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Abstract
Slips, trips, and falls (STF) remain among the most important causes of occupational
injuries. Most of the previous studies focused on the impact of lower extremity muscle fatigue on
increased risk of STFs. The purpose of our study was to assess how the low back muscle fatigue
(LBMF) changed the individuals’ gait and whether that increased the risk of STF. It was
hypothesized that LBMF would affect kinematic and kinetic-related measures associated with
the human gait and lead to a higher propensity for slips and trips.
Convenience sample of 11 healthy adults participated in this study, (6 M, 5 F). Fatigue
protocol consisted of executing trunk extension over a roman chair, until participants reached a
level of 70% of their initial muscle capacity. Before and after fatigue, there were postural
stability trials conducted with both eyes open and eyes closed conditions. Also, there were a
series of walking trials (normal and fast) were conducted. Postural stability measures Center of
Pressure mean Velocity (COPV) and Area of Sway (AOS) were considered. Several gait
measures including heel contact velocity (HCV) and required coefficient of friction (RCOF) to
name a few.
Our analysis revealed that HCV was the only measure that found after fatigue of the
lower back as a main factor to be significantly different. It was found that during normal walk
after fatigue, HCV increased by 15% while during fast walk after fatigue, HCV increased by
10%. Other gait measures such as Step Length (SL) and Walking Velocity (WV) found
significance in interactions with low back fatigue. Outcomes of this study shows that fatigue
does alter our gait, and has helped us better understand the impact of low back muscle fatigue on
the risk of slips, trips, and falls.
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A. Significance
A.1. Human Gait
There are many reasons to study human gait: clinical gait research to quantify medical
disorder such as muscular-skeletal and various other gait abnormalities that can be attributed to a
disorder (Simon 2004). This can lead to the understanding why gait changes and the possible
consequences of this deviations. The assessment of the human gait and its contributing factors
can also lead to a better overall understanding of the risk and consequences associated with slip
and fall which is important to the study of slip, trip, and fall (STF) prevention in the workplace.
Before the study of slip and fall prevention can be conducted, one must first understand how a
human walks and which parts of the body are active during that motion.
Human gait is the locomotion, or propulsion, achieved by the movement of a person’s
limbs. In a human gait cycle, it starts with the left heel contact (LHC) event, which moves into a
left single stance time phase and right toe off (RTO) into the right swing time phase. The cycle is
than followed by the right heel contact (RHC) event into the right single stance time phase, and
finally ends with the left toe off (LTO) event. There are a multitude of muscles that are used both
in the foot and the legs. The most important muscles used can be broken down into the five
phases of the gait cycle. A better visualization of this can be seen in Figure 1.
Starting with the heel contact, the main muscles being used are the: gluteus maximus,
which acts upon the hip to decelerate the lower limb; the quadriceps femoris, which retains the
leg extension at the knee and hip; and the anterior compartment of the leg, which preserves the
ankle dorsiflexion so that the heel is in position to make contact (Jones 2016).
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Figure 1: Illustration of the Human Gait Cycle during each of the 5 stages

Now once the heel has completely contacted the surface, the single stance muscles begin
to act. The main muscles in use in the support leg are: the quadriceps femoris, which has the
function as it did in the heel contact but now it is mainly being used to support the body weight;
the foot inverters and everters, which are used to stabilize the foot currently on the ground; and
the last three muscles work as a group, the gluteus minimus, medius, and tensor fascia lata; these
three muscles work to keep the pelvis bone level by offsetting the imbalance created by majority
of the body weight being on this one leg (Jones 2016). The third phase of the gait cycle is right
swing time. This phase uses: the hamstring muscles to extend the leg at the hip joint; the
quadriceps femoris, which maintains the aforementioned functions; and the posterior
compartment of the leg, which unlike the anterior, preserves the ankle plantarflex (Jones 2016).
The swing stage and the heel strike are very similar in the muscles that they use, i.e.,
lliopsoas and rectus femoris, which are used to drive the knee forward by bending the lower limb
at the hip joint; and the anterior compartment of the leg, whose functionality has already been
mentioned (Jones 2016). In summary, the quadriceps femoris, the hamstrings, and the posterior
compartment of the leg are the muscles that contribute the most to the human gait.
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A.2. Slips and Falls
The consequences of a slip and fall can be physically damaging with more than 2.9
billion cases of nonfatal occupational injury reported in the U.S. by private industry employers in
2015 (BLS 2016), as well as monetarily damaging. Annually, the direct medical cost for injuries
sustained by falls is $31 billion, with hospital cost accounting for two-thirds of the total amount
(CDC 2016). This is a cost that not only affects the victim, but this cost can be shared by the
company as well. Possibly most importantly, the quality of life for the person who sustained the
injury can be greatly reduced, affecting them and their families. Because of these consequences,
research of the causes of fall injuries has been considered quite important.
There are different types of falls that can occur: fall to same level and fall to lower level.
Fall to a lower level is usually a result of falling from a higher level, such as being on a ladder or
elevated platform. Fall to same level can be the result of a slip or trip, usually on a compromised
or slightly raised surface, that brings the person’s total body to the ground. In 2005, fall to same
level accounted for about 14% of non-fatal incidents that result in more than 3 days of lost work
days (Chang, Leclercq, Lockhart, and Haslam 2016). For 2013, it was recorded that more than
17% of total non-fatal occupational accidents resulted from fall to same level, and more than 4%
of the total were slip or trip without a resulting fall that led to injuries such as back injury that
caused an average of 11 missed work days (Chang et al. 2016). It was found that the second
leading cause, accounting for almost 26% of US workers who experienced injury with lost work
days, was injury to the trunk (shoulder and back) due to falls to the same level (Chang et al.
2016).
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A.3. Parameters Affecting Human Gait and risk of Slips/Falls
There are many factors that can affect the performance of the human gait. Aging is a
factor that can alter the body’s musculoskeletal characteristics, thus decreasing performance and
ultimately altering the human gait (Kulmala, Korhonen, Kuitunen, and Suominen et al. 2014,
Bisi and Stagni 2016). Muscle fatigue can play a key role in the human gait changing to
compensate for the decrease in motor control and other gait parameters (Barbieri, Beretta,
Pereira, Simieli, et al. 2016). Postural stability, although not an underlying factor within itself,
can affect the human gait if the other factors are present, such as fatigue (Wilson, Madigan,
Davidson, and Nussbaum 2006, Barbieri, dos Santos et al. 2013). Studying these affecting
parameters is essential to determine the potential risk to slips and trips.

A.3.1. Aging
Risk factors can collectively or separately contribute to heightening the probability for a
fall incident. People who are more likely to have a fall incident are considered high risk. One
group that falls into this category are elderly people. In fact, there were around 580,000 deaths of
people aged 65 or above caused or initiated by unintentional falls in 2014 (CDC 2016). As
people age, the strength capacity in their muscles significantly declines and they experience a
loss of bone mass and bone density, which will degrade their ability to properly complete
different gait cycles, as well as their ability to react to various gait perturbations (Lockhart,
Woldstad, Smith, and Ramsey 2002).
Moreover, degrees of freedom of movement become more limited and the gait pattern
shortens and slows due to the posture becoming more stooped and the hips and knees becoming
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more flexed (Hurd 2016). This gait change can increase the risk of injury by causing instability
or loss of balance which can result in a slip and fall (Hurd 2016). Again, the death rate due to slip
and fall of elderly people, aged 65 and above, is quite high and the result of this is the continued
research into the possible improvements that can decrease the mortality rate from slip and falls.
As mentioned, age can affect the human gait because as a person ages the bones in the
body begin to lose calcium and density which weakens the bones and makes them less reliable
(Hurd 2016). It is also important to note, though, that as our bodies age, the structure of the
skeletal muscles changes, such as mostly Type II muscles converting to mostly Type I muscles.
Type I muscles are highly oxygenated and are considered slow to twitch, which means that the
time between the nerve being called upon and the actual conducted velocity of the muscle is
slowed which lowers our strength abilities. A possible pro to Type I muscles, though, would be
the fact that they are considered more fatigue resistant or slow to fatigue, meaning that the
muscles are better at long duration tasks.

A.3.2. Muscle Fatigue
Muscle fatigue is a factor that not only affects the human gait performance, but also
impacts the stability and balance which is an important part of successful human locomotion.
Before the phenomenon of muscle fatigue can be understood, muscle physiology must first be
understood. There are two processes that must occur to generate force within the muscle: the
recruitment of various motor units and the firing rate of said motor units (Knudson 2007). The
working definition for recruitment is “the activation of different motor units within a muscle”
(Knudson 2007). The working definition of firing rate is defined as “the repeated stimulation of a
particular motor unit over time (Knudson 2007). According to Knudson 2007, Fundamentals of
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Biomechanics, there are three properties that are important to the recruitment of motor units: (1)
motor units have a tendency to be organized in task groups; (2) motor units have a tendency to
recruit in an asynchronous fashion, meaning the units are stimulated at various times to stagger
the twitches and help smooth out any tension that might occur; (3) motor units follow the size
principle where they conform to the characteristics of the muscle fiber type, meaning that small
motor units are used for slow-twitch (Type I) fibers and larger motor units are used for fasttwitch (Type II) fibers.
Muscle fatigue has acquired many meanings over the years, but this paper defines muscle
fatigue as “any exercise-induced reduction in the ability of a muscle to generate force or power”
(Bigland-Ritchie and Woods 1984). There are two types of muscle fatigue that can occur within
the body: central and peripheral. Central fatigue does not occur within the muscles but rather
occurs within the central nervous system (CNS) and brain (Taylor, Amann, Duchateau, Meeusen,
et al. 2016). This event is linked to neurotransmitters in the brain that correlates with effects such
as lethargy and arousal. During central fatigue, the ability for the brain to send and maintain
sufficient signals to the targeted muscles declines which causes general body fatigue (Taylor et
al. 2016). Peripheral fatigue causes change in the muscle itself effecting motor unit recruitment
and prohibits the muscle to maintain the same level of force (Taylor et al. 2016). Accumulation
of lactic acid along with other metabolites within the muscle are the cause of peripheral fatigue
which leads to a feeling of a burning sensation and lack of energy (Ishii and Nishida 2013).
Muscle soreness is another phenomenon that can take place within the muscle fibers.
During exercise or physical activity, the muscle goes through damage where the fibers develop
“micro-tears” as the muscles are stretched. The muscle fibers then repair themselves during
which time Delayed Onset Muscle Soreness (DOMS) may occur causing muscle tenderness and
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in some severe cases, pain (Cheung, Hume, and Maxwell 2003). Understanding what localized
muscle fatigue (LMF) is (muscle fatigue that occurs in a specific location of the body) and how it
not only can affect daily tasks, but how it can also affect workplace performance is important to
researching and developing methods for injury and incident prevention, such as slip and fall.
Parijat and Lockhart (2008) found evidence that there is a link between LMF and various
gait parameters that can be linked to a higher risk of slip and fall. They conducted their study by
focusing on the quadricep muscle group and used no fatigue and fatigue to be their independent
measures. Participants were fatigued until they reached 60% of their initial maximum voluntary
exertion (MVE). Results showed that after fatigue, participants walked with a higher heel contact
velocity (HCV), reduced speeds, and larger required coefficient of friction (RCOF) compared to
no fatigue condition. The results of higher HCV and RCOF indicated that there is possible
adverse effect in the quadricep/hamstring co-activation rate, since the co-activation of the
hamstring and quadricep muscles is significant to the dynamics of heel contact, this can lead to a
higher propensity of slip induced falls (Parijat and Lockhart 2008).
LMF changes can also lead to an increase in postural swaying, which appears to be
associated with a greater risk of falling (Nardone, Tarantola, Giordano, and Schieppati 1997).
Changes in gait characteristics such as: RCOF, heel contact velocity (HCV), and transitional
acceleration of the whole-body center of mass during the gait cycle has been found to increase
risk of slip and fall (Ferber, Osternig, Woollacott, Wasielewski, et al. 2002, Lockhart, Woldstad,
and Smith 2003, Kim, Lockhart, and Yoon 2005). These gait characteristics have been evaluated
for various muscle groups: such as quadriceps, multi-joint, and the trailing leg.
Lew and Qu (2014) evaluated fatigue effect on both the upper- limb and lower
extremities and the possible effects on the biomechanics of slip. Lew and Qu (2014) evaluated
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two common gait parameters, HCV and RCOF, and found there was significant difference in
HCV for both the lower and upper limb after fatigue, but there was no significance found
between no fatigue and fatigue for the RCOF; they attributed this difference to possible change
in the fatigue protocol from previous studies. There have also been conflicting findings about
whether upper extremities, such as arms, contribute to the stability during normal gait vs gait
recovery. Lew and Qu (2014) referenced a study, Marigold and Patla (2002), that considered arm
elevation shifts the COM forward after experiencing slip, therefore assisting in balance recovery,
and since fatigue can have negative effect on arm elevation, upper limb fatigue can have a direct
effect on lowering the effectiveness of the balance recovery. They found this to not be the case in
their study and instead found no evidence to support upper limb fatigue effect on balance
recovery.
Ortega, Fehlman, and Farley (2008) found that arm swing plays a positive role in
maintaining a steady gait during normal gait. On the contrary, Bruijn, Meijer, Beek, and van
Dieen (2010) found that there was no effect on the stability of normal gait using arm swing, but
there was a noticeable difference in the use of arms in the balance recovery after a large
perturbation. This furthers the assumption that upper extremity fatigue may have adverse effects
on the biomechanics of slip.
Some muscles are more responsible in execution of a successful gait; thus, impact of
LMF depends on the specific fatigued muscle group. Aforementioned, lower extremity muscles
that play some of the most important roles in human gait are quadriceps femoris, hamstrings, and
posterior compartment of the leg (Jones 2016). These muscles are what are referred to as
biarticulated muscles, meaning the muscles are around two joints unlike majority of muscles that
go around just one joint or uniarticulated (Winter 2009). The quadricep femoris, or rectus
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femoris, is the muscle that is responsible for both knee extension and hip flexion. The major
function of the quadricep femoris is the extension of the knee (Winter 2009). The hamstrings are
used for knee flexion and hip extension, and its major function is to extend the hip. The posterior
compartment of the leg, or gastrocnemius, is responsible for plantarflexion and knee flexion. The
major function of the gastrocnemius is the extension of the ankle (Winter 2009). These muscles
collectively are used to keep the body extended in neutral posture maintaining the moment of
support. For example, Barbieri et al. (2016) found quadricep muscle fatigue took a longer period
of time for full recovery, and during the time of fatigue, the gait altered in a way that lowered the
ability of motor control and made it harder to maintain stability throughout gait. The abovementioned study identifies that LMF, in specific lower extremity muscle groups, effects postural
control or alters gait in a way that gives some evidence to arrive at the conclusion that: LMF
effects postural control which in turn constitutes changes to the human gait and increases the
potential risk for slip and falls.
Besides the lower extremity muscles, upper extremity and lower back muscles play a
critical role in maintaining the balance during human gait (Lew and Qu 2014, Davidson,
Madigan, Nussbaum 2004, Ortega et al. 2008). To offset the effects of external forces that act on
the lower back during perturbations, the spine either delays in the activation of the
reflexive/voluntary contractions if the perturbation is unexpected, or pre-activates the trunk
muscles to prevent unnecessary joint displacement if the perturbation is expected (Dupeyron,
Perrey, Micallef, and Pelissier 2010). It is commonly known that fatigue alters the patterns of
muscle recruitment and decreases force production; for low back muscle fatigue (LBMF) has
been found to influence the neuromuscular mechanisms of the trunk muscles, such as reflexive
and adaptive mechanisms (Dupeyron et al. 2010). The evidence, however, is conflicting where

9

some studies propose to maintain trunk stability, reflexive mechanisms increase to compensate
for decrease in muscle force (Herrmann, Madigan, Davidson, and Granata 2006); whereas other
studies, observe that LBMF does not alter the reflex mechanisms of the trunk muscles (Granata,
Slota, and Wilson 2004).
LMF of the low back has shown to increase the deviation of center of mass (COM) after
a postural perturbation such as a slip or fall (Davidson, Madigan, Nussbaum, and Wojcik 2009).
And as importantly, previous studies have found that LMF of the low back has significant
adverse effects on control of postural stability (Lin and Nussbaum 2012, Lin, Nussbaum, Seol,
and Singh, et al. 2009).

A.3.3. Postural stability and Balance
Balance can be described as the preservation of a dynamic equilibrium between the everchanging COM and base of support (Ferber, Osternig et al. 2002). The base of support is the leg
that is planted on the ground during the gait cycle, with every step the planted leg is being
changed to the swinging leg, hence the base of support is constantly shifting. The ever-changing
COM is due to the central nervous system (CNS) trying to maintain balance. During gait, the
center of pressure (COP) is at constant oscillation; the CNS keeps the body balance by keeping
the range of the COM within the range of the COP. LMF has been shown to increase measure
related to COP such as mean velocity and mean radius which are direct measures of postural
stability (Davidson et al. 2009). The CNS is also capable of stiffening the spine, through the
increase of co-activation muscle levels, to allow for a more stable force when encountering any
outside effects such as slips or falls (Dupeyron et al. 2010). Like different gait cycles,
maintaining balance requires the utilization of certain control muscles. These primary balance
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control muscles are referred to as the proximal muscles (hip and trunk muscles), while the distal
muscles (leg and thigh muscles) are primarily used for control of balance recovery (Tang,
Woollacott, and Chong 1998).
As mentioned, LBMF can have adverse effects on postural stability as shown in Lin et al.
(2009) study where lower back had the most significant effect on postural control compared to
ankle, knee, and shoulder. It is essential to look at how muscle fatigue can increase postural
swaying, which can disrupt the natural postural stability during a human gait cycle. The absolute
knowledge on how LBMF effects postural control is still unclear, but proprioception is a
common contributing factor (Lin et al. 2009). The effect of muscle fatigue on changes in
postural sway has been linked to proprioception (Bisson, McEwen, Lajoie, and Bilodeau 2011).
Depending on the sensory systems being used by the CNS, muscle fatigue can have even greater
effects on postural swaying (Bisson et al. 2011). Davidson et al. (2004) study focused on lumbar
extensor fatigue effect on balance. The study concluded that muscle fatigue of the low back did
increase postural sway which can suggest that the postural control during gait can become
impaired (Davidson et al. 2004). The impairment of postural control has been found consistently
to be linked to the increased risk of fall (Lin et al. 2009). Evidence linking increased risk of fall
to the increase of postural swaying, and evidence linking LMF to increased postural swaying,
may suggest that LMF can be linked to an increased risk of falling (Davidson et al. 2009).
With the evidence compiled thus far from previous studies, we can correlate that there is
a highly possible link between LBMF and the effects it can have on both gait and postural
stability. This correlation warrants a further look into the effects of low back fatigue and the risk
of slips, trips, and falls.
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A.4. Gait and Postural Stability Measures
To accurately capture the needed data for this study, there are various measures that need
to be utilized. They include: HCV, the numerical differentiation of the position data before and
after the heel contact stage of the gait cycle (Parijat and Lockhart 2008); RCOF, the ratio of the
ground reaction force in the horizontal direction and the ground reaction force in the vertical
direction (Lockhart and Kim 2006); walking velocity (WV), achieved by the velocity of the
forward progression of the whole body COM (Parijat and Lockhart 2008); step length (SL),
obtained by calculating the distance between the first foot’s foot-to-floor contact and the foot-tofloor contact of the other foot (Kim et al. 2005); and minimum toe clearance (MTC), defined as
“the local minimum in separation between the ground and the toes region of the forward
swinging foot” (De Asha and Buckley 2015). The independent variables for this study include:
WV, normal and fast paced, and induced fatigue with two states, fatigue and no fatigue,
measured using maximum voluntary contraction (MVC) load cell. To quantify postural stability,
parameters such as COP, distance of sway, and COP mean velocity will be used.

A.5. Research Gaps and Objective
As mentioned earlier, muscle fatigue plays an important role in changing the human gait.
Although the effects on the various muscles have been studied in many research studies, the
focus on the lower back muscles has not been explored in detail. It is common knowledge that
lower back issues can cause adverse effects on the human body. Just as any fatigue of the body,
it is just as important to know how lower back fatigue can affect a person’s risk of slipping and
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falling in any given environment, this has unfortunately been relatively unexplored within this
field. Hence the need for the present research.
Previous studies have been conducted on lower extremity fatigue and how it relates to
slip and fall propensity. They have focused on a single joint muscle fatigue such as for knee joint
(Parijat and Lockhart 2008), or multi-joint muscular fatigue in relation to the biomechanics of
slips (Lew and Qu 2014). Meanwhile, other studies have been performed about lower extremity
and arms in reactive recovery to unexpected slip (Marigold, Bethune, and Patla 2003). However,
to the best of our knowledge, there is no study on lower back muscle fatigue and its direct
relation to slip and fall propensity. Kavanagh et al. (2006) studied the effects of lumbar and
cervical erector spinae fatigue to postural responses to maintaining stability of the head during
gait. Olson (2009) conducted a study on the effect of trunk extensor fatigue on the activity of the
trunk muscle during gait. Both studies, while related to low back fatigue, did not link their study
or findings to risk of slip and fall directly. As mentioned earlier, low back muscles are
responsible for the control of balance and proper posture. Therefore, our goal is to find the effect
of low back muscle fatigue on human gait and its potential impact on the risk of slip and fall
incidents. We aim to do this by studying subjects both in a non-fatigued state and a fatigued
state. Studying the variance in heel contact velocity, walking speed, and center of pressure
(COP) mean velocity in each fatigue state will give us some insight on how the human
locomotion is affected.
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A.6. Hypotheses
Current literature review gives way to some hypotheses based on the earlier literature
review.
Hypothesis 1: It is likely that low back muscle fatigue would negatively impact the risk
of slips and falls.
Hypothesis 2: Low back fatigue negatively effects postural stability by increasing the
postural sway during quiet standing leading to greater risk of STFs.

B. Methodology
B.1. Participants
A total of eleven (6 male and 5 female) healthy young adults participated in this
study. It has been found that individuals with diabetes have different gait characteristics than
those without diabetes. Differing gait characteristics such as: smaller step lengths, larger base
of support width, and irregular distribution of foot pressure, to name a few (Brach, Talkowski,
Strotmeyer, Newman 2008). Therefore, a participant with diabetes was excluded in the analysis
for gait and postural stability. There were only seven participants analyzed for gait, and eight
participants analyzed for postural stability. We had to remove some of the participants due to
technical problems in the collected data as we found later in the data analysis.
The subjects (mean age 22.25 ± 2.28 years, height 166.88 ± 6.24 cm, mass 60.35 ± 5.95
kg) were students from the Virginia Tech population. Each participant filled out an informed
consent form that was approved by the Virginia Tech Internal Review Board (IRB). The
participants were not known to have any previous chronic lower back pain or any lower back
injuries.
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B.2. Equipment
A linear walkway (15.5x1.5m) was used to conduct the walking trials for each
participant. The floor of the walkway was covered with vinyl. On either side of the walkway,
there are two black floor platforms run perpendicular to the walkway. The purpose of these
platforms was to exchange the normal vinyl tiles with compromised vinyl tiles without the
knowledge of the subjects. Two force plates (BERTEC #K80102, Type 45550-08, Bertec
Corporation) were used to collect the kinematic data from the postural analysis and the fatigue
and no fatigue normal walking trials. The force plate data was collected at a sampling rate of
1000Hz. All the participants were provided with the same type shoes to eliminate the possible
effects of different shoes. The safety harness was placed above and the length of the walkway.
The harness was secured to the participants to ensure that when they slipped, they would not fall
completely to the ground. A six-camera ProReflex system (Qualisys) was used to collect the
three-dimensional postural data of each participant as he/she walked on the test surface by
tracking the reflective markers on the participant as illustrated in Figure 2.1.
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Figure 2.1: Marker Placement with labelling (L = Left; LL = Left Lateral; R = Right; RL = Right Lateral)

B.3. Experimental design and procedure
To start, the participants were not known to have any previous chronic lower back
pain or any lower back injuries. The experiment consisted of three stages: postural stability,
normal, and fatigued walking. Upon signing the consent form, and wearing the standard shoes,
participants conducted the postural stability test by standing on one force plate with their feet
together and arms down by their side as presented in Figure 2. In a random order, postural
stability test was performed in the eyes open and eyes closed conditions, each with the duration
of 60 seconds.
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Figure 2.2: Participant during the postural stability trial

The normal walking stage was conducted next, in which we asked the participants to walk
at their self-paced normal speed. This was recorded by a metronome and then sped up by a
factor of three. This became the pace for the participant’s fast speed trials. Figure 2.3 shows
an illustration of the walking trial setup. The participants were conducted to walk the full length
of the walkway while looking straight ahead at a TV screen at the end of the walkway. The
screen was displaying different color circles and the participant was instructed to count the
colors as they appeared. This was to ensure that they were not looking at the floor or their feet
during the walking cycle. We conducted each condition until there were at least two good trials
collected for each one. A good trial was confirmed by visual observation of the participants’
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foot being isolated on each force platform on the walking track. Upon completing the normal
walking condition, participants’ back muscles were fatigued via the experimental procedure
discussed in the next section; and repeated the same procedure for postural stability and
walking.

Figure 2.3: Walking Track setup for normal and fast walking trials for before and after fatigue

B.4. Fatiguing Protocol

Similar fatiguing protocols have been conducted in previous studies that focused on LMF
of lower back muscles, (Davidson et al. 2004, Madigan, Davidson, and Nussbaum 2006), but
these studies had slight differences in the conducted experiment as detailed below.
The participants were positioned in a Roman Chair angled at 45° in a horizontal posture.
There was a harness strapped to the mid-sternum of the participant hooked to a load cell
(Cooper Instruments and Systems). A representation of the fatiguing protocol is shown in
Figure 4. An initial MVC was collected by the participant quickly extending their back 45° up
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with as much force as they could generate. This measurement was used as the baseline for the
full strength of the participant before fatiguing. The participants were then asked to go down
45° from the horizontal position and then back and then repeat. They were asked to do 15
repetitions per minute, paced by a metronome, for 5 minutes. After, they were asked to again
quickly extend their back 45° up with as much force as they could so another MVC load cell
measurement could be recorded. We considered the participant to be full fatigued if their new
MVC measurement was below 70% of their baseline. If this was not the case after the first
fatiguing process with the Roman Chair, then the participant was asked to do the repetitions
again.

Figure 2.4 Fatiguing protocol position to measure the exertion of the maximum voluntary
contraction of lumbar extensor muscles (Davidson et al. 2004)

As participants reached the desired level of low back fatigue, they performed a postural
stability trial followed by normal and fast walking. The fatigue postural stability and walking
process used the same approaches as the no fatigue stages.
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B.5. Data collection and analysis
The independent gait measures for this experiment was fatigue status of the low back,
rested and fatigued, and speed of walking, normal pace and fast pace. The independent postural
stability measures for this experiment was eyes open and eyes closed. There were a multitude of
dependent measures, both kinematic and kinetic. These measures were broken up into two
sections: gait parameters and postural stability parameters.
B.5.1. Code Analysis
Data analysis was completed using a code generated in MATLAB. To get the proper
measurements, we needed to locate the moments of heel contact and toe off as illustrated in Figure
3.1. Finding this location enabled us to plot the data to check for collection health. After assuring
the health of the collected data, a 2nd order Butterworth filter was used with a cutoff frequency of
5 and 10 Hz for camera and force plate data, respectively. To have the same data points for both
force platform and kinematic data, the force plate data was down sampled from 1000 Hz to 100
Hz. Allowing us to then calculate the various kinematic and kinetic measurements of interest.

Figure 3.1: Forces in the z direction for both force plate 1 and 2 where the blue m-shape is the first force plate, and
the black m-shape is the second force plate. The colored markers indicate when to the foot contacted each force
plate, and when the toe left each force plate.
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B.5.2. Gait Parameters
There were four kinematic and two kinetic dependent measures considered during
analysis. The kinematic measures were: heel contact velocity (HCV), walking velocity (WV),
step length (SL), and step width (SW). The kinetic measurers were: required coefficient of
friction (RCOF) and minimum toe clearance (MTC). Each measurement had a corresponding
equation that had to be utilized; most are shown below in addition to some MATLAB graphical
output. HCV is relative velocity at which the heel of the foot hits the force plate
𝐻𝐶𝑉 =

𝑥𝑖+1 −𝑥𝑖−1
2∆𝑡

(1)

where xi+1 and xi-1 is the data point before and after heel contact, respectively, and Δt is one
divided by the sampling frequency, 100 Hz. As seen in Figure 3.2, the x axis shows the range of
sampling where the right and left trochanter where visible by the Qualsys cameras where the y
axis is the displacement of said markers during the trial data collection. WV, also known at
center of mass (COM) velocity, was simply computed by taking the slope of the right and left
trochanter (hip) and averaging them together.
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Figure 3.2: Right and left trochanter marker displacement during one trial collection

The force plate was oriented via the local coordinate system (LCS), where +y is to the left, +x is
the opposite of the walking direction, +z is going into the force plate per the right-hand rule. The
marker tracking camera system was on what is referred to as the global coordinate system
(GCS), which was oriented via a calibration wand that allowed cameras to know where in space
the markers were located. SL is the distance between either the toe of one foot to the toe of the
other, or the heel of one foot to the heel of the other
𝑆𝐿 = 𝑥𝑙𝑒𝑓𝑡ℎ𝑐 − 𝑥𝑟𝑖𝑔ℎ𝑡ℎ𝑐

(2)

where xleft_hc is the heel contact position of the left foot in the x direction, and xright_hc is the heel
contact position of the right foot in the x direction. SW is the distance between each foot
measured in the y direction
𝑆𝑊 = 𝑦𝑙𝑒𝑓𝑡ℎ𝑐 − 𝑦𝑟𝑖𝑔ℎ𝑡ℎ𝑐

(3)
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where yleft_hc is the heel contact position of the left foot in the y direction, and the yright_hc is the
heel contact of the right foot in the y direction. RCOF is found by dividing the ground reaction
force in the horizonal direction with the ground reaction force in the vertical direction
𝐹

𝑅𝐶𝑂𝐹 = (𝐹𝑥 )
𝑧

(4)

where Fx is the force applied in the x direction, and Fz is the force applied in the z direction. As
shown in Figure 3.3, the minimum point around 10% of the gait stance phase is where the RCOF
occurs.

Figure 3.3: Graphical representation of required coefficient of friction of the left toe marker with a red asterisk
indicating the minimum point

During the gait cycle, the heel contacts around 0% of the stance phase. Around 10% of the stance
phase, is where the loading response or weight acceptance occurs, meaning the foot is complete
placed on the ground. The red asterisk shows the RCOF needed during that contact. Figure 3.4
illustrates the output graph from MATLAB for the MTC of the left toe marker. Finding the
instance that the MTC occurred, first required that we locate where the toe off and heel strike
instances occurred during the marker data collection. Knowing that the swing phase occurs in
between the toe off and heel strike, we located the minimum distance from left toe marker to the
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ground, which is indicated by the red asterisk on the Figure 3.4. Keeping in mind that we could
not just simply code to find the minimum value because that would indicate the toe off instance,
not the MTC for the foot’s swing phase.

Figure 3.4: Left toe marker output for the minimum toe clearance with a red asterisk indication for the calculated
minimum toe clearance during the swing phase of the gait cycle

B.5.3. Postural Stability Parameters
The postural stability analysis was conducted by using the force platform data: three
forces and three moment elements in the x, y, and z directions. Two dependent measures were
derived from this data. First, COP mean velocity was computed by taking the total distance of
points of COP location and dividing the value by the total session time, i.e., 60 sec. Second, Area
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of Sway (AOS), also referred to as the area of ellipse was calculated by first taking the x and y
data points (COP locations) and plotting them in a stabliogram, and then placing an overlaying
ellipse that placed 95% of the data points, p = 0.95, within it. Then finally calculating the area by
multiplying pi by the product of the two semi-axes of the 95% confidence level ellipse. Figures
3.5 and 3.6 illustrates an output of both a stabliogram and area of sway, respectively.

Figure 3.5: MATLAB representation of a postural stability stabliogram during a participant’s trial
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b
a

Figure 3.6: MATLAB graphical output of the 95% confidence area of sway (ellipse) where a and b are the two
semi-axes of the ellipse used to calculate the area

B.6. Statistical Analysis
Independent measures of the study were: walking speed, normal and fast paced, and
induced fatigue with two states, fatigued and rested. Meanwhile dependent measures, as
mentioned, were SL, SW, HCV, RCOF, MTC, WV, COP mean velocity, and AOS; statistical
gait analysis was conducted separately from postural stability analysis. To ascertain whether the
gait performance measures were affected by Low_Back (rested, fatigued) or Speed (normal,
fast), and if the effects were interactive with each other, a repeated analysis of variance
(RANOVAs) was conducted on each dependent gait measure. The same RANOVAs were
conducted for postural stability dependent measures to ascertain the effects of Low_Back (rested,
fatigued) or Eyes (open, closed) and the interactions with weight, height, age, and each other.
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Gender was not considered as a factor because the population size was too small to attribute any
effects to the subjects’ gender. The personality was set to standard least squares, the emphasis
was set to effect leverage, and the method was set to restricted maximum likelihood (REML), in
order to produce unbiased estimates of variance parameters, with unbounded variance
components checkbox selected. All statistical analysis was completed in the JMP software using
the significance level, α = 0.05.

C. Results
C.1. Postural Stability (PS) Measures
As mentioned, the dependent measures for postural stability were Center of Pressure mean
Velocity (COPV) and Area of Sway (AOS). For the PS measures, a RANOVA statistical analysis
was utilized. A summary of COPV statistical F and p values can be seen in Table 1a. For COPV,
there was only one significant effect observed, Height and Weight interaction (F = 14.29; p =
0.0005). Also seen in Table 1a, is the effect size, eta squared (η2), for each main effect and
interaction. For the only statistical effect observed for COPV, it seems that eta squared was large,
therefore, concluding that not only is the effect significant, but also the size of the difference is
non-trivial. Tables 1b and 1c illustrates the mean and standard deviation for each postural stability
trial condition including all main effects.
Figures 4.1 through 4.5 show box plots for all main effects showing the maximum,
minimum, and median values of each observed effect. Though all main effects were not concluded
as being significant, it is important to observe any possible trends in the data. For instance,
observing that the youngest participant exhibited the highest values of COPV during postural
stability trials with a mean of 25.39 mm/s as seen in Table 1c. Figure 4.6 illustrates the significant
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interaction Height and Weight via box plot and clearly shows there is a correlation between height
(167.64 cm) and weight (62.5 kg) and a greater COP velocity than the various other heights and
weights.

Table 1a
Summary results of ANOVA for PS parameters (F value (p value)) with main effects
including Age, Height, Low_Back (rested, fatigued), Eyes (closed, open), and Weight and
their interactions for COPV. Effect size, eta squared (η2), for each of the main factors and
interactions is given and denoted to be small (S), moderate (M), or large (L).

COPV
Low_Back (LB)
Eyes (E)
Weight (W)
Height (H)
Age (A)
LB*E
LB*A
LB*W
LB*H
E*A
E*W
E*H
A*H
A*W
H*W

F value (p value)
1.52(0.22)
0.66(0.42)
0.38(0.54)
0.26(0.61)
0.11(0.74)
1.33(0.25)
0.06(0.80)
0.33(0.57)
0.02(0.89)
0.02(0.90)
0.47(0.50)
1.06(0.31)
1.59(0.21)
1.72(0.20)
14.29(0.0005)**

* p-value <0.05

η2
0.019 (M)
0.008 (S)
0.005 (S)
0.003 (S)
0.001 (S)
0.017 (M)
0.001 (S)
0.004 (S)
0.000 (S)
0.000 (S)
0.006 (S)
0.013 (M)
0.202 (L)
0.022 (M)
0.182 (L)

** p-value < 0.01

Table 1b
COPV mean and standard deviation for trial conditions Low_Back rested and fatigued
and Eyes open and closed with calculated percent differences.

Rested Eyes Open
Fatigued Eyes Open

Mean (SD)
21.35(4.62)
23.74(6.72)
Percent Difference
11%

Rested Eyes Closed
Fatigued Eyes Closed

Mean (SD)
21.32(3.11)
23.72(5.12)

Percent Difference
0%
0%

11%
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Table 1c
Center of Pressure mean Velocity (COPV) mean values and standard deviation for
factors: Age, Height, and Weight.

Age (year)
19
21
23
24
26
Height (cm)
158.5
161.54
167.64
173.74
Weight (kg)
49.7
55.3
57.1
59
62.5
63.5
66.3
69.4

Mean

Std Dev
25.39
17.69
21.65
24.19
18.25

Mean

5.60
1.86
2.28
1.57
1.23
Std Dev

19.42
20.95
25.45
21.21
Mean

2.97
2.08
5.03
3.32
Std Dev

20.95
18.24
20.76
22.69
29.44
24.19
17.69
21.45

2.08
1.23
3.85
1.67
3.14
1.57
1.86
2.82
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Figure 4.1 Box plot for main effect Age for dependent measure COPV

Figure 4.2 Box plot for main effect Height for dependent measure COPV
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Figure 4.3 Box plot for main effect Weight for dependent measure COPV

Figure 4.4 Box plot for main effect Low Back for dependent measure COPV
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Figure 4.5 Box plot for main effect Eyes for dependent measure COPV
Height (cm)

Figure 4.6 Box plot for effect interaction Height and Weight for dependent measure COPV
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For AOS, one main effect and two interactive effects showed significances. As shown in
Table 2a, main effect Eyes (F = 11.59; p = 0.0014), interaction Eyes and Weight (F = 4.25; p =
0.0448), and interaction Height and Weight (F= 4.83; p = 0.0329) are significant, but referencing
effect size, it seems that only main effect Eyes has a large impact whereas the interactions,
though not trivial, show to only have a moderate effect size difference. The means and standard
deviations for trial conditions low back (rested, fatigued) and eyes (open, closed) and all main
effects are shown in Tables 2b and 2c, respectively. It is observed that the AOS mean values for
eyes closed, both rested (5.72 m2) and fatigued (6.97 m2), are larger than the AOS mean values
for eyes open rested and fatigued. In Table 2b, when subjects’ eyes were closed, AOS increased
by 39% rested and 43% fatigued, showing that regardless of the state of the lower back, AOS
was affected by the manipulation of visual feedback.
Table 2a
Summary results of ANOVA for PS parameters (F value (p value)) with main effects
including Age, Height, Low_Back (rested, fatigued), Eyes (closed, open), and Weight and
their interactions for AOS. Effect size, eta (η2), for each of the main factors and interactions
is given and denoted to be small (S), moderate (M), or large (L).
AOS
F value (p value)
η2
Low_Back (LB)
3.27(0.08)
0.029 (M)
Eyes (E) 11.59(0.0014)**
0.102 (L)
Weight (W)
1.17(0.28)
0.010 (M)
Height (H)
0.61(0.44)
0.005 (S)
Age (A)
0.55(0.46)
0.005 (S)
LB*E
0.23(0.63)
0.002 (S)
LB*A
1.20(0.28)
0.011 (M)
LB*W
0.17(0.68)
0.002 (S)
LB*H
0.11(0.75)
0.001 (S)
E*A
0.60(0.44)
0.005 (S)
E*W 4.25(0.0448)*
0.037 (M)
E*H
2.77(0.10)
0.024 (M)
A*H
0.48(0.50)
0.004 (S)
A*W
0.32(0.57)
0.003 (S)
H*W 4.83(0.0329)*
0.042 (M)
* p-value <0.05

** p-value < 0.01
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Table 2b
AOS mean and standard deviation for trial conditions Low_Back rested and fatigued and
Eyes open and closed with calculated percent differences.

Rested Eyes Open
Fatigued Eyes Open

Mean (SD)
4.10(2.11)
4.87(1.93)
Percent Difference
19%

Rested Eyes Closed
Fatigued Eyes Closed

Mean (SD)
5.72(2.55)
6.97(3.82)

Percent Difference
39%
43%

22%

Table 2c
AOS mean and standard deviation for factors: Age, Height, and Weight.

Age (year)
19
21
23
24
26
Height (cm)
158.5
161.54
167.64
173.74
Weight (kg)
49.7
55.3
57.1
59
62.5
63.5
66.3
69.4

Mean

Std Dev
6.26
4.80
5.34
6.05
4.06

Mean

3.00
1.81
3.17
3.11
2.82
Std Dev

4.11
2.85
8.70
4.98
Mean

2.19
0.91
2.42
2.26
Std Dev

2.85
4.06
4.17
3.95
8.36
6.05
4.80
9.05

0.91
2.82
1.51
0.89
2.65
3.11
1.81
2.29
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Figure 5.1 through 5.5 illustrates the minimum, maximum, and median values for all
main effects for the dependent measure AOS. While the statistically insignifican main effects are
plotted, it is important to observe possible trends for better understanding of the analysis. For
example, the main effect Low Back, as shown in Figure 5.4, shows that AOS is larger for the
subjects after fatigue. Refering to Table 2a, thougth the p-value showed no significance, Low
Back (F= 3.27; p = 0.08), the effect size showed moderate difference (η2 = 0.029) explaining the
trend observed within the graph.
As mentioned, only main effect Eyes showed any statistical significance which is
graphed in Figure 5.5. The significant interactive effects are plotted in Figures 5.6 and 5.7,
Eyes*Weight and Height*Weight, respectively. Studying Figure 5.6, there is a clear correlation
between the subject having his/her eyes closed, and the weight of the individual. There is an up
trend to the AOS increasing as the weight increases, and the AOS being greater for eyes closed
conditions. Now observing Figure 5.7 interactions, AOS increases as the weight of the
participant increases; because the heaviest participant was not exactly the tallest, the largest AOS
was with the second to tallest participant, which shows that thought the interaction
Height*Weight is significant, the weight of the subject possibly has more influence on AOS.
This observation can be confirmed by looking at Table 2a, where althought the main effects are
not individually significant, Weight has a lower p-value (F=1.17; p = 0.28) than Height (F= 0.61;
p= 0.44).
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Figure 5.1 Box plot for main effect Age for dependent measure AOS

Figure 5.2 Box plot for main effect Height for dependent measure AOS
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Figure 5.3 Box plot for main effect Weight for dependent measure AOS

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

Figure 5.6 Box plot for interaction Eyes and Weight for dependent measure AOS
38

Figure 5.7 Box plot for interaction Height and Weight for dependent measure AOS
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C.2. Biomechanical Gait Measures
As mentioned, there were a number of gait dependent measures analyzed in this study:
Step Length (SL), Step Width (SW), Heel Contact Velocity (HCV), Walking Velocity (WV),
Minimum Toe Clearance (MTC), and Required Coefficient of Friction (RCOF). Through
RANOVA statistical analysis, the significance of the main effects (Age, Height, Weight, Low
Back, and Speed) and their interactions were ascertained as well as the impact of the effect size
difference. As in the analysis of the PS measures, it is important to understand not only which
factors are significant, but also understand how large the effect size. Therefore, the size of eta
square determines whether a statistically significant factor has a trivial or non-trivial effect,
because a small effect size can make a significant factor trivial to the analysis.
As seen in Table 3a, there are several significant effects found for each measure. Table
3b and 3c outlines the mean and standard deviations for each main effect for the dependent
measures. Looking closer at each gait measure, SL had four significant main effects: Age (F =
29.64; p <.0001), Height (F = 217.55; p < .0001), Weight (F = 75.52; p <.0001), and Speed F =
249.83; p <.0001). An interesting observation for SL, although Low Back main effect was found
to not be significant, the interactions Height*Low Back (F = 16.60; p = 0.0002) and
Weight*Low Back (F= 7.84; p = 0.0080) was found to be highly significant with both moderate
and large effect sizes, respectively. Figures 6.1 through 6.4 illustrates the maximum, minimum,
and median values for significant main effects for SL, while Figures 6.5 and 6.6 illustrates the
significant interactions for the SL measure. For the dependent measure SW, there was one
significant main effect, Height (F= 18.60; p=0.0001) with a large effect size (η2 = 0.149), and
one significant interaction, Weight*Low Back (F = 4.53;p= 0.0398) with a moderate effect size
(η2 = 0.036). A graphical representation of SW significant main effect can be seen in Figure 6.7.

40

41

It is also interesting to observe that again the Low Back main effect was not significant,
but the interaction with weight was. Looking at Figure 6.8 there is a clear increase in SW as the
weight of the subject increases, but as for the rested vs fatigued state of the low back, the least
heavy subject experienced larger SW after fatigue compared to the heaviest subject who
experienced larger SW before fatigue (while rested). Figures 6.9 through 6.11 illustrates the
significant main effects for HCV. Both main effects Weight and Speed have large effect sizes,
η2= 0.143 and η2 = 0.348, respectively. Notice that main effect Speed has the largest effect size
impact which is quite intuitive, as people walk faster, their heel will contact the ground at higher
velocities. Also for HCV, a significant Low back (F = 4.95;p = 0.0322) effect was observed. As
shown in Table 3b, as the participant low back was fatigued HCV increased by 15% for normal
pace and 10% for fast pace walking.
The dependent kinematic measure WV had many significant main and interactive effects
that were found to be significant. The only main effect that was found to not have significance
was Low Back, but it was found to have significance in the interaction Height*Low Back
(F=6.92; p =0.0122) with moderate effect size. There were many significant factors, but only one
with a large effect size (η2= 0.783), Figures 6.12 illustrates the main effect Speed (F = 418.8; p<
.0001). This finding, though, is again quite intuitive because increasing walking pace is
increasing the velocity of the subject, hence a higher WV.
For the kinetic dependent measure MTC, there was only one significant main effect,
Weight (F= 45.72; p < .0001), and one significant interactive effect, Height*Weight (F =83.35;
p< .0001), but both effects had large eta square values, therefore showing that the difference was
non-trivial. Figures 6.13 and 6.14 illustrates the maximum, minimum, and median values via a
box plot for both significant main and interactive, respectively.
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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.
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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 (η2= 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,
(f)WV, (g) MTC, (h) RCOF for factors: Age, Height, and Weight.
(c) SL
Age (year)

Mean
19
21
23
24
26

Height (cm)
158.5
161.54
167.64
173.74
Weight (kg)
49.7
55.3
59
62.5
63.5
66.3
69.4

Std Dev
679.49
794.39
749.63
736.01
738.86

Mean

32.27
71.81
69.02
37.89
47.43
Std Dev

738.86
745.10
691.84
776.43
Mean

47.43
42.48
56.60
61.24
Std Dev

745.10
738.86
801.13
679.49
736.01
794.39
702.65

42.48
47.43
55.18
32.27
37.89
71.81
72.30
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(d) SW
Age (year)

Mean
19
21
23
24
26

Height (cm)
158.5
161.54
167.64
173.74
Weight (kg)

Std Dev
83.23
116.30
82.40
111.20
89.34

Mean

11.89
19.91
31.23
21.10
13.91
Std Dev

89.34
48.85
87.67
111.22
Mean

49.7
55.3
59
62.5
63.5
66.3
69.4

13.91
19.93
19.30
17.76
Std Dev

48.85
89.34
106.78
83.23
111.20
116.30
91.57

19.93
13.91
12.58
11.89
21.10
19.91
24.23

(e) HCV
Age (year)

Mean
19
21
23
24
26

Height (cm)
158.5
161.54
167.64
173.74
Weight (kg)
49.7
55.3
59
62.5
63.5
66.3
69.4

Std Dev
944.83
1079.10
1035.45
1184.85
862.28

Mean

301.16
383.89
293.57
247.76
109.96
Std Dev

862.28
955.10
1128.79
1040.20
Mean

109.96
334.96
301.06
290.18
Std Dev

955.10
862.28
861.51
944.83
1184.85
1079.10
1289.75

334.96
109.96
122.56
301.16
247.76
383.89
200.21
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(f) WV
Age (year)

Mean
19
21
23
24
26

Height (cm)
158.5
161.54
167.64
173.74
Weight (kg)
49.7
55.3
59
62.5
63.5
66.3
69.4

Std Dev
1360.08
1405.93
1463.39
1382.71
1327.96

Mean

184.81
185.09
194.54
119.34
148.27
Std Dev

1327.96
1434.67
1409.06
1431.82
Mean

148.27
241.08
188.86
158.19
Std Dev

1434.67
1327.96
1503.58
1360.08
1382.71
1405.93
1451.92

241.08
148.27
160.40
184.81
119.34
185.09
193.80

(g) MTC
Age (year)

Mean
19
21
23
24
26

Height (cm)
158.5
161.54
167.64
173.74
Weight (kg)
49.7
55.3
59
62.5
63.5
66.3
69.4

Std Dev
29.00
19.93
33.48
32.14
26.71

Mean

3.61
1.43
5.85
1.46
1.33
Std Dev

26.71
29.56
30.11
31.09
Mean

1.33
3.11
3.90
8.60
Std Dev

29.56
26.71
39.79
29.00
32.14
19.93
31.08

3.11
1.33
4.02
3.61
1.46
1.43
4.11
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(h) RCOF
Age (year)

Mean
19
21
23
24
26

Height (cm)
158.5
161.54
167.64
173.74
Weight (kg)
49.7
55.3
59
62.5
63.5
66.3
69.4

Std Dev
0.204
0.199
0.200
0.198
0.178

Mean

0.016
0.008
0.018
0.012
0.011
Std Dev

0.178
0.193
0.202
0.200
Mean

0.011
0.017
0.018
0.012
Std Dev

0.193
0.178
0.204
0.204
0.198
0.199
0.201

0.017
0.011
0.016
0.016
0.011
0.008
0.021

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

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

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

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

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

Figure 6.11 Box plot of main effect Speed for dependent gait measure HCV
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Distance from ground (mm)

Figure 6.12 Box plot of main effect Speed for dependent gait measure WV

(kg)for dependent gait measure MTC
Figure 6.13 Box plot of main effect Weight
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Figure 6.14 Box plot for interaction Height and Weight for dependent measure MTC

Figure 6.15 Box plot for main effect Low Back for dependent measure RCOF
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Figure 6.16 Box plot for interaction Weight and 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 AOS), 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:
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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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