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Abstract  

Falls in the workplace most often occur due to slips and unsuitable footwear. While industry 

standardized occupational footwear (OF) is required for the safety of occupational activities, little is 

known about how OF influences how individuals respond to an unexpected slip. Therefore, the purpose 

of this study was to investigate how OF affects balance recovery strategies and slip outcome in response 

to an unexpected slip during walking. Twenty-five individuals (13 males, 12 females) completed a total 

of 12 walking trials at a self-selected pace in either barefoot (BF) or while wearing OF. The first five trials 

consisted of the no-slip condition, where individuals walked over a sheet of high friction aluminum foil. 

On the sixth trial and without the participant’s knowledge, the aluminum foil was replaced with a low 

friction hard plastic surface to induce an unexpected slip. The remaining six trials were conducted over 

the low friction surface while participants were aware of the low friction surface. For each walking trial, 

ground reaction forces, lower limb electromyography and kinematics were recorded. It was found that 

when individuals in both groups first experienced the unexpected slip, both groups responded with a 

macro-slip. However, the slip was less severe in the OF group, with a 13 cm shorter heel slip distance 

and a 0.6 m/s slower heel slip velocity, compared to the BF group. A less severe slip may have been due 

to differences found in normal walking, since the OF group applied 23% less shear force and had a 16% 

smaller co-efficient of friction utilized. Differences in slip severity may have also contributed to the 

ensuing slip response. The OF group, who experienced a less severe slip, demonstrated 35-49% less 

muscle activity in the left (slip limb) medial hamstrings and left tibialis anterior as well as 2˚ less plantar-

flexion after encountering the slip. The OF group also activated their right (non-slip) tibialis anterior, 

medial gastrocnemius, and vastus lateralis to a lesser extent, by 66-78%, after the slip onset. Although 

walking in OF appears to lead to a decreased slip risk and a less severe slip outcome, more research is 

required to evaluate the effectiveness of these slip recovery responses in reducing workplace falls.   
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1. Introduction  

Falls are a major concern in the workplace for employees and employers. In 2019, falls 

contributed to 17,000 lost time injuries per year (WSIB, 2019). 65% of these reported falls occurred at 

ground level and were most often due to a slip, uneven surface, debris, trip, dark and obstructed 

pathway, or unsuitable footwear (WSPS, 2019). The remaining 35% of falls occurred at height (i.e., any 

work above 3 meters with the chance of falling) (WSPS, 2019). In total, work-related falls result in 20 

deaths per year and 80 injured workers per day (WSIB, 2019). On average, each fall claim costs $11,771 

(WSPS, 2019). However, with other external costs such as production decrease, employee replacements, 

and training, the cost of a fall increases to approximately $59,000 per injury (WSPS, 2019). To address 

the need for fall prevention, companies have implemented preventative measures in the workplace. 

This includes housekeeping to reduce possible trip and slip hazards, fall arrest procedures to ensure 

workers are adequately protected, and compliance with the Ontario Occupational Health and Safety Act 

(OHSA) (WSPS, 2019). Despite these preventative actions, fall-related injuries and slip incidents continue 

to occur.  

Preventative actions and campaigns spearheaded by Workplace Safety and Insurance Board 

(WSIB) have focused on the proper use of personal protective equipment, which is a legal compliance 

under the OHSA. Canadian Standards Association (CSA) standards Z195-14 Protective Footwear outlines 

the requirements that must be featured in occupational footwear (OF) in order for it to be certified by 

the standard (Work Authority, 2019). The standard indicates that protective footwear shall have 

protective toe caps that can withstand the weight of 22.7 kg falling from a height of 0.6 m, protective 

soles to a minimum of 1200 N and 125 J, puncture protection, resistance of cracking after 1.5 million 

flexes, and slip resistance as defined by ISO standards (Work Authority, 2019). It is important to 

recognize that these standards have been developed based on only material testing (ISO, 2019), ignoring 

how neuromechanical factors such as an individual’s gait pattern, as well as their muscular and 
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kinematic responses to an unexpected slip, might influence these standards. Despite numerous policies 

and procedures regarding personal protective equipment, a limited amount of research has examined 

the biomechanical influences of OF on the human body. This is problematic because the design of OF 

has the potential to impact the safety of occupational activities, including the probability of an individual 

experiencing a fall or slip in the workplace.  

1.1 Slip Biomechanics during Gait  

During gait, the body’s center of mass (COM) constantly moves outside of the base of support 

(BOS), leading to a continual state of imbalance (Lugade et al., 2011). In order to prevent a fall from 

occurring, the stepping foot strikes the ground to recapture the COM within the BOS (Lugade et al., 

2011). With each foot contact and push-off, shear forces are applied in the anterior and posterior 

directions during heel contact and push off, respectively (Redfern et al., 2001). However, when there is 

insufficient resistance to counteract the anterior and posterior forces that are applied between the 

footwear and the contact surface during this step, a slip will occur (Chang et al., 2016; Burnfield & 

Powers, 2006). Specifically, a slip occurs when the co-efficient of friction utilized (COFu) exceeds the co-

efficient of friction available (COFa) between the footwear and the surface (Burnfield & Powers, 2006). 

The COFu is determined as the ratio between the resultant shear forces applied (i.e., horizontal ground 

reaction forces) and the vertical ground reaction force, and describes the force required to maintain the 

motion of gait (Blanchette et al., 2011). In contrast, the COFa is the ratio between shear and normal 

forces at the interface of the footwear, surface, and/or contaminant. The COFa is dependent on the 

relative motion of the surfaces (Blanchette et al., 2011). Thus, one way to prevent a slip from occurring 

is to alter the properties of the footwear or the walking surface such that the COFu does not exceed the 

COFa.  
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COFu has been described as the most critical biomechanical parameter for slips especially in 

relation to the applied shear forces (Redfern et al., 2001). Burnfield & Powers (2006) investigated how 

different levels of slip resistances of COFu impact the probability of experiencing a slip. It was found that 

when the COFu is equal to 0.153, the chance of slipping during walking is 81% . As the COFu increases to 

0.229, the chance of slipping decreases to 35% (Burnfield & Powers, 2006). At an even higher COFu (e.g., 

0.308), the chance of slipping reduces further to 6% (Burnfield & Powers, 2006). Based on these findings, 

standards for safe flooring state that the COFu ≥ 0.5 is sufficient for avoiding slips during walking 

(Burnfield & Powers, 2006) and that the highest probability of slipping occurs when the COFu ≤ 0.15. For 

a frame of reference, COFu values of 0.05-0.1 is similar to walking on wet ice, while COFu values of 0.7-

0.8 simulate dry concrete on a vinyl composition tile (Siegmund et al., 2006). 

Slips can be characterized by a high linear impact heel velocity, a slower foot angular velocity at 

heel contact, and fast sliding heel movement after heel contact (Redfern et al., 2001). Once a slip has 

occurred, balance is maintained or recovered through a protective stepping strategy (Redfern et al., 

2001) within 200 ms after heel contact (Chambers & Cham, 2007). The limb that experiences the slip 

exhibits an increase in knee flexor moment and hip extensor moment while the ankle acts as a passive 

joint (Redfern et al., 2001). The increase in knee flexor moment and hip extensor moment are the body’s 

attempt to bring the foot closer to the body, which can be identified by a decrease in shear force as 

there is an incomplete transfer of body weight to the supporting leg in a slip event (Cham & Redfern, 

2001). This strategy is achieved through the activation of the medial hamstrings (175 ms after the onset 

of the perturbation at 22% in the stance phase), tibialis anterior (189 ms at 24% stance), medial 

gastrocnemius (219 ms at 26% stance), and lastly, vastus lateralis (239 ms at 29% stance) (Chambers & 

Cham, 2007). In other words, a compensatory reaction is found through an increase in knee extensor 

moment and hip flexor moment to prevent the knee from buckling during the initial response to the slip 

and to resume gait (Chambers & Cham, 2007). In addition, the contralateral limb increases in knee 
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flexion, hip flexion, and then hip extension through the activation of the hamstrings, gastrocnemius, 

soleus, and lastly, tibialis posterior to provide sufficient force during push off to recover gait and balance 

in response to a slip (Yoo et al., 2019).  

Depending on the effectiveness of these responses, the result or outcome of a slip can be 

classified as either a slip-recovery, also termed as a micro-slip, or a slip-fall, also termed as a macro-slip 

(Leamon & Li, 1990; Redfern et al., 2001). A micro-slip occurs when an individual is able to slow down 

their heel contact movement to lower the impact velocity over time (Leamon & Li, 1990; Redfern et al., 

2001). However, a macro-slip occurs when the slip distance exceeds 10 cm or when the peak sliding 

velocity is greater than 0.5 m/s (Leamon & Li, 1990; Redfern et al., 2001).  

1.2 Slip Induction Methods  

 Responses to a slip and the resultant outcome have been examined in the laboratory setting by 

implementing different types of slip induction methods. The most common methods of inducing a slip 

include the use of contaminated surfaces through oil (Cappellini, et al., 2010; Iraqi et al., 2018) or paper 

(Heiden et al., 2006; Siegmund et al., 2006), mechanized moveable platforms (Huntley et al., 2019; 

Parijat & Lockhart, 2012; Yang et al., 2009), steel rollers (Marigold & Patla, 2002), and treadmills (Han & 

Yang, 2015; Pai et al., 2014; Yang et al., 2016). There are advantages and disadvantages to each method, 

causing the slip response to differ depending on the type of slip method used. 

 The use of a contaminated surface through oil and paper elicit similar slip responses, such that 

the velocity and peak shear forces of the slipping limb are comparable (Huntley et al., 2019). However, 

since COFa of fluid contaminants are sensitive to film thickness, which varies with footwear 

characteristics and slip speed (Siegmund et al., 2006), the use of fluid contaminants to induce a slip 

results in a larger between- and within-subject variability on the probability of a different slip outcome 

(Siegmund et al., 2006). To address this limitation, researchers have also used steel rollers or a sliding 
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platform to elicit a slip. As the rollers move, each roller generates an inertial reaction force which 

creates an additional external force that increases the acceleration of the slip limb (Siegmund et al., 

2006). Since this causes the foot’s slip speed to increases, this may shift the slip outcome from a micro-

slip to a macro-slip. In addition, sliding platforms consists of a greater mass than rollers and thus, 

contribute to an even greater acceleration of the slip limb (Siegmund et al., 2006). The use of motorized 

platforms can also be problematic if they simultaneously perturb both limbs, causing the slip response 

to be different than a true slip, where only one limb moves unexpectedly (Huntley et al., 2019). Split belt 

treadmills, where only one limb moves unexpectedly, have been introduced to address the limitation of 

motorized platforms but researchers have found that an individual’s gait biomechanics are altered (e.g., 

less knee extensor moment and greater hip extensor moment) when walking on the treadmill (Lee & 

Hidler, 2008). As a result of these differences to gait, slip responses may also differ.  

1.3 First Trial Effects and Habituation on Slips  

 Responses to a transient perturbation depend on the magnitude, familiarity, and expectation of 

the perturbation (Siegmund et al., 2008). Large, unexpected or unfamiliar perturbations are more 

destabilizing and more likely to evoke an exaggerated response (Siegmund et al., 2008). Thus, it has 

been recognized that the first trial response (i.e., the first exposure to a perturbation) also known as the 

first trial effect, differs from the habituated response (i.e., an adapted response) (Allum et al., 2011; 

Nijhuis et al., 2009; Nijhuis et al., 2010; Siegmund et al., 2008). Greater peak muscle activity, earlier 

muscle onset latencies (Nijhuis et al., 2009), and co-contraction of agonist and antagonist muscles have 

been observed in response to the first exposure to a perturbation compared to the habituated response 

(Siegmund et al., 2008). These muscular responses serve to influence kinematic changes through the 

stiffening of joints (Siegmund et al., 2008) and an early commencement of balance recovery strategies 

(Nijhuis et al., 2009). These kinematic changes protect the body against excessive movements 

(Siegmund et al., 2008) and/or the slow execution of balance recovery strategies which may lead to a fall.  
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 As exposure to an identical perturbation increases, gradual habituation occurs (Nijhuis et al., 

2009). Habituation occurs as early as the second experience to an identical perturbation (Nijhuis et al., 

2009). The magnitude of muscle activity decreases with subsequent exposures (Nijhuis et al., 2009), as 

familiarization attenuates muscular responses (Siegmund et al., 2008). Muscle co-contraction associated 

with the first response vanishes, as the antagonist muscle no longer contributes to the initiation of 

balance recovery (Siegmund et al., 2008). Activation of the agonist muscle also decreases in amplitude, 

as the body fine tunes the balance response strategy so that subsequent kinematic changes do not 

overshoot the initial posture through the decrease in joint stiffness (Siegmund et al., 2008). 

 Results from these studies indicate how the first response to a perturbation results in a different 

biomechanical outcome and produces an exaggerated response when compared to the habituated 

response. Therefore, many studies have excluded the use of the first response to reduce variability in 

their data (Nijhuis et al., 2009; Siegmund et al., 2008). Although the removal of the first response is 

beneficial for certain research questions, excluding the first response may also lead to the loss of 

relevant information (Allum et al., 2011; Nijhuis et al., 2009; Nijhuis et al., 2010; Siegmund et al., 2008). 

In daily life, slips often occur without warning, in which stabilized or habituated responses have little 

resemblance to the slip response of interest.  

1.3.1 Habituation as a Proactive Balance Control 

 Responses to a potential slip can also vary depending on whether an individual is aware of an 

upcoming slip perturbation or has previously experienced a slip. This is achieved through a process 

known as proactive balance control. Whereas reactive balance control refers to balance control 

mechanisms that take place after a perturbation is encountered (e.g., the protective stepping strategy), 

proactive balance control refers to anticipatory adaptations that takes place before the encounter of a 

potential perturbation (Chambers & Cham, 2007).  
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 Siegmund et al. (2006) found that both awareness and experience of a perturbation can 

decrease the probability of an individual slipping (Siegmund et al., 2006). When individuals are aware of 

or have previously experienced a slip, they adopt a more cautious gait, as shown by a flatter foot angle, 

a decrease in shear forces, a greater amount of knee flexion and increased pre-slip muscle activation of 

the biceps femoris in the slip limb and tibialis anterior in the contralateral limb, when approaching the 

slippery surface (Heiden et al., 2006; Pai & Bhatt, 2007). This causes the individual to decrease their 

walking velocity, cadence, and step length (Menant et al., 2009).  

Slip responses are greater in older adults, such that they adopt an even more conservative 

walking pattern (Menant et al., 2009). Older adults tend to have a greater double support time, and may 

require an additional step to reduce the COFu and heel contact velocity (Menant et al., 2009). 

Nonetheless, adaptations and the decrease in number of falls with repeated exposures occur at a similar 

rate between young and older adults (Pai & Bhatt, 2007). Interestingly, the number of falls decreases at 

a faster rate than the reduction in balance loss (i.e., slip-recovery), and this is similar between young and 

older adults (Pai et al., 2003). 

1.4 Contributing Slip Factors   

In addition to the mechanical causes and subsequent balance responses to a slip, extrinsic 

(environmental) and intrinsic (human) factors also contribute to the likelihood of a slip and a slip 

recovery (Tsai & Powers, 2008). Of particular interest for this thesis is the influence of footwear 

characteristics.   

1.4.1 Influence of Footwear on Slips  

 Footwear characteristics play a major role in the event and outcome of slips. For example, Tsai 

and Powers (2008) investigated how sole hardness affects slips events. Participants wore either soft 

(hardness of Shore 75A) or hard (Shore 54D) sole hardness shoes while walking at 1.9 m/s (Tsai & 
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Powers, 2008). Slips were induced through the application of dry Teflon (Tsai & Powers, 2008). Their 

results indicated that both the COFu and the COFa were lower for hard soled (0.24 and 0.16, 

respectively) compared to soft soled shoes (0.26 and 0.36, respectively) (Tsai & Powers, 2008), resulting 

in a higher percentage (35%) of participants in the hard sole shoe group experiencing a slip than the soft 

soled shoe group (0%). These findings suggest that sole hardness is an important factor in slip outcome, 

with harder soles increasing the likelihood of a slip.  

 Boot material also affects slip events. Chander et al. (2016) compared a rubber boot (1.6 lbs) 

with two classes of leather boots by having participants walk along a walkway and experience an 

unexpected and expected slip. It was found that wearing the first class of leather boots resulted in a 

lower slip velocity (1.2 m/s) when compared to the rubber boot (1.8 m/s) (Chander et al., 2016). Slip 

distance was also significantly lower when wearing the first and second class of leather boots (150 mm 

and 140 mm, respectively) when compared to rubber boots (300 mm) (Chander et al., 2016). As a 

consequence, a slip was 3.2-4 times more likely to occur when wearing rubber boots (Chander et al., 

2016). The researchers attributed these findings to the increased mass of the rubber boots (Chander et 

al., 2016), which increases the energy expenditure required to maintain stability (Chander et al., 2014). 

Thus, these findings suggest that footwear material and the weight of footwear influences slip outcome, 

with heavier rubber boots increasing the likelihood of a slip.  

Blanchette et al. (2011) investigated how heel height on high heels influenced COFu during 

walking. Results indicated that the resultant shear ground reaction force and consequently, peak COFu 

increased with heel height, from 0.22 (low heel) up to 0.28 (high heel) (Blanchette et al., 2011). 

Although this study only evaluated how COFu differed with heel height during walking, since COFu 

increases with heel height, this study suggests that heel height could influence slip outcome, with higher 

heels leading to an increase in slip events.  
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Chander et al. (2017b) also found that footwear and tread design influences slip outcome and 

responses. Participants experienced an unexpected slip during walking while wearing either flip flops, 

Crocs, or low top slip resistant shoes (Chander et al., 2017b). Results indicated that a greater heel slip 

distance and heel slip velocity were associated with wearing Crocs and flip flops, which lead to a greater 

slip potential and slip incidence (Chander et al., 2015b). Wearing flip flops and Crocs also resulted in a 

greater plantar flexion and greater muscle activity during the slip, presumably to increase the BOS and 

decrease the foot-floor angle to minimize the slip severity (Chander et al., 2017b). Conversely, wearing 

slip resistant shoes led to the least amount of kinematic, kinetic, and muscle activity deviation from 

normal gait, signifying that slip resistant shoes were better at preventing slips and maintaining normal 

gait (Chander et al., 2017b). These findings suggest that a greater COFa with deeper and wider tread 

grooves, a greater number of tread per surface area, and tread patterns that are perpendicular to the 

direction of motion are important properties that influence the risk of a slip (Chander et al., 2015a,b; 

Chander et al., 2017).  

A more recent study examined how different types of industry standard military boots (i.e., 

standard tactical boots and ultra-light minimalist tactical military boots) affect slip outcome during gait 

(Chander et al., 2018). It was found that compared to standard military boots, wearing the minimalist 

boots resulted in a smaller heel slip distance and heel slip velocity, leading to a nonhazardous slip 

(Chander et al., 2018). These findings were attributed to minimalist boots having a lighter mass, greater 

number of tread grooves, a Vibram tread groove pattern and thinner midsoles. The flexible boot shaft is 

also believed to increase proprioceptive feedback, delay muscle fatigue, and allow for a better ankle 

range of motion (Chander et al., 2018). Interestingly, they found that the number of tread grooves and 

pattern has a greater influence on slip outcome than the tread surface area and groove depth (Chander 

et al., 2018). These findings confirm that heavier boots increase the likelihood of a slip and that the 
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tread design, boot shaft rigidity, and midsole thickness of a footwear influences slip outcome, with less 

tread, more boot shaft rigidity, and thicker midsoles increasing the likelihood of a slip.  

Based on these studies, it is evident that footwear characteristics such as sole hardness, heel 

hardness, material, construction, tread, and weight can influence slip outcome. Despite this knowledge, 

these studies have lacked consistency in the type of footwear tested. The influence of standardized OF 

on slip events and slip outcome have also not been investigated. Other limitations with previous studies 

includes a lack of focus on how different properties of footwear influence slip outcome and recovery, 

inconsistent testing methods, and limited focus on the biomechanical measures of slip recovery. For 

these reasons, the impact of standardized OF on the probability of a specific slip outcome and recovery 

responses is still unclear.  

1.5 Occupational Footwear on Static and Dynamic Stability  

To better understand why footwear characteristics influence slip responses, it can be pertinent 

to examine how different types of standardized OF affect static and dynamic stability during various 

balance and gait activities. For example, one study examined the impact of walking in OF on standing 

balance (Chander et al., 2014). Participants walked at a self-selected speed for 4 hours and their static 

balance (standing) was assessed prior to and at regular intervals throughout the walking period 

(Chander et al., 2014). The researchers found that wearing low top shoes resulted in the greatest 

increase in root mean square (RMS) of center of pressure sway when standing with the eyes closed, 

indicating that balance control decreased more over time when compared to tactical boots and steel-

toed work boots (Chander et al., 2014). Wearing tactical and steel-toed work boots also displayed 

greater stability and balance, which were attributed to the elevated boot shaft and the associated 

increase in ankle compression (Chander et al., 2014). Greater ankle compression increases ankle 

stiffness, thereby increasing feedback from cutaneous receptors in the foot and ankle (Chander et al., 
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2014). Further, since tactical boots and steel-toed work boots have a greater sole width and are heavier 

in mass, this lowers the COM and increases the BOS to promote more stability (Chander et al., 2014). 

The downside to this design is that for every 100 g increase in footwear weight, energy expenditure 

increases by 0.7-1.0 % and results in a higher rate of fatigue (Chander et al., 2014). 

Midsole firmness in tactical boots and steel-toed work boots also contribute to balance control, 

but its effect has been inconsistent between studies. For example, Chander et al. (2014) found that 

harder midsoles improve cutaneous and proprioceptive feedback. Interestingly, wearing these boots 

cause a change in balance strategy, with individuals moving from an ankle to a hip strategy over time 

(Chander et al., 2014). In contrast to these findings, Tsai & Powers (2008) found that harder soles 

contribute to a greater number of slips. These differences in results might be due to other footwear 

properties that were not controlled or the same between studies. For example, Chander and colleagues 

(2014) explored firmness in OF, while participants in Tsai and Powers (2008) wore Oxford shoes. In 

addition, different stability measures were examined, with Chander and colleagues (2014) assessing 

static balance while Tsai and Powers (2008) investigated dynamic balance in response to a slip.  

Chander et al. (2015) investigated how low top shoes, tactical boots, and steel-toed work boots 

affect reactive balance control during standing. Participants were asked to stand quietly on a platform 

while not given any information on the direction and magnitude of the perturbation (Chander et al., 

2015c). Since participants were familiar with the protocol during the familiarization session (i.e., prior to 

the testing session), participants were expected to anticipate for a forwards or backwards perturbation 

at a medium or large intensity. It was found that standing in barefoot (BF) displayed the earliest and 

greatest muscle activation in response to the perturbation when compared to wearing the three types 

OF (Chander et al., 2015c). In addition, wearing tactical boots also resulted in a lower level of muscle 

activity in response to the perturbation compared to wearing low top shoes and steel-toed work boots 
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(Chander et al., 2015c). However, in contrast to their previous study, a shift from the ankle to hip 

strategy was not observed (Chander et al., 2015c). Lower leg muscle activation was found to largely 

contribute in maintaining balance by using the ankle strategy along with the enhanced ankle stiffness 

through the elevated boot shaft when wearing tactical boots (Chander et al., 2015c).  

Throughout these studies, it has consistently been shown that wearing low top shoes result in a 

greater potential for falls and fall-related injuries with the increase in postural sway and lower postural 

stability (Chander et al., 2014; Chander et al., 2015c). Wearing tactical boots and steel-toed work boots 

led to similar results across studies, with tactical boots resulting into the lowest amount of muscle 

activity required to maintain stability (Chander et al., 2015c). This suggests that wearing tactical boots 

offers the greatest amount of stability with the least amount of muscular effort while wearing steel-toed 

work boots with similar footwear properties provided very similar balance measures. Since these 

findings were based on standing tasks, it is unknown whether a similar effect of footwear type will be 

seen in response to a slip during walking.  

1.6 Purpose  

Slip induced falls remains to be a major concern in the workplace. Research has focused on the 

biomechanical outcomes of a slip, and some of the extrinsic and intrinsic factors that contribute to the 

likelihood of a slip and slip recovery. However, little is known about how the type of footwear can 

influence slip outcome and responses to a slip that occur during walking. Further, it is difficult to 

compare the results of previous studies due to the lack of consistency in slip induction methods, 

footwear properties and controlling of first-trial versus habituation effects.  

Therefore, the purpose of this study was to investigate how OF influences balance recovery 

strategies and slip outcome in response to an unexpected slip. It was hypothesized that compared to BF, 

walking with OF will result in larger muscle activity, smaller foot, ankle and knee angles, larger shear 
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forces, a greater heel slip distance, and a faster heel slip velocity after slip onset. The kinematic changes 

were expected to occur due to the rigidity of the footwear material (Chander et al., 2016) and the 

elevated boot shaft (Chander et al., 2014), while larger shear forces would be the result of the greater 

mass of the footwear. Greater muscle activity was likely to be explained by both the rigidity and the 

mass of the footwear when compared to BF (Chander et al., 2015c). Together, it was expected that 

these changes would hinder an individual’s slip recovery response when walking with OF, particularly 

since decreased static and dynamic stability are observed with OF as compared to BF (Chander et al., 

2014 & 2015). 

Once an individual is aware of and has experienced a slip perturbation, it was hypothesized that 

individuals walking with either OF or BF would demonstrate a shift in slip outcome towards a no-slip 

response in subsequent slip trials. This was expected to occur due to participants adopting a more 

cautious gait by exhibiting a flatter foot angle, decrease in shear forces, increase in knee flexion, and 

increase in pre-slip muscle activation (Heiden et al., 2006; Pai & Bhatt, 2007; Siegmund et al., 2006). 

However, it was also expected that these adaptations for a no-slip response would occur more gradually 

for participants walking with OF, as proactive balance control can be influenced by footwear properties 

(Chander et al., 2014 & 2016). 

2. Methods  

2.1 Participants  

 Twenty-five individuals (13 males and 12 females) participated in this study (Table 1). 

Participants were excluded if they had any history of orthopedic, musculoskeletal, cardiovascular, 

neurological, and/or vestibular abnormalities. Participants were instructed to refrain from exercising at 

least 48 hours prior to testing. All participants provided written informed consent and all procedures 



 14 
 

were approved by the Brock University Research Ethics Board. In addition, all participants completed an 

Occupational Footwear Experience Questionnaire (Appendix A).  

 

Table 1: Characteristics of participants in the BF and OF groups. Where appropriate, values are 
expressed as mean ± one SD.  

Variable BF (N = 13) OF (N = 12)  

Age  23 ± 3 y 24 ± 4 y 

Sex 6 males; 7 females 7 males; 5 females 

Height  174 ± 9 cm 172 ± 9 cm 

Mass  73 ± 11 kg 80 ± 20 kg 

Dominant Limb 0 left; 13 right 1 left; 11 right 

Shoe Size  8 ± 2 US men’s 9 ± 2 US men’s 

Experienced with OF  6 4 

Years of Experience with OF  1.4 ± 1.9 y 1.3 ± 2.1 y 

 

 

2.2 Experimental Set-Up 

Prior to all electrode and sensor placement, the participants were fitted with a safety harness 

that was adjusted to minimize the interference with normal walking. Then, while participants were 

seated, pairs of surface electrodes (130 Foam Electrodes, Covidien Kendall, MA, USA) with an 

interelectrode distance of 1 cm were placed over the muscle bellies of vastus lateralis (VL), medial 

hamstrings (MH), tibialis anterior (TA), and medial gastrocnemius (GM) on both legs with a single ground 

electrode over the right tibial tuberosity. Prior to electrode placement, the skin over these sites were 

prepared through the shaving, abrasion, and cleaning of the skin with alcohol and an abrasive gel 

(Nuprep, Weaver and Company, Aurora, CO, USA) to lower skin impedance. All electromyography (EMG) 
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signals were amplified 350 times (Motion Lab Systems, Baton Rouge, LA, USA) and recorded using a data 

acquisition program (Spike 2, Cambridge Electronics Design, Cambridge, UK) at a sampling rate of 1000 

Hz (micro1401, Cambridge Electronics Design, Cambridge, UK).  

Once the electrodes were in place, the participants performed two maximal voluntary 

contraction (MVC) trials for each muscle to normalize all EMG signals. Participants performed these 

contractions while seated, and were required to activate the appropriate muscle as hard as possible for 

3 s against resistance provided by an experimenter or an immovable object. For the VL, the participants 

were seated on a chair and fully extended their knee against resistance placed by the experimenter. The 

experimenter used their hands to apply a downwards resistance on the ankle while the participants 

slowly increased effort to maximum. For the MH, the participants were seated on a chair with their knee 

flexed to about 90 degrees. A block was placed behind the participants’ foot to act as resistance. The 

participants were required to push against the block using their heel and by flexing the knee. For the TA, 

the participants were seated with their foot planted on the floor. The participants were required to 

dorsi-flex against the resistance placed by the experimenter. The experimenter used their hands to 

resist the upward motion of the foot about the ankle as the participants slowly increased effort to 

maximum. For the GM, the participants were seated on a chair with their knee flexed to about 90 

degrees. The participants were required to plantar-flex against the resistance placed by the 

experimenter. The experimenter used their hands to resist the upward motion of the leg about the knee 

as the participants slowly increased effort to maximum. Each MVC trial was separated with a 1 min rest 

period to avoid fatigue.  

Following the MVC trials, small infrared light-emitting sensors were placed on the participants’ 

body using adhesive tape to track the 3D location of the left lower limb. These sensors were adhered 

over the skin of the left lateral epicondyle, left greater trochanter, left lateral malleolus, left calcaneus, 
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and left fifth metatarsal. In addition, a rigid body with a triad cluster of sensors were strapped over the 

left distal portion of the thigh and imaginary markers were then be digitized over the left greater 

trochanter and left lateral epicondyle for redundancy. Where necessary, markers were placed over 

clothing or on the OF. Position data of these markers were sampled at 100 Hz using an Optotrak 3D 

Investigator camera system (Northern Digital Inc., Waterloo, ON, Canada). Reflective tape was adhered 

over the skin of the right lateral epicondyle, right greater trochanter, right lateral malleolus, right 

calcaneus, and right fifth metatarsal. Furthermore, a video camera was placed perpendicular to the 

walkway so that the experimenter could confirm slip responses at a later time.  

Once all EMG electrodes and infrared sensors were adhered to the participants, the participants’ 

safety harness was attached, via a rope, to a ceiling track for all of the walking trials. The safety harness 

was then re-adjusted to minimize the interference with normal walking while providing support in the 

event of a fall.  

2.3 Experimental Protocol 

Participants were randomly assigned to either the BF (n=13) or OF (n=12) group. Walking in BF 

was chosen as the control/comparison footwear condition since previous studies that have investigated 

the influence of OF on static and dynamic balance have also used BF. OF (Stompers – Black Cat 6” 

CSA/ESR Boot) were standardized by CSA standards as per the OHSA (Table 2) and were provided as an 

in-kind donation from Workboot. Participants in the OF group were provided the footwear in order to 

complete the testing session. These participants were able to try on different sizes of the OF that best fit 

their feet and were comfortable in size. The OF was fully laced by the experimenter so that the boot fit 

snugly around the heel and ankle (CCOHS, 2020).  
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Table 2: Characteristics of the occupational footwear worn by participants in the OF group. 

Stompers - Black Cat 6” CSA/ESR Boot  

Mass  1 kg 

Boot Shaft Height  15 cm 

Heel Sole Width  9 cm 

Forefoot Sole Width  11 cm 

Heel Height  4 cm 

Boot Outer Material  Leather  

Insole Material  Anti-fatigue  

Midsole Material  Polyurethane 

Tread Type Stompers® 2.0 Exclusive 

Tread Depth 1 cm 

 

 

For each trial, participants were instructed to walk with a level gaze at their normal self-selected 

walking speed across a 9 m walkway (Figure 1). Walking speed was recorded by determining the 

distance covered by the left greater trochanter during the 100 ms immediately prior to heel strike on 

the force plate. Participants were also required to strike the force plate, located approximately half-way 

across the walkway, with their left foot while not purposely targeting the force plate. Familiarization 

trials were provided prior to the experimental trials to ensure that participants were accustomed to the 

requirements of the testing protocol, felt comfortable walking in BF or OF, as well as to adjust the 

starting position so that the left foot naturally stepped on the force plate. 
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Figure 1: The walkway used for the experiment. FP indicates the placement of the force plate, which is 
covered by the piece of sand paper (with either aluminum foil or hard plastic on the underside).  

 

Once the participants were familiar with the required task, they were informed that their 

normal walking pattern would be measured. Participants completed five walking trials under the normal 

walking condition. For these trials, a sheet of aluminum foil glued to the back of a sheet of sand paper 

was placed over top of the force plate. This ensured a high COFa and a low probability of a slip (see 

Section 2.4 for more details). After every trial, the existing sheet of sand paper was replaced with a new 

sheet of sand paper to prevent participants from discerning the frictional properties of the paper. These 

five trials constituted the “no-slip” condition. 

Prior to the sixth trial and without the participants’ knowledge, a researcher removed the 

aluminum foil/sand paper located on top of the force plate and replaced it with a piece of hard plastic 
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that was glued to the back of a sheet of sand paper (see Section 2.4 for more details). Since participants 

were not told that the paper properties had changed, they completed this trial with the assumption that 

normal gait was still being measured. However, due to the presence of the hard plastic sheet, the 

participants experienced an unpredictable slip. This trial constituted the “unexpected slip” condition. 

Once the participants recovered their balance and reached the end of the walkway, a short 

break was provided to debrief them on the use of deception. If the participants chose to continue with 

the experiment, they completed another six trials on the hard plastic sheet. Since participants were 

aware and had experienced a slip from the previous unpredictable slip trial, these subsequent slip trials 

elicited a habituated response. These last six trials made up the “awareness/experienced slip” condition. 

2.4 Slip Apparatus  

 Two different surface types were used to achieve a low and a high friction surface. For the high 

friction surface, a 51 cm x 46 cm sheet of aluminum foil was glued to the back of an 80 grit sheet of sand 

paper to eliminate sliding between the foot/OF and the paper (Figure 2). For the low friction surface, a 

51 cm x 46 cm sheet of hard plastic was glued to the back of an 80 grit sheet of sand paper (Figure 2). 

The aluminum foil paper and hard plastic sheet was placed directly on top of a 51 cm x 46 cm vinyl 

composite force plate. Similar to the work of Siegmund et al. (2006), drag sled tests, consisting of pulling 

a 16 kg mass at a constant speed, were performed for the two surfaces used in this study. These tests 

indicated that the COFa of aluminum foil on vinyl composite, as used for the high friction surface, was 

0.53. In contrast, the COFa of hard plastic on vinyl composite that was used for the low friction surface 

was 0.27. These COFa values roughly correspond to a less than 6% and a 6-35% chance of slipping for 

the high and low friction surfaces, respectively (Burnfield & Powers, 2006).   
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Figure 2: (Left) A sheet of aluminum foil (purple) glued to the back of a sheet of sand paper (orange) for 
the high friction, no-slip condition. (Right) A sheet of hard plastic (green) glued to the back of a sheet of 
sand paper (orange) for the low friction, slip condition.  

 

2.5 Data Analysis  

2.5.1 Muscle Activity  

All raw EMG signals were full wave rectified and band pass filtered (10-450 Hz) using a fourth 

order Butterworth filter (Spike2, Cambridge Electronics Design, Cambridge, UK) (Parijat et al., 2015). For 

each MVC trial, maximum muscle activity was determined as the peak root mean square (RMS) 

amplitude over a 100 ms window. The peak RMS amplitude from the two MVC trials were averaged and 

used to normalize EMG signals collected during the walking trials as a percentage of each participant’s 

MVC.  

For each walking trial, EMG amplitude was determined over a 400 ms period surrounding heel 

contact, from 100 ms prior to heel strike (HS) onto the force plate until 300 ms after HS, and split into 

four 100 ms bins. These bins included the 100 ms prior to HS (i.e., -100-0 ms interval) to represent 
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proactive balance control, HS to 100 ms post-HS (i.e., 0-100 ms interval) to represent the initial loading 

and slip onset phase, 100-200 ms post-HS (i.e., 100-200 ms interval) to represent the initial slip recovery, 

and 200-300 ms post-HS (i.e., 200-300 ms interval) to represent the later slip recovery phase. Within 

each bin and for each muscle, the RMS amplitude of the filtered EMG signal was calculated and 

normalized to the MVC value for the respective muscle.  

 

 

Figure 3: Example trace of the rectified and filtered EMG signal from the left vastus lateralis during 
normal walking. The four 100 ms time intervals of interest are identified.  

 

2.5.2 Ground Reaction Forces   

A force plate (OR6-7, AMTI, Watertown, MA, USA) was embedded in the middle of the 9 m 

walkway. Ground reaction forces were sampled at 1000 Hz (micro1401, Cambridge Electronics Design, 

Cambridge, UK) and then low-pass filtered using a second order dual-pass Butterworth filter with a cut-

off frequency of 6 Hz (Spike2, Cambridge Electronics Design, Cambridge, UK). Kinetic data was used to 

determine the time of heel strike on the force plate, which was considered when the vertical force 

exceeded 10 N (Tang et al., 1998). Ground reaction forces were also analyzed to determine the peak 

vertical force (Fz), peak posterior horizontal force (Fy), and peak COFu.  Peak Fz and peak Fy were 

normalized to each participant’s body mass. Peak COFu was considered after HS when the vertical force 



 22 
 

exceeded 25 N (initial loading phase) but prior to peak Fz and peak Fy. COFu was calculated using the 

equation COFu =
        

  
, where Fx was the horizontal force applied in the medial-lateral direction, Fy 

was the horizontal force applied in the anterior-posterior direction, and Fz was the vertical force 

(Siegmund et al., 2006).  

2.5.3 Kinematics   

Three-dimensional position data of the infrared markers were sampled at 100 Hz using an 

Optotrak 3D Investigator camera system (Northern Digital Inc., Waterloo, ON, Canada) and were low-

pass filtered using a fourth order, zero lag Butterworth filter at a cut-off frequency of 6 Hz (Visual 3D 

Software, C-Motion Inc., Kingston, CA) (Tang et al., 1998). The 3D coordinates of each marker were then 

transformed using rigid-body kinematics to determine the foot angle relative to the ground, knee and 

ankle joint angles (MATLAB and Simulink R2022a, The MathWorks, Inc., Natick, Massachusetts, US). 

Analyses of the kinematic data were limited to the sagittal plane. Foot angle data was identified at three 

time points: 100 ms prior to HS, 50 ms prior to HS, and at HS. Examination of foot angle was limited to 

the time until HS since foot angle remains at 0 degrees throughout the initial portion of stance phase. In 

contrast, ankle and knee angle data was identified at seven time points: 100 ms prior to HS, 50 ms prior 

to HS, at HS, 50 ms post HS, 100 ms post HS, 200 ms post HS, and 300 ms post HS.   
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Figure 4: (Left) Measurement of foot angle. (Right) Example trace of foot angle data, with the three time 
points of interest circled, during normal walking.  

 

 

Figure 5: (Left) Measurement of ankle and knee angles. (Right) Example trace of knee angle data, with 
the seven time points of interest circled, during normal walking.  

 

Position data of the heel was used to determine the heel slip distance and peak heel slip velocity. 

Heel slip distance (cm) was determined as the anterior-posterior displacement of the left heel marker 

(i.e., calcaneus marker) during the 200 ms interval immediately following HS (Chander et al., 2015b). 
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Peak heel slip velocity (cm/s) was derived from displacement data over the 200 ms interval. These two 

measures were used to classify the type of slip outcome (see Section 2.5.4 for more details).  

 

 

 

Figure 6: (Left) Example trace of the heel position data, with the slip distance identified, over time. 
(Right) Example trace of the heel slip velocity, with the peak heel slip velocity identified, over time.  

 

Position data of the left greater trochanter was used to determine gait speed. Gait speed (cm/s) 

was determined from the anterior displacement of the left greater trochanter from 100 ms prior to HS 

to HS.  

2.5.4 Slip Outcome    

 The slip outcome was recorded for each trial and was classified either as a no-slip, micro-slip, or 

macro-slip. Slip outcome was determined through visual observation, as well as the calculated heel slip 

distance and peak heel slip velocity measures (Table 3). A no-slip outcome was considered to occur if 

there was no obvious slip based on visual observation, if the heel slip distance was less than 2 cm, and if 

the peak heel slip velocity was less than 50 cm/s (Cham & Redfern, 2001; Leamon & Li, 1990; Perkins & 

Wilson, 1983). A macro-slip was noted if the participant lost their balance and the fall was arrested by 

the harness, if the heel slip distance exceeded 10 cm, or if the peak heel slip velocity was equal to or 

greater than 50 cm/s (Cham & Redfern, 2001; Leamon & Li, 1990). If the participant slipped (i.e., heel 
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slip distance between 2-10 cm and peak heel slip velocity less than 50 cm/s (Cham & Redfern, 2001; 

Leamon & Li, 1990; Perkins & Wilson, 1983) but was able to regain their balance, then this was recorded 

as a micro-slip.  

 

Table 3: Requirements for categorizing the type of slip outcome.  

 No-Slip  Micro-slip Macro-slip 

Heel Slip Distance  < 2 cm  2-10 cm  > 10 cm 

Peak Heel Slip 
Velocity 

< 50 cm/s < 50 cm/s ≥ 50 cm/s 

Others  
No slip based on visual 

observation  
Balance regained through 

visual observation 
Fall arrested by harness 

 

 

2.5.5 Data and Statistical Analyses  

For each dependent measure, individual averages for the no-slip condition were determined by 

averaging across the first five walking trials involving the high-friction surface. The unexpected slip 

condition consisted of the first trial with the low-friction surface, while data for the 

awareness/experienced slip condition were obtained by averaging across the six trials (with the low-

friction surface) following the initial slip trial. Individual participant averages were then separately 

aggregated into group averages depending on whether they were in the BF or OF group. 

2.5.5.1 Analyses for the Effects of OF on Slip Responses  

Mixed analysis of variances (ANOVA) were performed to determine if slip recovery responses 

were influenced by OF and the slip condition. Two-way ANOVAs were completed for each of gait speed, 

heel slip distance, peak heel slip velocity, Fz, and Fy with footwear group (BF and OF) as the randomized, 

between-groups factor and slip condition (no-slip, unexpected slip and awareness/experienced slip) as 

the repeated, within-groups factor. All three slip conditions were included within the same ANOVA to 

minimize the number of comparisons. All EMG and joint kinematic measures were analyzed using 
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separate three-way footwear group (BF and OF) x slip condition (no-slip, unexpected slip and 

awareness/experienced slip) x time (4 time bins for EMG; 3 time points for foot kinematics; 7 time 

points for ankle and knee kinematics) ANOVAs. In addition, a Chi-Square test was conducted to compare 

the frequency of slip outcome between footwear groups during the unexpected slip trial. An 

independent t-test was used to compare COFu between footwear groups.  

2.5.5.2 Analyses for Habituation Effects  

To determine if awareness and experience from repeated slip exposures affected the slip 

response, the kinetics, gait speed, heel slip distance, and peak heel slip velocity measures were analyzed 

using separate two-way ANOVAs. Footwear group (BF and OF) was considered the randomized, 

between-groups factor, while trial (first and last slip trial after the initial unexpected slip trial) was used 

as the repeating, within-groups factor. EMG and joint kinematic measures were compared using three-

way ANOVAs, with footwear group (BF and OF) as the between-groups factor, while trial (first and last 

slip trial after the initial unexpected slip trial) and time (4 time bins for EMG; 3 time points for foot 

kinematics; 7 time points for ankle and knee kinematics) was used as the repeating, within-groups factor. 

Chi-square tests were also conducted to determine whether the slip outcome was different between 

footwear groups during the first and last slip trials after the initial unexpected slip trial.  

Prior to performing all statistical analyses, all identified outliers and missing data were removed 

from the dataset and replaced with series means. All assumptions of normality and independence were 

checked and met prior to conducting the analysis. Assumptions of homogeneity of variance was also 

checked. In cases where this assumption was met, post-hoc one-way ANOVAs and/or Bonferroni-

corrected independent t-tests were conducted. However, when assumption of equal variances was 

violated, post-hoc one-way ANOVAs and/or Games-Howell-corrected independent t-tests was 
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conducted to correct for all Type 1 errors. A significance value of p ≤ 0.05 was used for all tests and all 

statistical analyses were completed using IBM SPSS Statistic (version 24, Armonk, NY, USA).  

3. Results 

Of the 25 participants who participated in the study, all data from one participant in the BF 

group and kinematic data from another participant in the OF group were excluded for analyses. The 

participant in the BF group withdrew prior to completing the entire experimental protocol after being 

deceived and  learning about the true purpose of the study, while for the participant in the OF group, 

kinematic data could not be collected due to equipment failure.  

A summary of statistical results for all slip recovery response measures can be found in 

Appendix B. A summary of statistical results for all habituation effects can be found in Appendix C.  

3.1 Slip Recovery Responses  

A summary of the significant differences observed in gait speed, heel slip distance and peak heel 

slip velocity can be found in Table 4. 

 

Table 4: Footwear differences observed in gait speed, heel slip distance and peak heel slip velocity. BF = 
barefoot group, OF = occupational footwear group. NS = no-slip condition, UE = unexpected slip 
condition, AE = awareness/experienced slip condition. 

Measure Significant footwear effects 

Gait speed OF < BF  

Heel slip distance OF > BF during NS 
OF < BF during UE 

Peak heel slip velocity OF > BF during NS 
OF < BF during UE 
OF > BF during AE 
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3.1.1 Gait Speed  

 As participants approached the force platform, gait speed was not different between the three 

slip conditions (F2, 63 = 0.993, p = 0.376). However, gait speed was influenced by a main effect of 

footwear, where individuals in the BF group (130 ± 20 cm/s) walked faster than individuals in the OF 

group (120 ± 20 cm/s) (F1, 63 = 9.845, p = 0.003).  

3.1.2 Heel Slip Distance  

 Heel slip distance was influenced by a footwear x slip condition interaction effect (F2, 63 = 34.710, 

p < 0.001). Post-hoc analyses were performed for each slip condition to identify differences between 

footwear groups. Results revealed that during the no-slip condition, individuals in the BF group (0.2 ± 0.1 

cm) had a smaller heel slip distance than individuals in the OF group (0.4 ± 0.2 cm) (t21 = -3.910, p < 

0.001). During the unexpected slip condition, individuals in the BF group (30.1 ± 3.6 cm) slipped more 

than individuals in the OF group (17.2 ± 6.8 cm) (t15 = 5.629, p < 0.001). Once a slip was experienced and 

participants were aware of the low-friction surface, heel slip distance on subsequent trials was not 

different between footwear groups (t12 = -2.086, p = 0.058). 

3.1.3 Peak Heel Slip Velocity  

 Peak heel slip velocity was influenced by a footwear x slip condition interaction effect (F2, 63 = 

14.765, p < 0.001). Post-hoc comparisons were then performed for each slip condition. During both the 

no-slip and awareness/experienced slip conditions, individuals in the BF group (3 and 7 cm/s, 

respectively) had a smaller peak heel slip velocity than individuals in the OF group (11 and 12 cm/s, 

respectively) (t11 = -7.281, p < 0.001 for no-slip; t12 = -2.376, p = 0.035 for awareness/experienced). In 

contrast, during the unexpected slip condition, individuals in the BF group (192 ± 25 cm/s) slipped faster 

compared to the OF group (132 ± 51 cm/s) (t14 = 3.396, p = 0.004). 
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3.1.4 Slip Outcome  

 During the unexpected slip condition, the slip outcome was not influenced by footwear (χ2
 (1, N=22) 

= 1.048, p = 1.000). All 11 participants in the BF group and all but one participant in the OF group 

exhibited a macro-slip outcome. The remaining OF participant experienced a no-slip outcome. 

3.1.5 Muscle Activity   

A summary of the significant differences observed in the EMG activity of the left and right limbs 

can be found in Tables 5 and 6, respectively.  

 

Table 5: Footwear and slip condition differences observed in the left vastus lateralis, left medial 

hamstrings, left tibialis anterior, and left medial gastrocnemius EMG. BF = barefoot group, OF = 

occupational footwear group. NS = no-slip condition, UE = unexpected slip condition, AE = 

awareness/experienced slip condition. All times are with respect to heel strike. 

Measure Significant footwear effects Significant slip condition effects 

Left vastus lateralis 
EMG 

OF > BF @ -100-0 ms and 100-200 ms UE > NS and AE @ 200-300 ms 
 

Left medial 
hamstrings EMG 

OF > BF @ -100-0 ms and 0-100 ms 
OF > BF @ 100-200 ms and 200-300 ms 
(during NS) 
OF < BF @ 100-200 ms and 200-300 ms 
(during UE) 

AE > NS and UE @ 0-100 ms 

Left tibialis anterior 
EMG 

OF > BF @ 100-200 ms (during NS) 
OF < BF @ 100-200 ms (during UE) 

UE > NS and AE @ 200-300 ms 

Left medial 
gastrocnemius EMG 

OF < BF @ 100-200 ms AE > UE 
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Table 6: Footwear and slip condition differences observed in the right vastus lateralis, right medial 

hamstrings, right tibialis anterior, and right medial gastrocnemius EMG. BF = barefoot group, OF = 

occupational footwear group. NS = no-slip condition, UE = unexpected slip condition, AE = 

awareness/experienced slip condition. All times are with respect to heel strike. 

Measure Significant footwear effects Significant slip condition effects 

Right vastus 
lateralis EMG 

OF > BF @ -100-0 ms (during AE)  
OF < BF @ 100-200 ms (during UE)  
OF > BF @ 200-300 ms (during NS)  
OF < BF @ 200-300 ms (during UE)  

AE > NS and UE @ 0-100 ms  

Right medial 
hamstrings EMG 

OF > BF @ -100-0 ms  AE > NS and UE @ 0-100 ms  
UE > AE > NS @ 100-200 ms and 200-300 ms  

Right tibialis 
anterior EMG 

OF < BF @ -100-0 ms and 0-100 ms  
OF < BF @ 100-200 ms (during UE)  
OF < BF @ 200-300 ms  

UE > NS and AE @ 200-300 ms  

Right medial 
gastrocnemius 
EMG 

OF > BF @ -100-0 ms and 0-100 ms  
OF > BF @ 100-200 ms (during NS)  
OF < BF @ 100-200 ms (during UE)  
OF > BF @ 100-200 ms (during AE)  

UE > AE > NS @ 200-300 ms  

 

3.1.5.1 Left Vastus Lateralis  

 The left VL was influenced by a condition x time interaction effect (F6, 264 = 9.607, p < 0.001) 

(Figures 3a & 3b). When post-hoc analyses were performed to compare between slip conditions for each 

time interval, differences between slip conditions were only observed during the 200-300 ms interval (F2, 

69 = 64.142, p < 0.001). A 300% and 182% larger left VL EMG amplitude was observed during the 

unexpected slip compared to the no-slip (p < 0.001) and awareness/experienced slip conditions (p < 

0.001), respectively. No differences were found between the no-slip and the awareness/experienced slip 

conditions (p = 0.200).  

Results also revealed a significant footwear x time interaction effect (F3, 264 = 3.047, p = 0.029) 

(Figures 3a & 3b). Independent t-tests performed at each time interval revealed that during the -100-0 

ms and 100-200 ms intervals, the OF group exhibited a 54% and 72% larger VL EMG activity than the BF 

group, respectively (t55 = -2.619, p = 0.011 during the -100-0 ms interval; t60 = -3.763, p < 0.001 during 

the 100-200 ms interval). No differences between BF and OF were found at all other time intervals. 
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3.1.5.2 Left Medial Hamstrings  

 The footwear x slip condition x time interaction effect was significant when analyzing the left 

MH EMG activity (F6, 264 = 4.576, p < 0.001) (Figures 3c & 3d). Two-way ANOVAs were then conducted at 

each time interval to assess the differences between footwear and slip conditions.  

During the -100-0 ms interval, a main effect of footwear (F1, 66 = 22.744, p < 0.001) indicated that 

the OF group had a 68% greater left MH EMG activity compared to the BF group. Similarly, a main effect 

of footwear was also observed during the 0-100 ms interval, where there was a 61% greater EMG 

activity in the OF compared to the BF group (F1, 66 = 21.664, p < 0.001). A main effect of slip condition 

was also observed during this interval (F2, 66 = 17.508, p < 0.001). Post-hoc analysis revealed that the left 

MH EMG was 93% and 73% greater during the awareness/experienced slip condition than the no-slip 

(t35 = -4.760, p < 0.001) and the unexpected slip condition, respectively (t45 = -3.764, p < 0.001).  

During the 100-200 ms and 200-300 ms intervals, a footwear x slip condition interaction effect 

was observed (F2, 66 = 17.109, p < 0.001 during the 100-200 ms interval; F2, 66 = 10.875, p < 0.001 during 

the 200-300 ms interval). Further analysis was conducted at each slip condition to determine differences 

between footwear groups. During the no-slip condition, there was a 110% and 100% greater left MH 

EMG activity in the OF compared to the BF group at the 100-200 ms and 200-300 ms interval, 

respectively (t22 = -2.308, p = 0.031 during the 100-200 ms interval; t 17 = -2.350, p = 0.031). However, 

during the unexpected slip condition, individuals in the BF group exhibited a 97% and 23% greater left 

MH EMG activity compared to the OF group at the 100-200 ms and 200-300 ms interval, respectively (t11 

= 8.384, p < 0.001 during the 100-200 ms interval; t22 = 1.286E+16, p < 0.001 during the 200-300 ms 

interval). No differences between footwear groups were observed during the awareness/experienced 

slip condition at both the 100-200 ms and 200-300 ms intervals (t22 = -1.411, p = 0.086 during the 100-

200 ms interval; t22 = -1.816, p = 0.083 during the 200-300 ms interval).   
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Left Vastus Lateralis  

(a)  (b) 

  

Left Medial Hamstrings 

(c)  (d) 

  

 

 

Figure 7: Mean ± 1 SEM EMG RMS amplitude of the left vastus lateralis for the (a) BF and (b) OF group, 

and of the left medial hamstrings for the (c) BF and (d) OF group. Grey squares with solid lines represent 

the no slip condition, black circles with solid lines represent the unexpected slip condition, and the black 

triangles with dashed lines represent the awareness/experienced slip condition. All time intervals are 

relative to left HS.  
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3.1.5.3 Left Tibialis Anterior 

 The left TA EMG activity was influenced by a three-way footwear x slip condition x time 

interaction effect (F6, 264 = 2.625, p = 0.017) (Figures 4a & 4b). Separate two-way ANOVAs were 

conducted for each time interval to determine whether there were any differences between footwear 

and slip conditions.   

During the 100-200 ms interval, a footwear x slip condition interaction effect was observed (F2, 66 

= 11.348, p < 0.001). Therefore, footwear was compared at each level of slip condition. In the no-slip 

condition, the OF group had a 50% greater TA activity compared to the BF group (t22 = -2.098, p = 0.048). 

However, during the unexpected slip condition, the BF group displayed a 53% greater muscle activation 

than the OF group (t11 = 4.366, p = 0.001). No differences between footwear groups were found in the 

awareness/experienced slip condition (t15 = -0.393, p = 0.700).  

During the 200-300ms interval, a main effect of condition was observed (F2, 66 = 126.559, p < 

0.001). Post-hoc analysis revealed that left TA EMG activity was 317% and 226% greater during the 

unexpected slip condition than the no-slip (t46 = -16.933, p < 0.001) and the awareness/experienced slip 

conditions, respectively (t40 = 12.817, p < 0.001).  

3.1.5.4 Left Medial Gastrocnemius 

 Left GM EMG activity was influenced by a footwear x time interaction effect (F3, 264 = 4.217, p = 

0.006) (Figures 4c & 4d). Post-hoc analyses revealed that during the 100-200 ms interval, individuals in 

the BF group had a 62% greater left GM EMG activity compared to the OF group (t55 = 4.218, p < 0.001). 

No differences between footwear groups were found at all other intervals.  

EMG activity was also affected by a main effect of condition (F2, 264 = 11.318, p < 0.001) (Figures 

4c & 4d). Post-hoc analysis revealed that EMG activity of the left GM was only greater by 36% during the 
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awareness/experienced slip condition compared to the unexpected slip condition (t173 = -3.755, p < 

0.001).  

 

Left Tibialis Anterior  

(a) (b) 

  

Left Medial Gastrocnemius  

(c)  (d) 

  

 

Figure 8: Mean ± 1 SEM EMG RMS amplitude of the left tibialis anterior for the (a) BF group and (b) OF 
group, and of the left medial gastrocnemius for the (c) BF group and (d) OF group. Grey squares with 
solid lines represent the no slip condition, black circles with solid lines represent the unexpected slip 
condition, and the black triangles with dashed lines represent the awareness/experienced slip condition. 
All time intervals are relative to left HS.   
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3.1.5.5 Right Vastus Lateralis 

 The right VL EMG amplitude was influenced by a three-way footwear x slip condition x time 

interaction effect (F2, 264 = 13.704, p < 0.001) (Figures 5a & 5b). A separate two-way ANOVA was 

performed at each time interval to identify relationships between footwear and slip conditions.  

During the -100-0 ms interval, a footwear x slip condition interaction effect was observed (F2, 66 = 

4.070, p = 0.022). When data between footwear groups for each slip condition were examined, 

differences only occurred during the awareness/experienced slip condition. Individuals in the OF group 

had an 86% greater activation of the right VL compared to individuals in the BF group (t12 = -2.265, p = 

0.042).  

During the 0-100 ms interval, a main effect of slip condition was observed (F2, 66 = 6.554, p = 

0.003). Post-hoc analysis revealed that right VL EMG activity was smaller by 44% during both the no-slip 

and the unexpected slip compared to the awareness/experienced slip condition (t36 = -3.203, p = 0.009; 

t43 = -2.745, p = 0.012, respectively).  

During the 100-200 ms interval, a footwear x slip condition interaction effect was observed (F2, 66 

= 23.767, p < 0.001). During the unexpected slip condition, individuals in the BF group had a 323% 

greater activation of the right VL when compared to individuals in the OF group (t13 = 5.686, p < 0.001).  

During the 200-300 ms interval, a footwear x slip condition interaction effect was observed (F2, 66 

= 162.188, p < 0.001). During the no-slip condition, individuals in the OF group had a 67% larger VL 

activation compared to the BF group (t15 = -2.159, p = 0.047). Conversely, during the unexpected slip 

condition, individuals in the BF group had a 54% larger VL EMG activity compared to the OF group (t22 = 

1.435E+16, p < 0.001).  
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3.1.5.6 Right Medial Hamstrings 

 The right MH EMG activity was affected by a footwear x time interaction effect (F3, 264 = 3.553, p 

= 0.015) (Figures 5c & 5d). During the -100-0 ms interval, individuals in the OF group was found to 

display greater muscle activation of the right MH by 50% when compared to the BF group (t70 = -2.752, p 

= 0.008). No differences between BF and OF were found at all other time intervals.  

Additionally, a slip condition x time interaction effect was observed (F6, 264 = 175.358, p < 0.001) 

(Figures 5c & 5d). Post-hoc analysis revealed no differences between slip conditions during the -100-0 

ms interval (F2, 69 = 2.095, p = 0.131). During the 0-100 ms interval, muscle activity of the right MH was 

greater by 233% and 150% during the awareness/experienced slip condition compared to the no-slip (t24 

= -4.379, p < 0.001) and the unexpected slip condition (t30 = -3.365, p < 0.001), respectively. However, no 

differences were observed between the no-slip and the unexpected slip conditions (t46 = -1.956, p = 

0.168). During the 100-200 ms interval, muscle activity of the right MH was found to be the greatest in 

the unexpected slip condition (52 ± 10 %MVC), then the awareness/experienced slip condition (13 ± 

11 %MVC), and least in the no-slip condition (5 ± 3 %MVC) (p < 0.001). Similarly, during the 200-300 ms 

interval, right MH muscle activation was greatest in the unexpected slip condition (69 ± 17 %MVC), then 

the awareness/experienced slip condition (7 ± 3 %MVC) and least in the no-slip condition (4 ± 1 %MVC) 

(p < 0.001). 
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Figure 9: Mean ± 1 SEM EMG RMS amplitude of the right vastus lateralis for the (a) BF and (b) OF group, 

and of the right medial hamstrings for the (c) BF and (d) OF group. Grey squares with solid lines 

represent the no slip condition, black circles with solid lines represent the unexpected slip condition, 

and the black triangles with dashed lines represent the awareness/experienced slip condition. All time 

intervals are relative to left HS.   



 38 
 

3.1.5.7 Right Tibialis Anterior 

 Right TA muscle activity was found to be affected by a three-way footwear x slip condition x 

time interaction effect (F6, 254 = 3.838, p < 0.001) (Figures 6a & 6b). Each time interval was further 

analyzed with a two-way ANOVA to determine the differences between footwear and slip conditions.  

A main effect of footwear was found during both the -100-0 ms and 0-100 ms intervals. 

Specifically, individuals in the BF group had an 83% and 33% greater TA activity compared to the OF 

group during the -100-0 ms and 0-100 ms intervals, respectively (F1, 66 = 17.402, p < 0.001 during the -

100-0 ms interval; F1, 66 = 4.490, p = 0.038 during the 0-100 ms interval).  

However, at the 100-200 ms interval, a footwear x slip condition interaction effect was found (F2, 

66 = 8.716, p < 0.001). When data between footwear groups for each slip condition were examined, 

differences were only observed in the unexpected slip condition. Individuals in the BF group had a 200% 

greater right TA muscle activation compared to the OF group (t14 = 5.956, p < 0.001).  

During the 200-300 ms interval, a main effect of footwear indicated that the BF group had a 21% 

greater right TA muscle activation compared to the OF group (F1, 66 = 10.451, p = 0.002). A main effect of 

condition was also observed (F2, 66 = 131.445, p < 0.001). Post-hoc analysis revealed that the right TA was 

215% and 142% more activated during the unexpected slip condition compared to both the no-slip (t38 = 

-19.337, p < 0.001) and awareness/experienced slip conditions (t30 = 11.631, p < 0.001), respectively. 

However, no differences were observed between the no-slip condition and awareness/experienced slip 

condition (t46 = -1.524, p = 0.402). 

3.1.5.8 Right Medial Gastrocnemius  

 Right GM muscle activity was influenced by a three-way footwear x slip condition x time 

interaction effect (F6, 264 = 4.057, p < 0.001) (Figures 6c & 6d). In order to determine differences between 

footwear and slip condition, two-way ANOVAs were performed at each time interval.  
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A main effect of footwear was observed during the -100-0 ms and 0-100 ms intervals, where the 

OF group had an 18% and 150% larger right GM muscle activation than the BF group, respectively (F1, 66 

= 18.610, p < 0.001 during the -100-0 ms interval; F1, 66 = 45.599, p < 0.001 during the 0-100 ms interval). 

However, both groups displayed a decrease in right GM activation between the -100-0 ms interval to the 

0-100 ms interval. The OF group had a decrease of 55% while the BF group had a decrease of 79%.  

During the 100-200 ms interval, analysis revealed a footwear x slip condition interaction effect 

(F2, 66 = 24.135, p < 0.001). Further analysis was conducted at each slip condition to identify differences 

between footwear groups. In the no-slip condition, the OF group had an 83% greater GM EMG activity 

compared to the BF group (t12 = -2.883, p = 0.014). However, in the unexpected slip condition, the BF 

group displayed a 400% greater right GM muscle activation than the OF group (t11 = 4.168, p = 0.002). 

Conversely, in the awareness/experienced slip condition, the OF group had a 138% greater right GM 

muscle activation compared to the BF group (t13 = -4.059, p = 0.001).  

During the 200-300 ms interval, a main effect of condition was found (F2, 66 = 90.031, p < 0.001). 

Post-hoc analysis revealed that muscle activation of the right GM was greatest in the unexpected slip 

condition (57 ± 24 %MVC), then in the awareness/experienced slip condition (11 ± 6 %MVC), and least in 

the no-slip condition (7 ± 3 %MVC) (p < 0.05). 
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Figure 10: Mean ± 1 SEM EMG RMS amplitude of the right tibialis anterior for the (a) BF group and (b) 

OF group, and of the right medial gastrocnemius for the (c) BF and (d) OF group. Grey squares with solid 

lines represent the no slip condition, black circles with solid lines represent the unexpected slip 

condition, and the black triangles with dashed lines represent the awareness/experienced slip condition. 

All time intervals are relative to left HS.  
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3.1.6 Kinetics  

A summary of the significant differences observed in co-efficient of friction utilized, peak vertical 

force, and peak posterior force can be found in Table 7. 

 

Table 7: Footwear and slip condition differences observed in co-efficient of friction utilized, peak vertical 
force, and peak posterior force. BF = barefoot group, OF = occupational footwear group. NS = no-slip 
condition, UE = unexpected slip condition, AE = awareness/experienced slip condition. 

Measure Significant footwear effects Significant slip condition effects 

Co-efficient of friction utilized OF < BF   

Peak vertical force  NS > UE and AE 

Peak posterior force OF < BF  
 

NS > UE and AE 

 

 

3.1.6.1 Co-efficient of Friction Utilized  

 During the no-slip condition, COFu was greater when walking with BF (0.19 ± 0.03) compared to 

OF (0.16 ± 0.03) (t22 = 2.613, p = 0.016). 

3.1.6.2 Peak Vertical Force (Fz) 

 A two-way ANOVA revealed a main effect of slip condition on Fz (F2, 66 = 15.167, p < 0.001). Post-

hoc analysis indicated that a larger Fz was observed during the no-slip (10.6 ± 0.5 N/kg) compared to 

both the unexpected slip (8.7 ± 1.8 N/kg; t27 = 5.076, p < 0.001) and the awareness/experienced slip 

conditions (9.6 ± 0.9 N/kg; t37 = 4.640, p < 0.001). However, no differences were found between the 

unexpected and the awareness/experienced slip conditions (t34 = -2.247, p = 0.093). 

3.1.6.3 Peak Posterior Force (Fy) 

 A two-way ANOVA revealed a main effect of footwear on Fy (F1, 66 = 8.787, p = 0.004). Individuals 

in the BF group (-1.3 ± 0.5 N/kg) applied a larger posterior force upon HS than individuals in the OF 

group (-1.0 ± 0.4 N/kg). A main effect of slip condition was also found (F2, 66 = 17.762, p < 0.001), with 
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post-hoc analyses revealing that a greater Fy occurred during the no-slip (-1.5 ± 0.4 N/kg) compared to 

both the unexpected slip (-1.1 ± 0.6 N/kg; t38 = -2.909, p = 0.018) and the awareness/experienced slip 

conditions (-0.8 ± 0.2 N/kg; t39 = -7.929, p < 0.001).  

3.1.7 Kinematics  

A summary of the significant differences observed in the left foot angle, left ankle angle, and left 

knee angle can be found in Table 8. 

 

Table 8: Footwear and slip condition differences observed in the left foot angle, left ankle angle, and left 
knee angle. BF = barefoot group, OF = occupational footwear group. NS = no-slip condition, UE = 
unexpected slip condition, AE = awareness/experienced slip condition. All times are with respect to heel 
strike. 

Measure Significant footwear effects Significant slip condition effects 

Left foot angle (relative to 
ground) 

OF > BF 
 

UE > NS and AE 

Left ankle angle 
(plantarflexion) 

OF < BF during UE AE > NS @ 0 ms 
UE > NS and AE @ 200 and 300 ms 
 

Left knee angle (flexion) OF < BF @ 0 ms, 50 ms and 
100 ms 
 

AE > NS and UE @ -100 ms, -50 ms 
and 0 ms 
AE > UE @ 100 ms 
NS and AE > UE @ 200 ms 
UE > NS and AE @ 300 ms 

 

 

3.1.7.1 Left Foot Angle  

A main effect of footwear was observed, whereby the foot was in a 6° more dorsi-flexed 

position at HS for the OF (18 ± 11°) compared to the BF group (12 ± 8°) (F1, 189 = 29.976, p < 0.001). 

Furthermore, a main effect of slip condition was observed (F2, 189 = 14.724, p < 0.001), with greater dorsi-

flexion observed during the unexpected slip (19 ± 9°) compared to both the no-slip (15 ± 11°; t136 = -

2.389, p = 0.045) and the awareness/experienced slip conditions (11 ± 9°, t136 = 5.016, p < 0.001).  
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3.1.7.2 Left Ankle Angle  

 Ankle angle was influenced by a slip condition x time interaction effect (F12, 441 = 4.926, p < 0.001) 

(Figures 7a & 7b). Post-hoc analyses were conducted at each time interval to determine if differences 

occurred between slip conditions. It was found that at HS, the ankle was in a 6° more plantar flexed 

position during the awareness/experienced compared to the no-slip condition (t44 = 2.441, p = 0.049). At 

200 ms post HS, there was a 15° and 11° greater ankle plantar flexion during the unexpected slip 

compared to the no-slip (t44 = 5.876, p < 0.001) and the awareness/experienced slip conditions (t44 = -

5.589, p < 0.001), respectively. Similarly, at 300 ms post HS, the ankle was in a 14° and 11° more plantar 

flexed position during the unexpected compared to the no-slip (t44 = 5.784, p < 0.001) and 

awareness/experienced slip conditions (t44 = -5.852, p < 0.001), respectively.  

Ankle angle was also influenced by a footwear x slip condition interaction effect (F2, 441 = 5.393, p 

= 0.005) (Figures 7a & 7b). Results revealed that ankle angle was only different between footwear during 

the unexpected slip condition, with a 2° greater plantar flexion in the BF compared to the OF group (t159 

= -2.382, p = 0.036).  

3.1.7.3 Left Knee Angle  

 Knee angle was influenced by a footwear x time interaction effect (F6, 441 = 4.216, p < 0.001) 

(Figures 7c & 7d). Further analysis revealed that at HS (t67 = 2.951, p = 0.004), 50 ms post-HS (t67 = 5.561, 

p < 0.001), and 100 ms post-HS (t67 = 3.689, p < 0.001), greater knee flexion was observed in the BF 

compared to the OF group by 38%, 67%, and 38%, respectively. From HS to 50 ms post-HS, knee flexion 

increased in the BF group by 36% (4°), whereas a smaller increase (13% or 1°) in knee flexion was 

observed in the OF group. These differences were further increased at 100 ms post-HS, with a 15% and 

44% increase in knee flexion in the BF and the OF groups, respectively.  
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Knee angle was also influenced by a slip condition x time interaction effect (F12, 441 = 11.731, p < 

0.001) (Figures 7c & 7d). Post-hoc analysis revealed a greater knee flexion during the 

awareness/experienced slip condition compared to both the no-slip and the unexpected slip conditions 

at 100 ms prior to HS (p <0.001 - 0.027), 50 ms prior to HS (p < 0.001), and at HS (p < 0.001). At 100 ms 

post-HS, a 5° (or 28%) greater knee flexion was found during the awareness/experienced slip condition 

compared to the unexpected slip condition (t44 = -3.629, p < 0.001). At 200 ms post-HS, a 125-138% (or 

10-11°) greater knee flexion was found in the no-slip and awareness/experienced slip conditions 

compared to the unexpected slip condition (t44 = 6.930, p < 0.001; t44 = -8.174, p < 0.001, respectively). 

Lastly, at 300 ms post-HS, a 80% and 59% greater knee flexion was found during the unexpected slip 

compared to both the no-slip (t28 = -4.682, p < 0.001) and the awareness/experienced slip conditions (t28 

= 3.917, p < 0.001), respectively.  
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Figure 11: Mean ± 1 SEM of the left ankle angle for the (a) BF and (b) OF group, and of the left knee 

angle for the (c) BF and (d) OF group. Grey squares with solid lines represent the no slip condition, black 

circles with solid lines represent the unexpected slip condition, and the black triangles with dashed lines 

represent the awareness/experienced slip condition. All times are relative to left HS.  
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3.2 Habituation Effects  

 Habituation effects on slip responses were assessed using two-way ANOVAs (Footwear x Slip 

Trial) for the kinetic, gait speed, heel slip distance, and peak heel slip velocity measures. Additionally, 

three-way ANOVAs (Footwear x Slip Trial x Time) were performed to assess habituation effects for the 

EMG and kinematic measures. Since it was hypothesized that being aware and having experienced a 

previous slip will shift the slip outcome to a no-slip response through adaptive gait, only significant main 

and interaction effects involving slip trial as a factor are reported and a summary of these differences 

can be found in Table 9. All other statistical findings can be found in Appendix C.  

 

Table 9: Habituation effects observed in the left medial hamstrings, left medial gastrocnemius, right 

medial hamstrings, and right medial gastrocnemius EMG. BF = barefoot group, OF = occupational 

footwear group. First = first slip trial after the unexpected slip trial, Last = last slip trial. All times are with 

respect to heel strike. 

Measure Significant slip trial effects 

Left medial hamstrings EMG First > Last  
 

Left medial gastrocnemius EMG  First > Last  

Right medial hamstrings EMG  First > Last @ 100-200 ms  

Right medial gastrocnemius EMG  First > Last @ -100-0 ms (in BF)  
First < Last @ -100-0 ms (in OF)   
First > Last @ 200-300 ms (in OF)  

 

 

3.2.1 Gait Speed  

Gait speed was not different between the first and last trials of the awareness/experienced slip 

condition for either the BF (125 ± 20 cm/s and 131 ± 18 cm/s for the first and last trials, respectively) 

and OF groups (115 ± 16 cm/s and 115 ± 21 cm/s for the first and last trials, respectively).  
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3.2.2 Heel Slip Distance  

 No main or interaction effects involving slip trial were observed for heel slip distance. Across 

both groups and trials, the average heel slip distance during the awareness/experienced slip condition 

was 0.4 ± 0.3 cm. 

3.2.3 Peak Heel Slip Velocity  

 Peak heel slip velocity was not influenced by slip trial. Across both groups and trials, the average 

peak heel slip velocity during the awareness/experienced slip condition was 7 ± 6 cm/s.  

3.2.4 Slip Outcome  

 Chi-square tests indicated no difference in slip outcome between footwear and slip trials (χ2 (1, 

N=44) = 0.226, p = 1.000). Two (18%) participants in the BF group exhibited a micro-slip during the first 

trial after the unexpected slip trial and this decreased to one participant by the last trial (χ2 (1, N=22) = 

0.386, p = 1.000). In contrast, one (9%) participant in the OF group experienced a micro-slip during both 

the first and last trial of the awareness/experienced slip condition (χ2 (1, N=22) = 0.000, p = 1.000).  

3.2.5 Muscle Activity   

 Results revealed no main or interaction effects involving slip trial as a factor for the left VL, left 

TA and right TA EMG activity.  

3.2.5.1 Left Medial Hamstrings  

 Main effect of slip trial indicated a 23% decrease in the left MH EMG activity from the first to the 

last awareness/experienced trial (F1, 176 = 11.297, p < 0.001) (Figures 8a & 8b).  

3.2.5.2 Left Medial Gastrocnemius 

 Main effect of slip trial indicated a 21% decrease in left GM EMG activity from the first to the 

last trial of the awareness/experienced condition (F1, 176 = 6.485, p = 0.012) (Figures 8c & 8d).   
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Left Medial Hamstrings 

(a)  (b) 

    

Left Medial Gastrocnemius  

(c) (d) 

    

 

Figure 12: Mean ± 1 SEM EMG RMS amplitude of the left medial hamstrings for the (a) BF and (b) OF 

group, and of the left medial gastrocnemius for the (c) BF and (d) OF group. Black squares with solid 

lines represent the first awareness/experienced slip trial and the black circles with dashed lines 

represent the last awareness/experienced slip trial. All time intervals are relative to left HS.   
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3.2.5.3 Right Vastus Lateralis 

 A footwear x slip trial x time interaction effect was observed (F3, 176 = 3.688, p = 0.013) (Figures 

9a & 9b). Each time interval was further analyzed to examine differences between footwear and slip 

trials. Although a footwear x slip trial effect was observed during both the -100-0 ms and the 200-300 

ms intervals (F1, 44 = 4.637, p = 0.037; F1, 44 = 7.822, p = 0.008, respectively), further post-hoc analyses 

revealed no significant trial-to-trial differences for the BF and OF groups at either time interval.  

3.2.5.4 Right Medial Hamstrings 

 The right MH EMG activity was influenced by a footwear x slip trial x time interaction effect (F3, 

176 = 3.102, p = 0.028) (Figures 9c & 9d). A two-way ANOVA was conducted at each time interval to 

further examine the effects between footwear and slip trials. A main effect of slip trial was only 

observed during the 100-200 ms interval, where EMG activity decreased by 16% from the first to the last 

slip trial (F1, 44 = 12.248, p < 0.001).  
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Right Vastus Lateralis  

(a) (b) 

  

Right Medial Hamstrings  

(c) (d) 

  

 

Figure 13: Mean ± 1 SEM EMG RMS amplitude of the right vastus lateralis for the (a) BF and (b) OF group, 

and of the right medial hamstrings for the (c) BF and (d) OF group. Black squares with solid lines 

represent the first awareness/experienced slip trial and the black circles with dashed lines represent the 

last awareness/experienced slip trial. All time intervals are relative to left HS.  
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3.2.5.5 Right Medial Gastrocnemius  

 The right GM EMG activity was influenced by a footwear x slip trial x time interaction effect (F3, 

176 = 10.145, p < 0.001) (Figures 10a & 10b). Therefore, further analysis was conducted at each time 

interval to assess for differences between footwear and slip trials.  

During the -100-0 ms interval, a footwear x slip trial interaction effect was found (F1, 44 = 136.003, 

p < 0.001). Results revealed that in the BF group, right GM EMG activity decreased by 11% from the first 

to the last awareness/experienced slip trial (t12 = 8.087, p < 0.001). Conversely, in the OF group, there 

was a 30% increase in EMG activity from the first to the last awareness/experienced slip trial (t11 = -

9.286, p < 0.001).  

During the 200-300 ms interval, a footwear x slip trial interaction effect was observed (F1, 44 = 

7.221, p = 0.010). Results revealed that in the OF group, EMG activity decreased by 42% from the first to 

last awareness/experienced slip trial (t13 = 2.310, p = 0.039). In contrast, no trial-to-trial differences were 

observed in the BF group (t12 = -1.480, p = 0.164).   
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Right Medial Gastrocnemius  

(a)  (b) 

  

 

Figure 14: Mean ± 1 SEM EMG RMS amplitude of the right medial gastrocnemius for the (a) BF and (b) 
OF group. Black squares with solid lines represent the first awareness/experienced slip trial and the 
black circles with dashed lines represent the last awareness/experienced slip trial. All time intervals are 
relative to left HS.  

 

3.2.6 Kinetics 

 Both Fz and Fy were not influenced by any main or interaction effects involving slip trial.  

3.2.7 Kinematics 

 No differences in foot angle, ankle angle, and knee angle were observed between the first and 

last trials of the awareness/experienced slip condition for both footwear groups. 

4. Discussion  

The purpose of this thesis was to determine if slip recovery responses and slip outcome in 

response to an unexpected slip during walking are influenced by OF. It was hypothesized that compared 

to BF, wearing OF would hinder slip recovery responses, as reflected by greater muscle activation, 

smaller foot, ankle and knee angles, larger shear forces, as well as a greater slip distance and velocity. It 

was also hypothesized that once individuals are aware and have experienced a slip,  the slip outcome 
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would shift to a no-slip response through exhibiting a flatter foot angle, decrease in shear forces, 

increase in knee flexion, and increase in pre-slip muscle activation. These adaptations were however, 

hypothesized to occur more gradually for individuals walking in OF than in BF. 

4.1 No-Slip Walking Trials for BF vs. OF  

As hypothesized, individuals walking in OF displayed greater muscle activation of both the left 

(stance) and right limbs compared to walking in BF. This difference might reflect an increased effort 

needed to move the heavier and restricted lower limbs as a result of wearing OF. This would support 

previous research studies using a cross-over, randomized controlled comparison design that found that 

the greater muscle activation patterns observed when walking in OF can be attributed to the increased 

heel height, mass, boot shaft stiffness, and boot shaft height of the OF (Dobson et al., 2017; Goto & Abe, 

2017; Murley et al., 2009).  

In opposition to our hypothesis, individuals in the OF group exhibited greater dorsi-flexion at 

heel contact (HC) than those in the BF group. This would indicate that walking in OF is more likely to 

result in a rear-foot strike (i.e., greater foot-floor angle) than a fore-foot or mid-foot strike, both of 

which are associated with a smaller foot-floor angle at HC (Franklin et al., 2015). However, in-support of 

our hypothesis, individuals in the OF group demonstrated a smaller amount of knee flexion when 

compared to the BF group, suggesting that OF may have restricted the knee range of motion.  

Differences in joint kinematics and EMG may explain why the OF group applied 23% less 

posterior horizontal force compared to the BF group. This finding is consistent with previous studies, 

where walking in OF with the presence of soles resulted in a decreased COFu (Tsai & Powers, 2008), 

whereas walking in BF lead to greater shear forces and a larger COFu (Redfern et al., 2001). 

Although gait speed, which is known to influence joint kinematics and the peak horizontal force 

(Burnfield & Powers, 2003; Lelas et al., 2003; Riley et al., 2001), was different between footwear groups, 
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both groups walked within a normal gait speed range (120-140 cm/s). Therefore, it is unlikely that 

differences in EMG, kinematics, and kinetics between footwear groups were significantly influenced by 

gait speed. However, since the current study compared gait parameters between two groups of subjects, 

each experiencing different footwear conditions, it cannot be established whether differences in gait 

speed were specifically the result of footwear or participants. Therefore, future studies should collect 

walking data from each participant in both footwear conditions in order to conclusively determine 

whether wearing OF results in differences in walking. 

4.2 Unexpected Slip for BF vs. OF  

When the first slip was unexpectedly experienced, both groups responded with a macro-slip. 

While the slip outcome was the same between footwear groups, slips experienced while walking in OF 

lead to a smaller heel slip distance and a slower heel slip velocity. This is surprising because in previous 

static and dynamic balance tests, wearing OF with soles were found to absorb and dissipate sensory 

information from the ground, resulting in delayed postural response latencies (Chander et al., 2015c). 

Our findings also differed from previous slip studies that demonstrated that footwear with harder soles, 

more mass, higher heels, greater boot shaft rigidity increases slip severity and the likelihood of 

experiencing slip (Blanchette et al., 2011; Chander et al., 2016; Chander et al., 2018; Tsai & Powers, 

2008). However, it is important to note that previous research compared slips occurring between 

different types of footwear, whereas the current study compared OF with BF. Further, our findings may 

be due to the OF group applying smaller applied shear forces when walking, which would naturally lead 

to a smaller slip severity. 

Due to differences in slip severity between footwear groups, it is not surprising that the 

corresponding slip response also differed between groups. As a slip was experienced, the OF group 

responded with a smaller magnitude of lower limb muscle activation in both limbs compared to the BF 
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group. When combined with the findings of a smaller left knee flexion and less left ankle plantar-flexion 

in the OF group, it would appear that experiencing a slip while wearing OF requires less muscular effort 

to bring the foot closer to the body to regain stability as well as to reach flat foot to decrease slip 

severity. These results also suggest that the OF group requires less muscle activation to prepare and 

continue with right toe off, in order to recover gait. 

Individuals in the OF group may have also slipped less and slower due to differences in their 

normal walking pattern as discussed in the previous section. These alterations include the greater foot-

floor angle and less applied shear forces prior to and at HS in the slip limb. Previous research has found 

that greater foot-floor angles (i.e., greater dorsi-flexion) in OF was associated with a greater slip severity 

(Wang et al., 2020). However, it has also been noted that greater foot angles are associated with shorter 

step length and lower step frequency, thus decreasing risk of slips (Wang et al., 2020; Yandell & Zelik, 

2016). 

4.3 Aware/Experienced Slip Trials for BF vs. OF  

Once individuals experienced a slip and became aware of the potential for a slip, slip outcomes 

shifted from a macro-slip to a micro-slip or a no slip response for both footwear groups. Changes 

occurred immediately after the first unexpected slip trial, with few differences between footwear 

groups and between the first and last awareness/experienced slip trials. This made assessing the 

habituation of responses to a slip perturbation difficult, since individuals were no longer experiencing a 

slip or a perturbation after the first slip trial. Nonetheless, once participants were aware of the low 

friction surface, they seemed to adopt a more cautious gait. This was reflected by a reduced foot angle, 

increased ankle angle, and increased knee flexion of the stepping limb when approaching and contacting 

the low friction surface, presumably to decrease the applied shear forces and consequently, to reduce 

the risk of slipping. (Heiden et al., 2006; Pai & Bhatt, 2007; Siegmund et al., 2006).  
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At HS, increased EMG activity was observed in both the slip and contralateral limbs when 

compared to the normal walking and the unexpected slip trials. This anticipatory pre-slip muscle 

activation strategy, likely acts to decrease shear forces by increasing knee flexion of the stance limb (Pai 

& Bhatt, 2007) and allows for the preparation of a faster push-off and swing in the contralateral limb. 

This would help recapture the COM earlier in response to the left limb striking the low friction surface. 

Since a less severe slip was encountered post-HS, participants in both OF and BF required less EMG 

activity compared to the unexpected slip trials during the recovery phase. 

4.4 Implications  

The results of this study suggest that wearing OF alters an individual’s gait biomechanics and 

subsequently, decreases slip risk and slip severity. This might be achieved through a larger foot angle 

(i.e., more dorsi-flexion), a smaller ankle angle (i.e., less plantar-flexion), and smaller applied shear 

forces. It is possible, but cannot be concluded, that footwear characteristics such as boot rigidity, sole 

height, and mass contributed to these observed changes in gait and slip recovery responses. Further, it 

is inconclusive as to whether the altered slip recovery responses are more or less efficient than walking 

in BF due to differences in slip severity. Nevertheless, this study’s results build on existing evidence that 

footwear influences slip risk and responses, and provides biomechanical insights into differences with 

muscle activation, kinematic, and kinetic measures in response to a slip. 

4.5 Limitations and Future Directions  

Since the current study investigated differences in slip responses and outcome between BF and 

OF, the study is limited in determining how footwear characteristics influence these results. Future 

studies should focus on comparing different types of footwear characteristics in order to determine 

whether and how specific footwear characteristics influence slip outcome or slip responses.  
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Whereas the current study only examined backward slips at HS, it should be noted that slips can 

also occur at toe-off. Further research is required to identify whether the type of slip event and the 

corresponding slip recovery responses are affected by OF.  

Lastly, the effects of awareness and experience of slips as well as habituation could be better 

examined with modifications to the experimental protocol. In this study, participants were aware that 

the low friction surface only applied to a specific piece of paper located in the same location. Therefore, 

it is likely that participants only needed to alter their gait just prior to stepping onto this location. 

Although some effects of habituation were noted, participants did not experience subsequent slips after 

the first unexpected slip trial and therefore, makes the analysis of habituation effects difficult. Future 

research should consider having pieces of paper laid out throughout the walkway so that participants 

are blinded to which piece is of a low friction surface and consequently, which specific step will induce a 

slip. In this way, participants will still be aware that a low friction surface is present but will be required 

to modify their gait over the entire distance of the walkway. 

5. Conclusion  

This research study aimed to identify if wearing OF would alter slip outcome and slip recovery 

responses. Compared to walking in BF, it was found that wearing OF resulted in the same slip outcome 

but to a lesser magnitude during an unexpected slip. Consequently, once a slip was experienced, 

individuals walking in OF demonstrated less muscle activation and smaller changes in joint kinematics to 

regain stability. Despite these findings, it cannot be determined whether slip recovery responses while 

wearing OF are considered to be more or less efficient than when walking in BF. Future OF slip research 

should focus on comparing specific footwear characteristics to determine the effectiveness of slip 

recovery responses in different types of OF.   
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7. Appendices 

Appendix A: Occupational Footwear Experience Questionnaire  

Participant ID:   

Occupational Footwear Experience Questionnaire 

Age:   Sex (Circle): M / F / X   Limb Dominance (Circle): L / R [kicking leg] 

Height (cm):    Weight (kg):   

 

QUESTION 1. Do you currently or have you previously worked (Circle): Y / N  

If NO, you can STOP here.   

If Yes,  

 a) What sector (current or most recent work):     

 b) How many years:   

 c) How many hours per week do you work?   

 d) How many hours per day do you stand at work?   

 e) How many hours per day do you walk at work?   

QUESTION 2. At your current or most recent work, do/did you use standardized occupational 
footwear (Circle): Y / N  

If NO, please skip to QUESTION 3.  

If Yes, 

 a) Please indicate the type (e.g. CSA standardized):   

 b) If possible, specify the type:   

 c) How many years:   

 d) Please circle the characteristics that best describes your footwear:  

      Low Top / High Top ; Leather / Rubber ; Rigid / Soft ; Flat / Elevated Heel  

QUESTION 3.  Have you ever been injured at work (Circle)? Y / N  

If NO, STOP here.  

If Yes,  

a) Were any of these injuries due to a slip, trip, or as a result of unsuitable footwear (Circle)? Y / N 

If Yes, please specify:  

 How many times?   

 Did the injury lead to lost time from work (Circle)? Y / N 
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Appendix B: Summary of Statistical Results for Slip Recovery Responses  

Note: All significant differences are indicated by the asterisk (*), where p < 0.05.  

Gait Speed 

2 way ANOVA  df F Sig. 

Footwear x Slip Condition  2, 63 0.133 0.876 

Slip Condition  2, 63 0.993 0.376 

*Footwear 1, 63 9.845 0.003 

 

Heel Slip Distance 

2 way ANOVA  df F Sig. 

*Footwear x Slip Condition  2, 63 34.710 < 0.001 

Independent t-test (Group) df t Sig. 

*No-Slip Condition  21 -3.910 < 0.001 

*Unexpected Slip Condition  15 5.629 < 0.001 

Awareness/Experienced Slip Condition  12 -2.086 0.058 

 

Peak Heel Slip Velocity 

2 way ANOVA  df F Sig. 

*Footwear x Slip Condition 2, 63 14.765 < 0.001 

Independent t-test (Group) df t Sig. 

*No-Slip Condition  11 -7.281 < 0.001 

*Unexpected Slip Condition  14 3.396 0.004 

*Awareness/Experienced Slip Condition  12 -2.376 0.035 

 

Slip Outcome 

 Unexpected Slip df Value Sig.  

Chi-Square Test  1 1.480 1.000 
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Left Vastus Lateralis 

3 way ANOVA  df F Sig. 

Footwear x Slip Condition x Time  6, 264 0.575 0.750 

*Slip Condition x Time  6, 264 9.607 < 0.001 

*Footwear x Time  3, 264 3.047 0.029 

Footwear x Slip Condition  2, 264 0.272 0.762 

1 way ANOVA (Slip Condition)        

Time df F Sig.  

 -100-0 ms  2, 69 1.548 0.220 

0-100 ms  2, 69 0.828 0.441 

100-200 ms  2, 69 1.751 0.810 

*200-300 ms  2, 69 64.142 < 0.001 

Post-hoc (200-300 ms)        

Independent t-test (Slip Condition) df t Sig. 

*No-Slip vs. Unexpected 46 -10.234 < 0.001 

No-Slip vs. Aware/Experienced 46 -1.749 0.261 

*Unexpected vs. Aware/Experienced  46 7.937 < 0.001 

Independent t-test (Footwear)        

Time df t Sig.  

*-100-0 ms  55 -2.619 0.011 

0-100 ms  70 -0.067 0.501 

*100-200 ms  60 -3.763 <0.001 

200-300 ms  70 -0.313 0.755 
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Left Medial Hamstrings 

3 way ANOVA    df F Sig. 

*Footwear x Slip Condition x Time    6, 264 4.576 < 0.001 

2 way ANOVA (Footwear x Slip Condition)        

Time  Source df F Sig. 

-100-0 ms Footwear x Slip Condition  2, 66 0.330 0.720 

  Slip Condition  2, 66 2.947 0.059 

  *Footwear 1, 66 22.744 < 0.001 

0-100 ms  Footwear x Slip Condition 2, 66 1.019 0.366 

  *Slip Condition  2, 66 17.508 < 0.001 

  *Footwear  1, 66 21.664 < 0.001 

100-200 ms  *Footwear x Slip Condition  2, 66 17.109 < 0.001 

200-300 ms  *Footwear x Slip Condition 2, 66 10.875 < 0.001  

Post-hoc (0-100 ms)          

Independent t-test (Slip Condition)   df t Sig.  

No-Slip vs. Unexpected    39 -0.510 0.867 

*No-Slip vs. Aware/Experienced   35 -4.760 < 0.001 

*Unexpected vs. Aware/Experienced    45 -3.764 < 0.001 

Independent t-test @ 100-200 ms 
(Footwear)    df t Sig. 

*No-Slip Condition   22 -2.308 0.031 

*Unexpected Slip Condition   11 8.384 < 0.001 

Awareness/Experienced Slip Condition   22 -1.411 0.086 

Independent t-test @ 200-300 ms 
(Footwear)    df t Sig. 

*No-Slip Condition   17 -2.350 0.031 

*Unexpected Slip Condition   22 
1.29E+
16 < 0.001 

Awareness/Experienced Slip Condition   22 -1.816 0.086 
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Left Tibialis Anterior 

3 way ANOVA    df F Sig. 

*Footwear x Slip Condition x Time    6, 264 2.625 0.017 

2 way ANOVA (Footwear x Slip Condition)        

Time  Source df F Sig. 

 -100-0 ms  Footwear x Slip Condition  2, 66 0.402 0.671 

  Footwear 1, 66 0.002 0.968 

  Slip Condition  2, 66 0.360 0.699 

0-100 ms  Footwear x Slip Condition 2, 66 0.823 0.444 

  Footwear 1, 66 3.217 0.077 

  Slip Condition  2, 66 1.213 0.304 

100-200 ms  *Footwear x Slip Condition  2, 66 11.348 < 0.001 

200-300 ms  Footwear x Slip Condition 2, 66 0.098 0.906 

  Footwear 1, 66 0.173 0.679 

  *Slip Condition  2, 66 126.559 < 0.001 

Independent t-test @ 100-200 ms 
(Footwear)    df t Sig. 

*No-Slip Condition   22 -2.098 0.048 

*Unexpected Slip Condition   11 4.366 0.001 

Awareness/Experienced Slip Condition   15 -0.393 0.700 

Post-hoc (200-300 ms)          

Independent t-test (Slip Condition)   df t Sig. 

*No-Slip vs. Unexpected   46 -16.933 < 0.001 

*Unexpected vs. Aware/Experienced   40 12.817 < 0.001 

No-Slip vs. Aware/Experienced   46 -1.159 0.759 
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Left Medial Gastrocnemius 

3 way ANOVA  df F Sig. 

Footwear x Slip Condition x Time  6, 264 1.473 0.198 

Slip Condition x Time  6, 264 0.598 0.732 

*Footwear x Time  3, 264 4.217 0.006 

Footwear x Slip Condition  2, 264 2.760 0.065 

*Slip Condition  2, 264 11.318 < 0.001 

Independent t-test (Footwear)  df t Sig. 

 -100-0 ms  53 0.924 0.360 

0-100 ms  63 1.273 0.208 

*100-200 ms  55 4.218 < 0.001 

200-300 ms  56 -0.054 0.957 

Post-hoc (Slip Condition)  df t Sig. 

No-Slip vs. Unexpected 174 1.089 0.834 

*Unexpected vs. Aware/Experienced 173 -3.755 < 0.001 

No-Slip vs. Aware/Experienced 190 -2.352 0.060 
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Right Vastus Lateralis 

3 way ANOVA    df F Sig. 

*Footwear x Slip Condition x Time   6, 264 13.704 < 0.001 

2 way ANOVA (Footwear x Slip Condition)        

Time  Source df F Sig. 

-100-0 ms  *Footwear x Slip Condition  2, 66 4.070 0.022 

0-100 ms  Footwear x Slip Condition  2, 66 0.226 0.798 

  *Slip Condition  2, 66 6.554 0.003 

  Footwear  1, 66 1.067 0.305 

100-200 ms  *Footwear x Slip Condition  2, 66 23.767 < 0.001 

200-300 ms *Footwear x Slip Condition 2, 66 162.188 < 0.001 

Independent t-test @ -100-0 ms (Footwear)  df t Sig. 

No-Slip Condition    22 0.123 0.903 

Unexpected Slip Condition   13 1.589 0.126 

*Awareness/Experienced Slip 
Condition   12 -2.265 0.042 

Post-hoc (0-100 ms)          

Independent t-test    df t Sig.  

No-Slip vs. Unexpected    41 -0.191 0.980 

*No-Slip vs. Aware/Experienced   36 -3.203 0.009 

*Unexpected vs. Aware/Experienced   43 -2.745 0.012 

Independent t-test @ 100-200 ms (Footwear)  df t Sig. 

No-Slip Condition    17 0.200 0.844 

*Unexpected Slip Condition   13 5.686 < 0.001 

Awareness/Experienced Slip Condition   12 1.947 0.075 

Independent t-test @ 200-300 ms (Footwear)  df t Sig. 

*No-Slip Condition    15 -2.159 0.047 

*Unexpected Slip Condition   22 1.44E+16 < 0.001 

Awareness/Experienced Slip Condition   13 1.447 0.172 
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Right Medial Hamstrings 

3 way ANOVA  df F Sig. 

Footwear x Slip Condition x Time  6, 264 1.895 0.082 

*Slip Condition x Time  6, 264 175.358 < 0.001 

*Footwear x Time  3, 264 3.553 0.015 

Footwear x Slip Condition 2, 264 2.876 0.058 

Independent t-test (Footwear)        

Time df t Sig. 

*-100-0 ms  70 -2.752 0.008 

0-100 ms  70 -0.405 0.687 

100-200 ms  64 0.937 0.352 

200-300 ms  70 0.202 0.840 

1 way ANOVA (Slip Condition)        

Time df F Sig. 

-100-0 ms  2, 69 2.095 0.131 

*0-100 ms  2, 69 14.183 < 0.001 

*100-200 ms  2, 69 205.943 < 0.001 

*200-300 ms  2, 69 316.475 < 0.001 

Post-hoc (0-100 ms)        

Independent t-test  df t Sig. 

No-Slip vs. Unexpected 46 -1.956 0.168 

*No-Slip vs. Aware/Experienced 24 -4.379 < 0.001 

*Unexpected vs. Aware/Experienced 30 -3.365 < 0.001 

Post-hoc (100-200 ms)        

Independent t-test  df t Sig. 

*No-Slip vs. Unexpected 28 -22.812 < 0.001 

*No-Slip vs. Aware/Experienced 27 -3.753 < 0.001 

*Unexpected vs. Aware/Experienced 46 13.023 < 0.001 

Post-hoc (200-300 ms)        

Independent t-test  df t Sig. 

*No-Slip vs. Unexpected 23 -18.408 < 0.001 

*No-Slip vs. Aware/Experienced 33 -4.400 < 0.001 

*Unexpected vs. Aware/Experienced 24 17.437 < 0.001 
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Right Tibialis Anterior 

3 way ANOVA    df F Sig. 

*Footwear x Slip Condition x Time   6, 264 3.838 0.001 

2 way ANOVA (Footwear x Slip Condition)          

Time  Source df F Sig. 

 -100-0 ms  Footwear x Slip Condition  2, 66 0.124 0.884 

  Slip Condition  2, 66 0.599 0.552 

  *Footwear 1, 66 17.402 < 0.001 

0-100 ms  Footwear x Slip Condition  2, 66 0.074 0.929 

  Slip Condition  2, 66 1.087 0.343 

  *Footwear 1, 66 4.490 0.038 

100-200 ms  *Footwear x Slip Condition 2, 66 8.716 < 0.001 

200-300 ms  Footwear x Slip Condition  2, 66 0.442 0.645 

  *Slip Condition  2, 66 131.445 < 0.001 

  *Footwear 1, 66 10.451 0.002 

1 way ANOVA @ 100-200 ms (Footwear)   df t Sig. 

No-Slip Condition   22 1.041 0.309 

*Unexpected Slip Condition   14 5.956 < 0.001 

Awareness/Experienced Slip Condition   14 2.134 0.051 

Post-hoc (200-300 ms)          

Independent t-test    df t Sig. 

*No-Slip vs. Unexpected   38 -19.337 < 0.001 

No-Slip vs. Aware/Experienced   46 -1.524 0.402 

*Unexpected vs. Aware/Experienced    30 11.631 < 0.001 
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Right Medial Gastrocnemius 

3 way ANOVA    df F Sig. 

*Footwear x Slip Condition x Time   6, 264 4.057 < 0.001 

2 way ANOVA (Footwear x Slip Condition)        

Time  Source df F Sig. 

 -100-0 ms  Footwear x Slip Condition  2, 66 1.291 0.282 

  Slip Condition  2, 66 0.146 0.865 

  *Footwear  1, 66 18.610 < 0.001 

0-100 ms  Footwear x Slip Condition  2, 66 2.851 0.065 

  Slip Condition  2, 66 2.188 0.120 

  *Footwear 1, 66 45.599 < 0.001 

100-200 ms  *Footwear x Slip Condition  2, 66 24.135 < 0.001 

200-300 ms  Footwear x Slip Condition  2, 66 0.296 0.745 

  *Slip Condition  2, 66 90.031 < 0.001 

  Footwear  1, 66 0.607 0.439 

Independent t-test @ 100-200 ms 
(Footwear)    df t Sig. 

*No-Slip Condition   12 -2.883 0.014 

*Unexpected Slip Condition   11 4.168 0.002 

*Awareness/Experienced Slip Condition   13 -4.059 0.001 

Post-hoc (200-300 ms)          

Independent t-test    df t Sig. 

*No-Slip vs. Unexpected   24 
-
10.332 < 0.001 

*No-Slip vs. Aware/Experienced   31 -3.101 0.012 

*Unexpected vs. Aware/Experienced    26 9.221 < 0.001 

 

COFu (No-Slip Condition)  

Independent t-test (Footwear) df t Sig.  

*COFu  22 2.613 0.016 

 

Peak Vertical Force 

2 way ANOVA  df F Sig.  

Footwear x Slip Condition  2, 66 0.475 0.624 

 
2, 66 15.167 < 0.001 

Footwear 1, 66 0.293 0.590 

Post-hoc (Slip Condition)        

Independent t-test  df t Sig.  

*No-Slip vs. Unexpected 27 5.076 < 0.001 

*No-Slip vs. Aware/Experienced 37 4.640 < 0.001 

Unexpected vs. Aware/Experienced  34 -2.247 0.093 
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Peak Posterior Horizontal Force 

2 way ANOVA  df F Sig.  

Footwear x Slip Condition 2, 66 0.810 0.449 

*Slip Condition 2, 66 17.762 < 0.001 

*Footwear 1, 66 8.878 0.004 

Post-hoc (Slip Condition)        

Independent t-test  df t Sig.  

*No-Slip vs. Unexpected 38 -2.909 0.018 

*No-Slip vs. Aware/Experienced 39 -7.929 < 0.001 

Unexpected vs. Aware/Experienced  30 -2.096 0.135 

 

Foot Angle  

3 way ANOVA  df F Sig. 

Footwear x Slip Condition x Time  4, 189 0.110 0.979 

Slip Condition x Time  4, 189 0.195 0.941 

Footwear x Time  2, 189 1.613 0.202 

Footwear x Slip Condition 2, 189 0.119 0.888 

*Slip Condition  2, 189 14.724 < 0.001 

*Footwear  1, 189 29.975 < 0.001 

Post-hoc (Slip Condition)        

Independent t-test  df t Sig.  

*No-Slip vs. Unexpected 136 -2.389 0.045 

No-Slip vs. Aware/Experienced 136 2.216 0.084 

*Unexpected vs. Aware/Experienced  136 5.016 < 0.001 
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Ankle Angle  

3 way ANOVA  df F Sig. 

Footwear x Slip Condition x Time  12, 441 0.305 0.988 

*Slip Condition x Time  12, 441 4.926 < 0.001 

Footwear x Time  6, 441 1.710 0.117 

*Footwear x Slip Condition 2, 441 5.393 0.005 

1 way ANOVA (Slip Condition)        

Time df F Sig.  

-100 ms 2, 66 2.348 0.103 

-50 ms 2, 66 2.561 0.085 

*0 ms 2, 66 3.809 0.027 

50 ms 2, 66 2.286 0.110 

100 ms 2, 66 1.997 0.144 

*200 ms 2, 66 21.414 < 0.001 

*300 ms 2, 66 22.262 < 0.001 

Post-hoc (0 ms)        

Independent t-test  df t Sig.  

No-Slip vs. Unexpected 33 1.381 0.531 

*No-Slip vs. Aware/Experienced 44 2.441 0.049 

Unexpected vs. Aware/Experienced  44 1.659 0.312 

Post-hoc (200 ms)        

Independent t-test  df t Sig.  

*No-Slip vs. Unexpected 44 5.876 < 0.001 

No-Slip vs. Aware/Experienced 38 1.563 0.378 

*Unexpected vs. Aware/Experienced  44 -5.589 < 0.001 

Post-hoc (300 ms)        

Independent t-test  df t Sig.  

*No-Slip vs. Unexpected 44 5.784 < 0.001 

No-Slip vs. Aware/Experienced 36 1.363 0.543 

*Unexpected vs. Aware/Experienced  44 -5.852 < 0.001 

Independent t-test (Footwear) df t Sig.  

No-Slip Condition 153 1.627 0.212 

*Unexpected Slip Condition 159 -2.382 0.036 

Awareness/Experienced Slip Condition 159 -1.136 0.516 
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Knee Angle  

3 way ANOVA  df F Sig. 

Footwear x Slip Condition x Time  12, 441 0.749 0.703 

*Slip Condition x Time  12, 441 11.731 < 0.001 

*Footwear x Time  6, 441 4.216 < 0.001 

Footwear x Slip Condition 2, 441 0.353 0.702 

1 way ANOVA (Slip Condition)  df F Sig. 

*-100 ms  2, 66 7.575 0.001 

*-50 ms  2, 66 15.263 < 0.001 

*0 ms  2, 66 11.134 < 0.001 

*50 ms  2, 66 3.542 0.035 

*100 ms  2, 66 5.903 0.004 

*200 ms  2, 66 38.586 < 0.001 

*300 ms  2, 66 16.915 < 0.001 

Post-hoc (-100 ms)        

Independent t-test  df t Sig. 

No-Slip vs. Unexpected 44 1.099 0.834 

*No-Slip vs. Aware/Experienced 44 -2.476 0.027 

*Unexpected vs. Aware/Experienced  31 -3.671 < 0.001 

Post-hoc (-50 ms)        

Independent t-test  df t Sig. 

No-Slip vs. Unexpected 44 1.353 0.549 

*No-Slip vs. Aware/Experienced 44 -3.633 < 0.001 

*Unexpected vs. Aware/Experienced  44 -5.587 < 0.001 

Post-hoc (0 ms)        

Independent t-test  df t Sig. 

No-Slip vs. Unexpected 44 -0.249 0.804 

*No-Slip vs. Aware/Experienced 44 -4.101 < 0.001 

*Unexpected vs. Aware/Experienced  44 -3.864 < 0.001 

Post-hoc (50 ms)        

Independent t-test  df t Sig. 

No-Slip vs. Unexpected 44 -0.044 0.965 

No-Slip vs. Aware/Experienced 44 -2.324 0.075 

Unexpected vs. Aware/Experienced  44 -2.324 0.075 

Post-hoc (100 ms)        

Independent t-test  df t Sig. 

No-Slip vs. Unexpected 44 2.060 0.135 

No-Slip vs. Aware/Experienced 44 -1.234 0.672 

*Unexpected vs. Aware/Experienced  44 -3.629 < 0.001 

Post-hoc (200 ms)        

Independent t-test  df t Sig. 
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*No-Slip vs. Unexpected 44 6.930 < 0.001 

No-Slip vs. Aware/Experienced 44 -0.501 0.619 

*Unexpected vs. Aware/Experienced  44 -8.174 < 0.001 

Post-hoc (300 ms)        

Independent t-test  df t Sig. 

*No-Slip vs. Unexpected 28 -4.682 < 0.001 

No-Slip vs. Aware/Experienced 44 -1.605 0.348 

*Unexpected vs. Aware/Experienced  28 3.917 < 0.001 

Independent t-test (Footwear)  df t Sig. 

-100 ms  67 -0.770 0.444 

-50 ms  67 -0.388 0.699 

*0 ms  67 2.951 0.004 

*50 ms  67 5.561 < 0.001 

*100 ms  67 3.689 < 0.001 

200 ms  67 -0.058 0.954 

300 ms  67 0.979 0.331 
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Appendix C: Summary of Statistical Results for Habituation Effects  

Note: All significant differences are indicated by the asterisk (*), where p < 0.05.  

Gait Speed 

2 way ANOVA  df F Sig. 

Footwear x Slip Trial  1, 42 0.316 0.577 

Slip Trial 1, 42 0.174 0.679 

*Footwear  1, 42 5.525 0.024 

 

Heel Slip Distance 

2 way ANOVA  df F Sig. 

Footwear x Slip Trial  1, 42 0.058 0.811 

Slip Trial  1, 42 0.155 0.696 

Footwear  1, 42 2.217 0.144 

 

Peak Heel Slip Velocity 

2 way ANOVA  df F Sig. 

Footwear x Slip Trial  1, 42 0.126 0.724 

Slip Trial 1, 42 0.204 0.654 

*Footwear  1, 42 8.542 0.006 

 

Slip Outcome 

Chi-Square Test df Value Sig.  

First Awareness/Experienced Slip Trial  1 0.386 1.000 

Chi-Square Test df Value Sig.  

Last Slip Trial   1 0.000 1.000 

Chi-Square Test df Value Sig.  

Total 1 0.226 1.000 

 

Left Vastus Lateralis 

3 way ANOVA  df F Sig. 

Footwear x Slip Trial x Time  3, 176 1.516 0.212 

Slip Trial x Time 3, 176 1.015 0.387 

*Footwear x Time 3, 176 4.015 0.009 

Footwear x Slip Trial 1, 176 1.242 0.267 

Slip Trial 1, 176 0.325 0.570 

 

  



 81 
 

Left Medial Hamstrings 

3 way ANOVA  df F Sig. 

Footwear x Slip Trial x Time  3, 176 1.502 0.216 

Slip Trial x Time 3, 176 0.531 0.661 

Footwear x Time 3, 176 1.067 0.365 

Footwear x Slip Trial  1, 176 0.612 0.435 

*Slip Trial 1, 176 11.297 < 0.001 

*Footwear  1, 176 42.224 < 0.001 

 

Left Tibialis Anterior 

3 way ANOVA  df F Sig. 

Footwear x Slip Trial x Time  3, 176 0.588 0.623 

Slip Trial x Time 3, 176 1.466 0.225 

Footwear x Time 3, 176 1.087 0.356 

Footwear x Slip Trial  1, 176 0.796 0.373 

Slip Trial 1, 176 0.570 0.451 

Footwear  1, 176  0.738 0.391 

 

Left Medial Gastrocnemius 

3 way ANOVA  df F Sig. 

Footwear x Slip Trial x Time  3, 176 1.939 0.125 

Slip Trial x Time 3, 176 0.099 0.961 

Footwear x Time 3, 176 1.313 0.272 

Footwear x Slip Trial 1, 176 0.376 0.541 

*Slip Trial 1, 176 6.495 0.012 

Footwear  1, 176  0.621 0.432 
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Right Vastus Lateralis 

3 way ANOVA    df F Sig. 

*Footwear x Slip Trial x Time   3, 176 3.688 0.013 

2 way ANOVA (Footwear x Slip Trial)          

Time  Source df F Sig. 

-100-0 ms  *Footwear x Slip Trial  1, 44 4.637 0.037 

0-100 ms  Footwear x Slip Trial 1, 44 0.400 0.530 

  Slip Trial  1, 44 0.231 0.633 

  Footwear 1, 44 0.493 0.486 

100-200 ms  Footwear x Slip Trial 1, 44 1.237 0.272 

  Slip Trial  1, 44 1.323 0.256 

  Footwear 1, 44 2.996 0.090 

200-300 ms  * Footwear x Slip Trial 1, 44 7.822 0.008 

Independent t-test @ -100-0 ms (Slip Trial)    df t Sig.  

BF Group    22 1.428 0.167 

OF Group    22 1.393 0.177 

Independent t-test @ 200-300 ms (Slip Trial)    df t Sig.  

BF Group    22 0.255 0.801 

OF Group    15 1.640 0.122 

 

Right Medial Hamstrings 

3 way ANOVA    df F Sig. 

*Footwear x Slip Trial x Time   3, 176 3.102 0.028 

2 way ANOVA (Footwear x Slip Trial)          

Time  Source df F Sig. 

 -100-0 ms  Footwear x Slip Trial 1, 44 1.054 0.310 

  Slip Trial 1, 44 3.646 0.063 

  *Footwear 1, 44 8.461 0.006 

0-100 ms  Footwear x Slip Trial 1, 44 0.690 0.411 

  Slip Trial 1, 44 1.307 0.259 

  Footwear 1, 44 0.373 0.544 

100-200 ms  Footwear x Slip Trial 1, 44 3.913 0.054 

  *Slip Trial 1, 44 12.248 0.001 

  *Footwear 1, 44 4.096 0.049 

200-300 ms  Footwear x Slip Trial 1, 44 0.037 0.848 

  Slip Trial  1, 44 0.150 0.701 

  *Footwear 1, 44 10.695 0.002 
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Right Tibialis Anterior 

3 way ANOVA  df F Sig. 

Footwear x Slip Trial x Time 3, 176 0.423 0.737 

Slip Trial x Time 3, 176 0.212 0.888 

Footwear x Time 3, 176 1.929 0.127 

Footwear x Slip Trial 1, 176 1.193 0.276 

Slip Trial   1, 176 1.058 0.305 

*Footwear 1, 176 26.686 < 0.001 

 

Right Medial Gastrocnemius 

3 way ANOVA    df F Sig. 

* Footwear x Slip Trial x Time   3, 176 10.145 < 0.001 

2 way ANOVA (Footwear x Slip Trial)          

Time  Source df F Sig. 

 -100-0 ms  *Footwear x Slip Trial 1, 44 136.003 < 0.001 

0-100 ms  Footwear x Slip Trial 1, 44 3.806 0.057 

  Slip Trial 1, 44 1.840 0.182 

  *Footwear 1, 44 32.591 < 0.001 

100-200 ms Footwear x Slip Trial 1, 44 0.009 0.924 

  Slip Trial  1, 44 2.320 0.135 

  *Footwear 1, 44 5.966 0.019 

200-300 ms  *Footwear x Slip Trial 1, 44 7.221 0.010 

Independent t-test @ -100-0 ms (Slip Trial)    df t Sig. 

*BF Group    12 8.087 < 0.001 

*OF Group   11 -9.286 < 0.001 

Independent t-test @ 200-300 ms (Slip Trial)    df t Sig. 

BF Group    12 -1.480 0.164 

*OF Group   13 2.310 0.039 

 

Peak Vertical Force 

2 way ANOVA  df F Sig.  

Footwear x Slip Trial  1, 44 0.280 0.599 

Slip Trial 1, 44 0.210 0.649 

Footwear 1, 44 0.002 0.966 

 

Peak Posterior Horizontal Force 

2 way ANOVA  df F Sig.  

Footwear x Slip Trial  1, 44 0.138 0.712 

Slip Trial 1, 44 2.267 0.139 

*Footwear 1, 44 8.299 0.006 



 84 
 

 

Foot Angle  

3 way ANOVA  df F Sig. 

Footwear x Slip Trial x Time  2, 126 0.052 0.949 

Slip Trial x Time 2, 126 0.008 0.992 

Footwear x Time  2, 126 2.382 0.097 

Footwear x Slip Trial 1, 126 0.380 0.539 

Slip Trial 1, 126 0.735 0.393 

*Footwear 1, 126 9.136 0.003 

 

Ankle Angle  

3 way ANOVA  df F Sig. 

Footwear x Slip Trial x Time  6, 294 0.066 0.999 

Slip Trial x Time 6, 294 0.077 0.998 

*Footwear x Time  6, 294 3.592 0.002 

Footwear x Slip Trial 1, 294 0.268 0.605 

Slip Trial 1, 294 0.042 0.837 

 

Knee Angle  

3 way ANOVA  df F Sig. 

Footwear x Slip Trial x Time  6, 294 0.349 0.910 

Slip Trial x Time 6, 294 0.269 0.951 

*Footwear x Time  6, 294 5.096 < 0.001 

Footwear x Slip Trial 1, 294 2.563 0.110 

Slip Trial 1, 294 2.725 0.100 

 


