amount of alcohol consumed. Upon completion 
of the questionnaire, the subject was dressed in a laboratory-
supplied shirt, shorts, socks, and shoes, and donned a safety 
harness. Each subject first provided subjective slipperiness 
ratings of a dry and a slippery surface of known dynamic 
coefficient of friction (DCOF). 

Subjects performed the study protocol of negotiating a 
ramp (up and down) with the following factors completely 
randomized: 1) varying angles (0, 10, 15 and 20 degrees); 
2) two surface conditions (Dry: DCOF 0.76 – 1.06; Slippery: 
DCOF 0.19-0.21); 3) two foot wear conditions [41] (Hard: 
71 Shore A; Soft: 53 Shore A); and 4) two lighting conditions 
[42] (Good: 49.9 fc; Poor: 1.5 fc). 

The subjective dependent measures were the Perception 
of Slipperiness Rating and the Rating of Perceived Sense 
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of Slip/Fall (PSOF). Additionally, a research staff member 
observed and recorded whether or not the subject slipped 
and/or fell. A slip was defined as a visual sign of lateral 
movement of the foot on the force platform surface.

The Perception of Slipperiness Rating of the dry and 
slippery surfaces were assessed with our previously 
validated technique [40]. This rating allowed the subject to 
evaluate the degree of slipperiness of various shoe/surface 
interfaces before each trial. The subject stood with his or 
her dominant foot on the force plate with the other foot on 
the floor surface next to the force plate such that they were 
standing with their body weight on both feet. The force plate 
had an aluminum plate attached on top that was either dry or 
with a slippery contaminant on it. The subject was instructed 
to move their dominant foot on the plate for a total of 15 
seconds. The subject then stepped off the plate onto the floor 
surface and rated the slipperiness on a scale of 0, meaning 
“very slippery”, to 10, meaning “not slippery at all or dry”. The 
PSOF scale included four questions regarding the subject’s 
experience of postural instability while performing the task 
of walking on the ramps [40,43,44]. The subject provided the 
PSOF after each trial. Each question was scored between 0 to 
2 by increments of 0.5. Zero meant that he/she perceived “no 
postural instability”. The summation of the scores from the 
four questions defined the overall PSOF score. A maximum 
score of 8 meant that they perceived the “greatest instability”. 
This summed score was used in the statistical analyses. 

The objective dependent measures were collected from 
the ramp fitted with a multi-axis force platform system. The 
objective measures included: the coefficient of friction (COF), 
medio-lateral (M-L) and anterior-posterior (A-P) excursion 
of center of pressure parameters, and ground reaction forces. 
These measurements were obtained as per the instructions 
given our previous publications [45-47].

Data Analysis

The deviation of the subjective surface slipperiness 
rating (DSSR) from the mean of objective measure of COF for 
each surface and ramp direction was calculated. Repeated 
measure logistic regression was used to relate the probability 
of slips and falls to all test conditions of the experiment. To 
determine the statistical models, covariates were tested by 
Mixed Model Analysis of Covariance. Statistically significant 
covariates that were included for the probability of slip 
were hours of sleeping and PSOF, and for probability of fall 
were hours slept, hours worked, regular exercise, amount of 
alcohol consumed, and PSOF. Both models included age, the 
DSSSR and the interaction of age with DSSSR.

Results and Discussion

There was a monotonic increase in the % of slip 
occurrence as subjects walked on level floor - 0° (14.5% 
slips) to ramps of 10° (31% slips) to 15° (37% slips) to 20° 
(50.2 % slips). Both the younger and the older workers 
rated the dry surface with comparable slip rating sores (not 
statistically significant). This implies that both groups were 
equally capable of correctly estimating the slipperiness of 
the dry surface, D (Figure 1). However, in comparison to the 
younger group the older workers significantly (p=0.046) 
underestimated the slipperiness of the slippery surface E 
(i.e. the DSSSR was more positive in the older group than in 
the younger group (Figure 2).

Since the older workers underestimated the slipperiness 
of the slippery surface, it is theorized [44,48] that their motor 
control system will be less prepared (than the younger group) 
to negotiate a dynamic task on a slippery ramp [49]. Because 
of this underestimation of slipperiness of the surface, their 
ability to perceive the risk of postural balance and slip/fall 
while walking on the ramp will be poorer, as is supported 
by lower PSOF scores observed in the older workers than 
in the younger group (Figure 3). Since older workers had 
a lower perception of postural balance and slip/fall while 
walking on the ramp, they would, therefore, not deploy 
an appropriate muscle control strategy needed to reduce 
postural sway during ramp negotiation. This was supported 
by findings of higher M-L and AP sway responses observed in 
the older group compared to the younger workers especially 
for the slippery surface. Similar findings were reported in 
another study [49] where older workers showed a plateau 
effect, whereby, despite a rapid decrease in the slipperiness; 
their perception of the slipperiness does not decrease 
accordingly. On the other hand, younger workers’ perception 
of slipperiness decreased along with the decrease in actual 
COF. This suggests that with increasing age, workers may not 
be able to adequately assess the risk of loss of balance and 
falling when working on a slippery surface.

Ramp angle, surface and age were significantly associated 
with PSOF response (p<0.0001). Older workers perceived 
less of a threat particularly for slippery surface on a greater 
inclination ramp. The 200 inclination was perceived to be 
2500% more hazardous while wearing soft-soled shoes and 
73% more hazardous while wearing hard-soled shoes, as 
compared to a flat surface. Also, on average, soft-soled shoes 
were associated with 65.4% greater hazard than hard-soled 
shoes (p<0.0001). This finding is consistent with the fact that 
48% of the slips occurred with soft shoes, compared to only 
5.9% with hard sole shoes during gait tests.
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Repeated measure logistic regression was used to relate 
the probability of slips and falls to all test conditions of the 
experiment using the statistically significant covariates. The 
younger group was more likely to slip (OR=1.27, p<0.05) 
but much less likely to fall (OR=0.16, p<0.003) as DSSSR 

increased. These results indicate that misjudging a surface to 
be less slippery may have dangerous consequences for older 
workers, as they are more likely to fall than are younger 
individuals who underestimate the slipperiness of a surface.

Figure 1: Estimating the slipperiness of the dry surface for both Groups.

Figure 2: Comparison to the younger groups the older workers significantly (p=0.046) underestimated the slipperiness of the 
slippery surface E. 

Figure 3: Workers’ perception of slipperiness as a function of age. With increasing age, workers are not be able to assess the 
risk of loss of balance and falling when working on a slippery surface [49].
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Conclusion

This study sought to determine if various risk factors for 
fall. As expected, as the ramp angle increased from 0° to 20°, 
slip occurrence increased. Workplaces should follow walking 
and working surface standards and provide appropriate 
handrails. In addition, work practices and safety topics 
should enforce the use of handrails. While only two types of 
footwear were tested in these lab conditions, the difference 
detected indicated that a harder soled shoe performed 
better on increased inclinations and slippery conditions. 
By using the actual coefficients of friction measured during 
the tasks performed and rated by the participants, we were 
able to provide a unique insight to determine if a mismatch 
is correlated with a slip or fall event. Comparing the results 
between the older and younger participants, we found that 
misjudging the surface slipperiness may be riskier for older 
participants. The younger participants who perceived the 
surface slipperiness wrong were more likely to slip but less 
likely to fall as opposed to the older workers. Additionally, 
the findings that the older participants underestimated the 
slipperiness of surfaces supports the use of engineering 
and administrative controls for all workers. These findings 
highlight the importance of addressing the slip/fall hazards 
in workplace and public situations that may involve ramps 
and slippery surfaces, and not relying on the worker to be able 
to appropriately negotiate the hazards. In addition, further 
work on appropriate footwear and flooring conditions can 
provide solutions for such hazards.
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