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FATIGUE MATS
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School of Biomedical Engineering and Sciences®, Virginia Tech, Blacksburg 24060
Industrial & Systems Engineering Department?, Virginia Tech, Blacksburg 24060
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ABSTRACT

Prolonged standing has been associated with loss of balance, onset of low back pain symptoms and development of fatigue in
lower extremity muscles in working populations. Although so far, it is unknown how individuals’ postural stability is
affected by standing on rigid versus cushioned platform but many industries are opting for anti-fatigue mats at workstations
to reduce fall and injury related socio-economic cost. The goal of this study is to test SATECH's anti-fatigue mat for its
effects on postural stability. A pilot test with seven healthy subjects (25-35 years old) has been conducted with a force plate
to obtain kinetics of body when standing on two different platforms. The centers of pressure (COP) position of subjects were
determined on rigid and anti-fatigue mats for quiet stance (each trial 60 seconds). In order to understand postural control
along with dynamic or stochastic characteristics of the COP, stabilogram diffusion analysis (SDA) and Invariant density
analysis methods are used. Subject specific patterns were seen in stabilogram diffusion plots and associated parameters in
both conditions. We also found differences in some postural sway SDA parameters with anti-fatigue mats compared to rigid
vinyl floor standing with open eyes condition. But no significant differences were found in sway IDA parameters. This work
further provides insights whether anti fatigue mats can be helpful to workers involved with prolonged standing tasks.

Keywords: Center of Pressure, Stabilogram diffusion Analysis, Invariant Density Analysis

INTRODUCTION

Falls and injury are significant issues for the occupational population involved with prolonged standing
tasks in food processing and packaging industries [1]. A variety of interventions have been practiced for
reducing injuries due to falls in industrial environments such as the usage of no slip mats, railing around
elevated working areas, modified ladders, training programs in fall prevention, and administrative
intervention. Also, considering the prolonged standing task, anti-fatigue mats are used at the
workstation. Furthermore, Anti-fatigue flooring are nowadays considered a safe option for reducing
fatigue in postural muscles[2] but no effort has been done as of now to study human postural stability on
anti-fatigue floors in comparison to that of rigid floors [3]. Anti-fatigue mats are commonly seen at
workstations where prolonged standing work is performed such as machine operators, packing workers
and others.

SATECH Inc. has developed a dual-stiffness floor to reduce fatigue in employees who spend significant
amount of time standing during their work [4]. It has the potential of protecting against hip fractures,
head injuries, and other fall-related injuries. Some researchers have tested the SATECH flooring with
mobility tests like TUG (Timed up & Go), Berg Balance scores and they did not report any statistical
difference between the rigid floors and the anti-fatigue floors for TUG time scores and Berg balance
scores [5]. Timed “Up and Go” (TUG) test, designed and developed by Podsiadlo and Richardson [6]



has been used to investigate functional mobility among elderly individuals. TUG test consists of day to
day movement activities like standing up, walking, turning and sitting down. Previous research studies
which used the TUG test indicate the total time was different between the two community-dwelling
elderly groups - history of falls in the last six months and no fall history [7]. In our previous study, we
have found significant differences in required coefficient of friction (RCOF) when walking on anti-
fatigue floors [8]. It has been well known that different types of flooring can have an impact on the
human perception of fatigue and outcome of falls and injuries [2, 9, 10]. There are floor specific
adaptations in human stability and gait parameters when subjects encounter different floors [11-13] and
these changes in stability parameters need to be examined before adoption of anti-fatigue floors in
industrial environments.

Human postural control involves information from several different modalities; vestibular, visual and
somatosensory systems. In previous research work, it has been proposed that open-loop (short term) and
closed-loop (long term) postural control mechanisms are involved in the regulation of undisturbed,
upright stance[14]. In this study, stabilogram-diffusion analysis (SDA) was used to examine how the
anti-fatigue floor affects the postural control mechanisms. SDA provides with repeatable COP
parameters that can be directly related to functional interaction of the neuromuscular mechanisms
underlying the maintenance of erect standing posture[15]. SDA models COP data as random walk and is
helpful in characterizing time dependent behavior of the COP trajectory. Invariant density analysis
(IDA) uses a reduced order markov chain model of COP trajectory to describe the evolution of the
state[16]. IDA provides new insights into long term behavior of COP data, and can successfully
differentiate postural sway behaviors of faller and non-faller groups [17]. IDA assumes that COP data is
stochastic and the movement of COP in its future state (location) depends on its present position. In this
study, we have examined both SDA and IDA parameters for postural sway on rigid floors and anti-
fatigue mats.

METHODS

Seven participants (5 males and 2 females) with (age 28+5 years, height 177+8 cm, and weight
89+22kg) volunteered from Blacksburg. The subjects did not have history of neurological, postural
disorders or vision problems. Informed consent was given by all subjects before the experiment. An
instrumented force platform (AMTI BP400600 SN 6780) was used to measure the time varying
displacements of the COP under each subject’s feet during quiet standing. We tested the postural
stability of the seven subjects with eyes open, eyes closed and eyes open with anti-fatigue mat condition.
The total data collection was two minutes for each condition and appropriate rest was provided in order
to ensure fatigue was not developed in lower extremity muscles.

The COP trajectories were analyzed as one and two dimensional random walks, using SDA method
[14]. Diffusion coefficients, scaling exponents and critical point coordinates were calculated from
stabilogram diffusion plots. A short term region and long term region were identified in stabilogram
diffusion plot. The stabilogram diffusion curves changed slope after a transition or critical point at some
At. An estimate for each critical point, (At, <Ar®>c), was determined as the intersection point of the
straight lines fitted to the two regions of each stabilogram diffusion plot. The effective diffusion
coefficients Ds and Dy are computed from slopes of the lines fitted to the short-term and long term
regions, respectively. The scaling exponents H,s and Hy are calculated from the slopes of the log-log
plots of the short-term and long term regions, respectively[14].

The invariant density is probability distribution of finding the COP at any given distance away from
centroid. The five IDA parameters include Ppeak, MeanDist, D95, EV2, and Entropy[17]. Ppeak,



identifies the largest probability of invariant density, MeanDist is the weighted average state that
contains the location of the COP, D95 is the state below which 95% of COP data is contained. EV2 is
the second largest eigenvalue of the probability transition matrix, which corresponds to rate of change of
the invariant density. Entropy describes the randomness of the system, where low entropy corresponds
to a more deterministic system and high entropy refers to more stochastic system [17]. A “state “ is
defined as the distance from the centroid of the COP stabilogram to the COP current position (figure 2).
Paired t-test was used to find intra individual differences in IDA parameters for the three conditions
(eyes open on rigid floor, eyes closed on rigid floor, and eyes open on fatigue floor).

RESULTS

The means and standard deviations of the diffusion coefficients for the 7 participants are given in Table

1 below.
Table 1. Diffusion coefficients (mm?s™): means and standard deviations for the participants

Subject P1 P2 P3 ) P5 P6 P7

ID->

Eyes closed Dy 0.44+0.10 0.76+0.09 0.2810.01 0.21+0.01 0.49+0.25 0.8310.00 0.91+0.14

on rigid

floor Dy 1.49+0.35 2.85+0.41 0.66+0.17 0.67+0.04 1.44+0.31 4.07+0.00 2.19+0.46
Dys 0.18+0.06 0.13+0.03 0.06£0.01 0.10£0.03 0.35+0.19 0.17+0.00 0.16+0.03
Dy 0.39+0.00 0.45+0.22 0.1240.05 0.3310.02 0.87+0.51 0.5210.00 0.25+0.18
Drs 0.61+0.06 0.87+0.13 0.34£0.00 0.31+0.04 0.82+0.42 1.00+0.00 1.06+0.18
Dy 1.87+0.34 3.28+0.62 0.7810.23 0.9910.06 2.30+0.82 4.58+0.00 2.47+0.60

Eyes open Dys 0.72+0.74 0.26+0.04 0.28+0.00 0.15£0.03 0.23+0.06 0.66+0.39 0.26+0.00

on rigid

floor Dy 1.26+0.88 0.73+0.04 0.4310.00 0.4610.04 0.82+0.08 2.16+0.50 0.80+0.00
Dys 0.10+0.07 0.11+0.01 0.07+0.00 0.07+0.04 0.12+0.00 0.11+0.02 0.10+0.00
Dy 0.25+0.14 0.30+0.13 0.05+0.00 0.24+0.18 0.61+0.07 0.41+0.02 0.19+0.00
Drs 0.82+0.81 0.38+0.05 0.3610.00 0.22+0.06 0.34+0.07 0.7610.41 0.35+0.00
Dy 1.51+1.01 1.02+0.10 0.49+0.00 0.71£0.15 1.43%0.15 2.57+0.48 0.98+0.00

Eyes Open Dys 0.32+0.00 0.77+0.00 0.4310.00 0.2240.05 0.64+0.00 0.5610.10 0.44+0.01

on Anti-

fatiguemat D, 1.39+0.00 2.68+0.00 0.75£0.00 0.6810.17 1.96+0.00 2.59+0.60 1.19+0.08
Dys 0.55+0.00 0.32+0.00 0.11+0.00 0.10£0.01 0.67+0.00 0.0910.05 0.10£0.02
Dy 0.78+0.00 0.50+0.00 0.15£0.00 0.2810.01 2.65+0.00 0.3210.15 0.20+0.03
Drs 0.81+0.00 1.07+0.00 0.54%0.00 0.330.06 1.26+0.00 0.65%0.15 0.54+0.02
Dy 2.15+0.00 3.18+0.00 0.89%0.00 0.970.17 4.68+0.00 2.91+0.75 1.38+0.09

All short-term diffusion coefficients were much smaller than respective long term coefficients, i.e.,
Dxs<Dyi, Dys<Dy), Dys<Dy. For majority of subjects, the anterioposterior diffusion coefficients were
greater than their mediolateral counterpart, i.e., Dys>Dys and Dy>Dy;. This is due to the fact that



anterioposterior sway is typically greater than that of mediolateral sway. It should be pointed out that
means of diffusion coefficients in eyes closed condition are greater than eyes open condition on rigid
floors (Table 2). This is well expected, as visual input increases postural stability. Also, means of
diffusion coefficients in eyes open condition on anti-fatigue floor are found to be greater than that on
rigid floor condition (Table 2).
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Figure 1. Anti-fatigue floor (SATECH Inc.)
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Figure 2. State space discretization of COP path into concentric circles of P5 participant with eyes open on rigid floor, with
12 states and width of each state ring is 1.2 mm
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Figure 3. A schematic representation of a typical resultant planar stabilogram-diffusion plot (<Ar®> vs At) generated from
COP time series. The effective diffusion coefficients D, and D, are computed from the slopes of the lines fitted to short-term
and long-term regions, respectively. The critical point, (At,,, <Ar*>), is defined by the intersection of the lines fitted to the
two regions of the plot.



Table 2. Ranges, group means and standard deviations (SD) for the diffusion coefficients, scaling exponents, and critical
point coordinates for eyes open on rigid floor, eyes closed on rigid floors and eyes open on anti-fatigue floor conditions. D,
and Dy are short term and long term diffusion coefficients respectively in anterio-posterior direction. Dy and Dy, are short
term and long term diffusion coefficients respectively in medio-lateral direction. D, and Dy are short term an long term
planar diffusion coefficients respectively.

Eyes closed on rigid floor Eyes open on rigid floor Eyes Open on Anti-fatigue Mat
Parameter Mean + SD Range Mean+ SD  Range Mean + SD Range
Diffusion coefficients (mm? s™) Dys 0.54+0.28 0.2018-1.01  0.38+0.34 0.1344-1.24 0.46+0.18 0.1901-0.77
Dy 1.74+1.07 0.5395-4.07 1.01+0.68 0.4302-2.52 1.57+0.85 0.5561-3.01
Dys 0.16+0.11 0.0536-0.48  0.10+0.03 0.0359-0.15 0.22+0.22 0.0553-0.67
Dyi 0.41+0.29 0.0808-1.23  0.32+0.18 0.0545-0.66  0.57+0.75 0.1510-2.65
Drs 0.69+0.32 0.2770-1.20  0.48+0.36 0.1695-1.39  0.67+0.30 0.2846-1.26
Dy 2.15+1.19 0.6203-4.58 1.33+0.75 0.4867-2.91 2.14+1.28 0.8510-4.68
Scaling exponents Hys 0.76+0.10 0.5566-0.92  0.73+0.08 0.6254-0.86  0.77+0.06 0.6727-0.84
Hy 0.68+0.06 0.5377-0.76  0.66+0.08 0.4813-0.77  0.68+0.07 0.5344-0.76
Hys 0.71+0.12 0.5905-0.96  0.72+0.10 0.6269-0.90 0.79+0.12 0.6334-0.92
Hyi 0.62+0.12 0.3072-0.74  0.660.13 0.3008-0.80  0.62+0.08 0.4396-0.72
His 0.74+0.10 0.5630-0.89  0.72+0.08 0.6260-0.86  0.77+0.07 0.6287-0.84
Hu 0.67+0.06 0.5249-0.75 0.67+0.09 0.4494-0.76  0.67+0.07 0.5136-0.75
Critical point coordinates (sec) Atye 0.19+0.66 0.0100-2.38  0.21+0.68 0.0100-2.37  0.26+0.79 0.0100-2.50
Aty 0.38+0.91 0.0003-2.10  0.21+0.68 0.0003-2.09  0.37+0.81 0.0004-3.30
Aty 0.19+0.65 0.0100-2.50  0.21+0.68 0.0100-2.36  0.26+0.78 0.0100-2.40
Critical point coordinates (mm?) | <Ax*>, 0.16+0.58 0.0002-1.32  0.18+0.60 0.0001-0.49 0.33+1.04 0.0001-0.84
<Ay*>, 0.13+0.37 0.0100-2.37  0.04+0.14 0.0100-2.36  0.16+0.34 0.0100-2.47
<Ar’>, 0.19+0.68 0.0004-2.47 0.22+0.74 0.0005-2.57 0.41+1.30 0.0006-4.12




Table 3. IDA parameters with statistically significant differences between eyes closed and eyes open condition on rigid
flooring.

IDA Parameters Eyes closed on rigid floor Eyes open on rigid floor p-value

Ppeak 0.11740.067 0.138+0.049 0.148
MeanDist (mm) 9.099+3.678 7.17242.454 0.048*
D95 (mm) 17.143+6.747 13.143+4.589 0.027*
EV2 0.9996+0.0003 0.9997+0.0002 0.6416
Entropy 3.93140.690 3.598+0.496 0.049*

Table 4. IDA parameters for eyes open condition for rigid floor and anti-fatigue mat

IDA Parameters Eyes open on rigid floor Eyes open on anti-fatigue mat p-value

Ppeak 0.147+0.054 0.138+0.049 0.591
MeanDist(mm) 6.961+3.043 7.17242.454 0.809
D95 (mm) 12.71445.180 13.143+4.589 0.792
EV2 0.9995+0.0004 0.9997+0.0002 0.3221
Entropy 3.52740.576 3.598+0.496 0.686

The means and standard deviations of the computed stabilogram-diffusion scaling exponents for the
seven subjects (table 2) are in general greater than 0.5. Thus, for both short term and long term region
during quiet standing, COP trajectories exhibit persistent behavior. The transition points (At) occurred at
relatively small time intervals, with minimum of about 0.0003 seconds (eyes closed on rigid floor) and
maximum of 3.30 seconds (eyes open on anti-fatigue mat). On the other hand critical mean square
displacements ranged from very small values, i.e., 0.0001 mm? (<Ax*>. for eyes open condition for rigid
and anti-fatigue mat) to rather large ones (<Ar”>c) as 4.12 mm?,

DISCUSSION

Postural stability has been limited by the lack of analytic techniques for extracting physiologically
meaningful parameters from stabilogram. We have used eyes closed and eyes open conditions on rigid
floor, as the role of vision in postural stability is not arguable. However, because of the complications
associated with subject fatigue, we will have to accept some trade-off between reliability and
experimental practicality. Our null hypothesis stated that the mean values of all IDA and SDA
parameters remain same in all three testing conditions. Statistically significant differences were found
in-between eyes open and eyes closed condition on rigid floor for three IDA parameters MeanDist, D95
and Entropy (Table 3). It is expected that mean distance of COP from centroid (MeanDist) will be more
when the eyes are closed; this is because visual information is stopped when the eyes are closed. Also
the 95% of COP data will lay in a larger sway area, with eyes closed condition. Slightly high entropy in
eyes open condition predicts addition of determinism in this condition due to visual assistance. All mean
diffusion coefficients (table 2) in eyes closed condition were found to be higher than that at eyes open
condition on rigid floors. The magnitude of diffusion coefficients with anti-fatigue floors laid in-
between those of eyes open and eyes closed conditions on rigid floor. Therefore, postural stability of



participants is compromised to some extent on these anti-fatigue mats but the stability parameters do not
show statistically significant difference in mean values. Thus, these results give insight to postural
control on anti-fatigue floor as not being stable as that of eyes open condition on rigid floors and also
not that much unstable as that of closed eyes condition on rigid floors.

Though there was no significant difference in the five IDA parameters, when tested for eyes open
condition on rigid and anti-fatigue floor. But there was mean increase in sway SDA parameters to that
on the rigid floor. There is a need for further investigation with higher statistical power and population
size.

CONCLUSIONS

We did not find significant differences in IDA parameters for eyes open condition for rigid and anti-
fatigue floor. But SDA parameter analysis provides insights into some stability aspects. Muscle fatigue
develops in lower extremity and lower back due to prolonged standing. This development of fatigue may
prevent us to understand the effects of anti-fatigue mat if tested for longer time. It is not yet known how
much the stability deteriorates with time and prolonged standing, as these tests are practical only for
short interval testing. There is a need for further research in this arena, if anti-fatigue mats are to be
adopted for occupational environments.
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