








Figure 5.3 Box plot for main effect Weight for dependent measure AOS
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Figure 5.4 Box plot for main effect Low Back for dependent measure AOS
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Figure 5.5 Box plot for main effect Age for dependent measure AOS
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Figure 5.6 Box plot for interaction Eyes and Weight for dependent measure AOS
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Table 3b Dependent measures: SL, SW, HCV, WV, MTC, and RCOF mean and standard
deviation for trial conditions Low_Back, rested and fatigued, and Speed, normal pace and
fast pace, with calculated percent differences.

43

Mean (SD) Mean (SD) Percent Difference
SL Rested Normal Walk 694.85(28.06) Fatigued Normal Walk 707.22(54.54) 2%
Rested Fast Walk 790.73(50.13) Fatigued Fast Walk 779.00(56.60) -1%
Percent Difference
14% 10%
Mean (SD) Mean (SD) Percent Difference
sW Rested Normal Walk 93.60{25.81) Fatigued Normal Walk 93.02(24.31) -1%
Rested Fast Walk BE.40(33.37) Fatigued Fast Walk 93.55(25.25) 6 %
Percent Difference
-6% 1%
Mean (SD) Mean (SD) Percent Difference
HCV Rested Normal Walk T98.89(203.44) Fatigued Normal Walk 922.36(176.72) 15%
Rested Fast Walk 1133.09(172.45) Fatigued Fast Walk 1249.29(319.65) 10%
Percent Difference
42% 3504
Mean (SD) Mean (SD) Percent Difference
WV Rested Normal Walk 1257.19(64.18) Fatigued Normal Walk 1253.43(89.49) 0%
Rested Fast Walk 1553.47(78.95) Fatigued Fast Walk 1577.03(101.40) 2%
Percent Difference
24% 26%
Mean (SD) Mean (5D} Percent Difference
MTC Rested Normal Walk 29.79(5.34) Fatigued Normal Walk 29.03(5.24) -3%
Rested Fast Walk 31.23(7.59) Fatigued Fast Walk 29.74(6.18) -5%
Percent Difference
5% 2%
Mean (5D} Mean (5D} Percent Difference
RCOF Rested Normal Walk 0.18%(0.011) Fatigued Normal Walk 0.187(0.016) -1%
Rested Fast Walk 0.204(0.014) Fatigued Fast Walk 0.206(0.015) 1%
Percent Difference
%% 10%




For the kinetic dependent measure RCOF, there were three significant factors, but it was

quite interesting to observe that although the main effect Low Back was found to be statistically

significant (F = 29.12; p <.0001), but the effect size value was found to be so small (n>= 0.000)

that it makes this effect trivial. This is illustrated in Figure 6.15. The interaction Weight*Low

back, another significant factor, however, the effect size difference is moderate showing that this

interaction holds some statistical significance. This interaction is shown in Figure 6.16.

Table 3c-h Mean and standard deviation for dependent measures (c) SL, (d) SW, (e)HCV,

(HWV, (g) MTC, (h) RCOF for factors: Age, Height, and Weight.

(c) SL
Age (year) Mean Std Dev
19 679.49 32.27
21 794.39 71.81
23 749.63 69.02
24 736.01 37.89
26 738.86 47.43
Height (cm) Mean Std Dev
158.5 738.86 47.43
161.54 745.10 42.48
167.64 691.84 56.60
173.74 776.43 61.24
Weight (kg) Mean Std Dev
49.7 745.10 42.48
55.3 738.86 47.43
59 801.13 55.18
62.5 679.49 32.27
63.5 736.01 37.89
66.3 794.39 71.81
69.4 702.65 72.30
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(d) SW

Age (year) Mean Std Dev
19 83.23 11.89
21 116.30 19.91
23 82.40 31.23
24 111.20 21.10
26 89.34 13.91
Height (cm) Mean Std Dev
158.5 89.34 13.91
161.54 48.85 19.93
167.64 87.67 19.30
173.74 111.22 17.76
Weight (kg) Mean Std Dev
49.7 48.85 19.93
55.3 89.34 13.91
59 106.78 12.58
62.5 83.23 11.89
63.5 111.20 21.10
66.3 116.30 19.91
69.4 91.57 24.23
(e) HCV
Age (year) Mean Std Dev
19 944.83 301.16
21 1079.10 383.89
23 1035.45 293.57
24 1184.85 247.76
26 862.28 109.96
Height (cm) Mean Std Dev
158.5 862.28 109.96
161.54 955.10 334.96
167.64 1128.79 301.06
173.74 1040.20 290.18
Weight (kg) Mean Std Dev
49.7 955.10 334.96
55.3 862.28 109.96
59 861.51 122.56
62.5 944.83 301.16
63.5 1184.85 247.76
66.3 1079.10 383.89
69.4 1289.75 200.21
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() WV

Age (year) Mean Std Dev
19 1360.08 184.81
21 1405.93 185.09
23 1463.39 194.54
24 1382.71 119.34
26 1327.96 148.27
Height (cm) Mean Std Dev
158.5 1327.96 148.27
161.54 1434.67 241.08
167.64 1409.06 188.86
173.74 1431.82 158.19
Weight (kg) Mean Std Dev
49.7 1434.67 241.08
55.3 1327.96 148.27
59 1503.58 160.40
62.5 1360.08 184.81
63.5 1382.71 119.34
66.3 1405.93 185.09
69.4 1451.92 193.80
(9) MTC
Age (year) Mean Std Dev
19 29.00 3.61
21 19.93 1.43
23 33.48 5.85
24 32.14 1.46
26 26.71 1.33
Height (cm) Mean Std Dev
158.5 26.71 1.33
161.54 29.56 3.11
167.64 30.11 3.90
173.74 31.09 8.60
Weight (kg) Mean Std Dev
49.7 29.56 3.11
55.3 26.71 1.33
59 39.79 4.02
62.5 29.00 3.61
63.5 32.14 1.46
66.3 19.93 1.43
69.4 31.08 4.11
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(h) RCOF

Age (year) Mean Std Dev
19 0.204 0.016
21 0.199 0.008
23 0.200 0.018
24 0.198 0.012
26 0.178 0.011
Height (cm) Mean Std Dev
158.5 0.178 0.011
161.54 0.193 0.017
167.64 0.202 0.018
173.74 0.200 0.012
Weight (kg) Mean Std Dev
49.7 0.193 0.017
55.3 0.178 0.011
59 0.204 0.016
62.5 0.204 0.016
63.5 0.198 0.011
66.3 0.199 0.008
69.4 0.201 0.021
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Figure 6.1 Box plot of main effect Age for dependent gait measure SL
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Figure 6.2 Box plot of main effect Height for dependent gait measure SL
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Figure 6.3 Box plot of main effect Weight for dependent gait measure SL
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Figure 6.4 Box plot of main effect Speed for dependent gait measure SL
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Figure 6.5 Box plot for interaction Age and Height for dependent measure SL
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Figure 6.6 Box plot for interaction Low Back and Height for dependent measure SL
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Figure 6.7 Box plot of main effect Height for dependent gait measure SW
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Figure 6.8 Box plot for interaction Low Back and Weight for dependent measure SW
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Figure 6.9 Box plot of main effect Weight for dependent gait measure HCV
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Figure 6.10 Box plot of main effect Low Back for dependent gait measure HCV
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Figure 6.11 Box plot of main effect Speed for dependent gait measure HCV
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Figure 6.14 Box plot for interaction Height and Weight for dependent measure MTC
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Figure 6.15 Box plot for main effect Low Back for dependent measure RCOF
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D. Discussion

This study focused on what effects Low Back Muscle Fatigue (LBMF) would have on
postural stability and gait measures that could possibly lead to an increased risk of slips, trips, and
falls (STF) in such areas as the workplace sector, where in 2015, over 2.9 billion cases of nonfatal
occupation injury due to slips and falls were reported (BLS 2016). Prevention of workplace injuries
have been a focal point of research studies because of the importance of people having a safe and

health work environment.

D.1. Biomechanical Gait Parameters

As mentioned, in this study there were six dependent gait measures: SL, SW, HCV, WV,
MTC, and RCOF. There were many factors that were considered for each measure to include: age,
weight, height, low back, speed, and the two-level interactions. For SW, height was a significant
factor with p-value = 0.0001. For HCV, the low back factor was significant with p- value = 0.0322,
as was the factor speed with a p-value < 0.0001 and weight (p — value <.0001). HCV increased
between before and after fatigue for both normal and fast speeds, 15% and 10%, respectively,
revealing that no matter the pace of the participant, the presents of LBMF increased the HCV. The
speed factor showed high significance, all p-values < 0.0001, for the measures: SL, HCV, and WV.
Focusing on the significance of speed for SL, before fatigue the difference between the normal
and fast Speed trials shows an increase in SL by 14%. After fatigue, the SL only increased 10%
between normal and fast speed trials. This shows that after LBMF, the resulting SL still increased
but not as much as without fatiuge indicating that the participants took smaller steps after fatigue.

Earlier gait studies, have reported mixed effects of the muscle fatigue in different parts of

the body. Lew and Qu (2014) study, which focused on fatigue of both the lower limbs (ankle
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plantarflexors, knee, and hip) and the upper limbs (biceps/triceps and shoulder), found the HCV
was statistically different before and after fatigue for both upper and lower limb fatigue. The study
showed a decrease after fatigue by 20% and 31% for lower and upper limb fatigue, respectively.
While in Parijat and Lockhart (2008) study, which focused on the fatiguing of the quadricep
muscles, revealed that HCV significantly increased after fatigue by 19%. Interpretation of the
results from our study reveals that the participants walked with an increased HCV after fatiguing
of the lower back, most significantly when walking at a faster pace (35% increase).

Parijat and Lockhart (2008) showed that fatigue decreased the WV by 6% but that it was
not a significant difference. Barieri et al. (2016) study, which also focused on quadricep fatigue,
found that stride velocity slightly increased, 2%, after fatigue. This reveals that both LBMF and
lower limb fatigue (quadricep) does not affect the WV of an individual significantly. Our study
findings did not see any significance with the factor of low back on WV, 2% increase, as shown
in Table3b; we also considered, though, the effect of the factor of speed on WV which showed
that before fatigue difference between normal and fast pace walking, there was a 24% increase and
after fatigue between normal and fast pace, there was a 26% increase. One reason our results differ
from previous results regarding HCV and WV may be that the other studies focused on fatiguing
different parts of the body rather than the lower back, therefore not considering the effect that
LBMF may have on HCV or WV. The functionality and behavior of the quadricep and low back
muscles differ. Earlier in this paper, we went into great on which muscles are responsible for
human gait, which quadricep was mentioned numerous times. Within the lumbar, there are many
different muscles that attribute to the spines’ functionality to include: Rectus Abdominis, Erector
Spine, Multifidus, and Obliques. The main functionality of these muscles is to give stability to the

lumbar spine (Hides, Richardson, and Jull 1996). It has specifically been shown that the multifidus
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muscle provides two-thirds rigidity to the L4-L5 vertebra compared to other muscles close to the
same discs (Hides et al. 1996). Based on these facts, fatiguing the lower back effects gait in the
form of stability, and place an important but different role than the quadricep muscles. Therefore,
the results from other studies can only be loosely compared to our study.

Similar to WV, RCOF, did not show statistical differences before and after fatigue in this
study, but, like WV, there was an increase between normal and fast speeds, 8% and 10% for no
fatigue and fatigue respectively. So, practically speaking there was a greater increase in RCOF
after fatigue with faster speeds than with normal speeds indicating that LBMF does have an effect
of RCOF. RCOF is an important factor which is define as the “ratio of the shear and normal forces
during the stance phase of gait” (Beschorner, Albert, and Redfern 2016). Beschorner et al. (2016)
study focused on making slip prediction models more robust by considering RCOF under normal
and compromised conditions. They found that the participants who walked with a larger RCOF,
where at greater risk for slipping, but concluded that differences observed in RCOF resulting
values could be the cause of different styles of gait between individuals (Beshorner et al. 2016).

Minimum toe clearance (MTC) was observed to have a 5% increase between no fatigue
normal and fast pace, and a 2% increase between fatigue normal and fast pace, but even with these
slight differences, neither the condition or speed factor were found to effect MTC enough to be
significant. De Asha et al. (2015) states that risk of trip, with potencial fall, occurs at peak MTC,
but these results show that even at peak MTC, LBMF did not effect the risk of trip or potencial
fall.

Yet again, the speed of the participant played a role for step length (SL) with a 14% increase
between normal and fast pace with no fatigue and a 10% increase between normal and fast pace

with fatigue. Helbostad, Leirfall, Moe-Nilssen, and Stetvold (2007) shows that SL decreases after
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fatigue of what seems to be leg and trunk muscles, noting that for our study, between no fatigue
and fatigue for fast pace condition, SL decreased by 1%, but increased by 2% for normal pace.
Olson (2010) found that stride length was not affected significantly before and after fatigue of
lower back, even though that was not a direct measure in this study, stride length is defined as two
step lengths so one can infer no significance in SL. Therefore, it cannot be stated with any certainty

that lower back fatigue affected the SL.

D.2. Postural Stability Measures

Area of Sway (AOS) showed statistical difference with low back and eyes, where
between rested eyes open and eyes closed, AOS increased by 39%, and between fatigued eyes
open and eyes closed, AOS increased by 43%. This result clearly reveals that the manipulation of
the visual sensory system of the individual has a direct effect on that individual’s postural
stability. Bisson et al. (2011) showed that the effect of ankle and hip muscle fatigue increased
AOS by 6% for each muscle group, but showed not statistical significance of muscle fatigue on
AOS, p-value > 0.05. Bisson et al. (2011) acknowledged that in a previous study by Salavati et
al., that also focused on the fatigue of ankle and hip muscles, found that the absence of vision
increased the postural sway after fatigue. In our study, between rested and fatigue for eyes open
condition, there was a 19% increase in AOS. This is an interesting observation that reveals
LBMF has some direct effect on postural stability even when the visual sensory system is intact
(eyes open) even though low back factor was not found to be statistically significant to AOS.

Davidson, Madigan, and Nussbaum (2004) study focused on lumbar extensor fatigue’s

effect on postural sway, and found that LBMF increased AOS by 57.9% indicating impaired
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postural control. Davidson et al. (2004) study and our study shared a very similar fatiguing
protocol which can explain the same finding of AOS increasing after LBMF (noting, though, that
the increase percentage was not the same). Vuillerme, Pinsault, and Vaillant (2005) study
focused on the cervical muscular fatigue (neck/shoulder) effect on postural control given varying
visual sensory inputs. Their study found in the “no vision” condition, the participant’s AOS
significantly increased after fatigue, p-value < 0.01. The AOS for the “vision” condition after
fatigue stayed about the same as before fatigue which they reasoned that the contribution of the
vision sensory system “compensated” for the effects of fatigue and essentially brought the
individual’s AOS back to the level obtained at no fatigue (Vuillerme et al. 2005). Our study,
however, found that fatigue of low back increased AOS, taking into consideration that the
lumbar muscles have more contribution to the stability of the spine than the neck/shoulder
muscles.

Center of pressure mean velocity (COPV) measure for our study, on the other hand, given
the differences in visual information (eyes open/closed), as seen in Table 1b, the percent
difference stayed consistant with a 11% increase for both before and after fatigue. This reveals
that the speed at which COP changes is dependent on the fatigue of the lower back regardless of
which sensory conditions are being used. Madigan et al. (2006) conducted a study on lumbar
extensor fatigue effect on postural sway and joint kinematics. They found that COP velocity
significantly increased in both the Anterior/ Posterior (AP) planes and the Medial/Lateral (ML)
planes after fatigue.

Davidson et al. (2004) study also considered the effect of lumbar extensor fatigue on
mean velocity. Their study showed that COPV increased significantly, p- value = 0.001, by

28.9% after fatigue. Corbeil, Blouin, Begin, and Nougier et al. (2003) study focused on the effect
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of ankle plantar-flexor muscle fatigue on postural control in the AP and ML planes given
different visual sensory conditions (vision and no vision). They found that the COPV
significantly increased, p-value < 0.05, after fatigue for both AP and ML planes by 0.22 and 0.26
cm/s, respectively (Corbeil et al. 2003). The visual sensory condition, no vision, also
significantly increase COPV for both AP and ML with p-values < 0.001 for both planes (Corbeil
et al. 2003). Bisson et al. (2011) also considered sway velocity for AP and ML for muscle fatigue
in the ankle and hip. They found that with hip muscle fatigue, sway velocity increased for both
AP and ML with p-values = 0.017 and 0.004, respectively. All the aforementioned studies and
our showed that muscle fatigue had a significant effect on COPV, no matter the part of the body
that was fatigued. While some studies, such as Corbeil et al. (2003), found that visual sensory
conditions also influenced COPV, our study, however, did not show any significance between
eyes open and eyes closed condition, p-value = 0.42, as shown in Table 1a, and is illustrated in
Figure 4.5. The cause of these differing results may be based on the fatiguing of proximal vs

distal muscles, as well as the fatiguing protocol used.

E. Conclusions and Future Direction

This study uniquely focused on the effects of low back muscle fatigue (LBMF) on the
changes of the human gait and postural stability to the link of the propensity of slips and falls. It
identifies the risks that are involved with developing LBMF and working in an environment with
potential hazards such as compromised and raised surfaces. These findings can help lead to better
regulations and guidelines for workplace safety. Given the results found in this study, it is safe to
interpret that LBMF has a direct impact on the risk of slip with potential fall, but there are

limitations that must be addressed.
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E.1. Limitations and Future Works

As stated, this study only had 11 people participate, but with data collection errors, there
were only 8 people analyzed. Therefore, caution should be taken when generalizing the outcome
of this study. The analysis can also be expanded by considering additional gait measures such as
single- and double- stance time, as well as, how the trials including gait perturbations, such as slip,
can be affected in the presence of LBMF. This can be interesting, particularly since recovery
efforts from an unexpected slip and trip can result in substantially large lumbar muscle activity
and low back loads (Rashedi, Jia, Nussbaum, and Lockhart 2012). This can lead to a better

quantification on how LBMF directly leads to slip and/or fall incidents.

The postural stability (PS) analysis also has potential to be expanded in future studies to
include additional manipulation of sensory conditions such as eyes closed with dual task (cognitive
load) and inclined standing, to observe the possible effects LBMF on the current PS measures
(COPV and AOQS), as well as other potential measures such as time to truck stabilization and
equilibrium score. This can lead to a better understanding of how mental loading can affect the
extent at which LBMF influences postural stability. This is particularly important for jobs that
require individuals to conduct complex tasks that requires heavy mental loading accompanied with

prolonged standing.

This study was also limited to the methodological approach that was taken. We set our
fatiguing protocol to 70% of the individuals MVIC, with increased fatigue level, it is appropriate
to assume that the effects of LBMF would become greater even though the factors that affect it
might vary; But, if the individual is only slightly fatigued, would the same factors be affected in
the same ways? Also, the participants that were utilized in this study were all young, healthy adults

with no prior experiences with chronic low back pain. Potential future studies could first
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subjectively obtain information from the individuals about their work experiences (whether they
worked in a highly repetitive task-based job) and for how many years they have been working in
said job environments, and then use the same measures and factors within this study to quantify
and evaluate if having the pre-existing condition of chronic low back pain from years of LBMF
can greatly impact a person’s risk for workplace injury. If so, to what extent does this occur and
how could it affect the quality of life for that individual. This study’s contribution and potential
future works would hopefully fulfill the larger purpose of realizing that it is important to design
the job task to the person’s physical capabilities and not to subject a person to non-ergonomic

standards that can lead to prolonged LBMF.

E.2. Summary

The goal of this thesis research was to contribute to the current literature findings that has
aided to the guidelines that are used to improve the lives of people by preventing slip and fall
incidents within the workforce. LBMF is a common complaint among workers, especially the
people who are in highly repetitive and labor-intensive task-based jobs. There are guidelines for
low back injury prevention such as OSHA Section VII: Chapter 1 Section V, which specifically
talks about Prevention and Control (Labor 2018). The OSHA low back injury prevention
guidelines include: engineering controls, controls and work practices, and other controls (Labor

2018).

OSHA lists several manual handling task provisions in relation to engineering controls

such as designing the work station to abide by ergonomic standards to include but not limited to:

63



minimum high-strength pushing and pulling, workstations should not require excessive bending,
minimize task that require repetition or sustaining a leaning, twisting, or stretching posture, and
storing heavy items at waist level (Labor 2018). Controls and work practices include adequate
training for the employees and providing short breaks as well as job rotations to limit repetition of
same task (Labor 2018). OSHA also states that prolonged standing can put excessive stress on the
legs and back, which can lead to LBMF. Therefore, linking the effect of LBMF to increased HCV,
increased AOS, and increased COPV, was a significant finding because it can be used to improve
these safety guidelines to include the external hazards that become a higher risk because of the

link between LBMF and these gait and postural stability measures.
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