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ABSTRACT 

 

  

COMPARING COMPENSATORY REACTIONS IN YOUNG AND OLDER ADULTS IN 

RESPONSE TO PLATFORM PERTURBATIONS DURING GAIT 

  

 

  

Emily Isabel McIntosh       Advisor: 

University of Guelph, 2013      Dr. Lori Ann Vallis 

 

  

     The overall objective of this thesis was to compare compensatory reactions in young and older 

adults following unexpected platform perturbations in the frontal and sagittal planes during gait. 

Eleven young (aged 18-30) and ten community-dwelling older adults (aged 65+) completed a 

general health questionnaire, Mini BESTest, hip strength tests, and 45 walking trials on a motion 

platform. The walking trials were completed in a randomized block design on a 5 m pathway that 

moved following right heel contact after at least two steps. Young adults had stronger hips and 

performed better on the Mini BESTest than older adults. Compensatory reactions (measured 

through gait parameters and centre of mass motion) indicated that lateral perturbations were 

more difficult for both groups. These measures showed that young adults were able to recover 

more quickly than older adults. This could be attributed to altered base of support changes that 

occurred immediately following platform motions. 

Keywords: gait, older adults, platform perturbations, instability, compensatory reactions 
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1 

Chapter 1: Introduction and Literature Review 

1.1 Epidemiology  

Falls are a very serious issue for older adults. The Canadian Community Health Survey 

found that 180,353 of respondents over the age of 65 fell during the year that they were surveyed 

(2002-2003) (Public Health Agency of Canada 2005). This survey also reported that the amount 

of reported falls increased by over 4000 when comparing 65-69 year olds to 70-79 year olds. 

Even more concerning is that this increase more than doubled for adults over 80 years of age 

(50,534 falls were reported in this age group). This is a major concern, considering that Canada’s 

baby boomer population is aging; in fact, the percentage of people who are 65 and older is 

projected to increase from approximately 14.4% in 2011 to approximately 25.5% by 2061  

(Statistics Canada 2010).  

Falls are a major concern for society due to the number and type of related injuries that 

commonly occur.  Fall related injuries could be considered as small as a cut or bruise, but can 

also include serious negative outcomes including concussions or fractures of the limbs or skull. 

Falls are the second most common cause of injury hospitalizations in Canada for any age 

category following motor vehicle accidents (Canadian Institute for Health Information 2004). 

These account for 62% of all injury hospitalizations in seniors (Canadian Institute for Health 

Information 2004). Approximately 50% of seniors who fall experience a minor injury, but as 

many as 5-25% result in a more serious injury such as a fracture or sprain (Alexander et al. 1992; 

Nevitt et al. 1991). As falls are the cause of more than 90% of all hip fractures, and 20% of those 

who fracture their hip die within a year, it is obvious why this is a major concern for older 

individuals and their loved ones (Zuckerman 1996). Deaths from falling have increased in
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Canada from 3,209 during the years 1997-1999 to 4,110 in the years 2000-2002, and this number 

will likely only increase in the years to come because of the growing aging population (Statistics 

Canada 2010).  Many older adults who sustain an injury never leave the hospital, which places 

an increased strain on an already overloaded Canadian health care system. It is estimated that a 

20% reduction in falls could lead to national savings of 138 million dollars annually (Smartrisk 

1998). Collectively, these findings paint a clear picture; falls are not only detrimental to those 

who experience them and their families, they also have a significant impact on society as a whole 

in terms of the financial aspects affiliated with fall-related injuries. 

Another concerning issue is that most falls studies (prospective or retrospective) rely on 

the self-reporting of falls data from the older individuals themselves. Despite well designed 

research protocols using a clear operational definition for a “fall” (e.g. one commonly used 

definition: “A fall is defined as a sudden and unintentional change in position resulting in an 

individual landing at a lower level such as on an object, the floor, or the ground, with or without 

injury” (Public Health Agency of Canada 2005)), the self-reporting of falls is not always reliable. 

This could be due to a variety of reasons – some older adults may forget about the fall, or 

interpret a specific fall incident as being outside of the provided definition (e.g. the support 

surface was wet and they slipped) and subsequently not consider their situation a fall, even 

though it does fit the researcher’s provided definition. A study by Campbell et al. in New 

Zealand found that men were more likely to deny having fallen, after a history was provided by 

their wife or a different observer of the fall (Campbell et al. 1990). This raises the question, that 

if the incidences of self-reported falls are increasing in Canada (as the empirical data suggests), 

can we assume that there have also been an increase in the number of falls that have gone 

unreported? 
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Some observational studies are now using video analysis to remove the ambiguity that is 

inherent in self-reported falls incidences. A study by Holliday and colleagues captured 25 falls 

from seventeen different people in a nursing home over a period of 15 months (Holliday et al. 

1990). Of these falls it was observed that 17 occurred during walking, three during standing, two 

during rising from sitting, two from sitting, and finally one fall occurred while bending over 

from a standing position. In a more recent and larger study by Robinovitch and colleagues 

published in the Lancet, researchers captured 227 falls from 130 people in two long-term care 

facilities over a period of three years. This research group performed an in-depth analysis of each 

fall occurrence captured on video. The cause of every fall was classified by three trained 

researchers into one of seven categories: incorrect transfer of bodyweight, trip or stumble, loss of 

support with an external object, collapse or loss of consciousness, slip, or could not tell. Incorrect 

weight transfers were the cause of the majority of falls (41%), and were defined as an internally 

caused shifting of the centre of mass outside the base of support (Robinovitch et al. 2013). This 

finding was very interesting as the Canadian Community Health Survey listed that the majority 

of falls (44%) were due to tripping, slipping, or stumbling (Public Health Agency of Canada 

2005). This discrepancy was likely due to the self-report nature of data represented in the 

Canadian survey; older adults may have reported that their fall was due to a stumble over an 

object in their environment rather than openly admitting that they lost balance as a result of not 

being able to control their own movements. In addition, Robinovitch reported the activities at the 

time of fall with the largest number of falls occurring during forward walking (24%). It is 

interesting to note that the percentage of falls attributed to walking increases if you include the 

transition phases of gait initiation, as well as backwards or sideways walking, and walking and 

turning. Collectively, walking and these transition phases accounted for 49% of all the falls 
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reported. It is clear that more information and data are needed in regards to these transition 

phases of gait in order to characterize the response strategies used by older adults to regain their 

balance following a destabilization while walking.  

1.2 Gait  

1.2.1 Stability in Posture and Gait 

Gait is a very complex task because it continuously challenges stability with an ever-

changing base of support. The classical definition used to describe the maintenance of standing 

balance is to contain the centre of mass (COM) within the base of support (BOS). During 

standing balance this is controlled with postural adjustments by the ankle plantar and 

dorsiflexors in the sagittal plane, often described as the inverted pendulum (Winter et al. 1998). 

This dynamic process is a constant regulation of forward and backward force distribution to 

corral the COM by using the centre of pressure (COP), which is the location of the weighted 

average of all forces in contact with the ground. In the frontal plane, additional control comes 

from loading and unloading the hip abductor and adductor muscles; in this plane ankle invertors 

and evertors have very small moment arms and cannot generate moments as large as in the 

sagittal plane (Winter et al. 1998).  

During controlled locomotion, this relationship is very different. While the goal during 

quiet standing is maintaining the COM within the BOS using the COP, the very first task to 

initiate gait is to actually force the COM outside the BOS and effectively induce a forward fall. 

Once this is initiated, one can begin steady state walking, where central pattern generators take 

over, creating a rhythmic pace based on hip extensor muscles (Illis 1995). This process is very 

automated in the sagittal plane, with the main goals being supplying energy and supporting body 
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weight (McGeer 1989). The automaticity of gait has been demonstrated by two robotic legs that 

are able to passively stabilize themselves and walk down an incline; for this particular situation, 

active neural control over locomotor patterns in the sagittal plane is not necessary (McGeer 

1990). This is very impressive considering that during gait the base of support is constantly 

changing and on average 80% of the time is spent with only one limb in contact with the ground 

(Sudarsky 1990; MacKinnon and Winter 1993).  

 In contrast to this, frontal plane stability is very highly regulated and depends on 

constant sensory feedback (Bauby and Kuo 2000). To examine this, Bauby and Kuo measured 

gait in a continuous setting with a portable magnetic kinematic tracking system. They asked their 

participants to walk in a straight path with both their eyes open and eyes closed. During the eyes 

closed conditions the participants followed a cart that gave them auditory feedback (music) so 

that they would know in which direction to walk. The main outcome measures of this study were 

step length and width variability, which could give an indication of the consistency of control 

strategies used by participants during the task. It was found that lateral variability was 79% 

larger than fore-aft variability with eyes open, and this relationship was increased to 126% with 

eyes closed. It was also observed that the step length variability increased by 21% between eyes 

open and eyes closed conditions, while the variability in lateral step width more than doubled 

that (53%). The use of music to guide the participants may have been a limitation to the study, as 

it would seem likely that participants may adapt their cadence to the musical beat, however this 

would likely decrease their step variability, rather than enhance it. It would therefore be 

interesting to see if variability in the gait patterns would increase even more without the music. 

While this study only examined young adults, it is of interest to understand the variability of gait 

that occurs with aging.  
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1.2.2 Gait Changes in the Elderly 

As previously mentioned, a very large portion of falls occur in the elderly during the task 

of walking. Several disorders related to aging can have large effects on gait symmetry and 

efficiency including, but not limited to, Parkinson’s disease (Hass et al. 2012), stroke (Savin et 

al. 2013), and diabetes (Yavuzer et al. 2006). Some of these complications can result in shuffling 

or asymmetrical gait, which varies greatly from that of a young healthy adult. For healthy older 

adults without co-morbidities there are a few subtle differences in gait patterns associated with 

aging. Older adults are more reliant on high quality sensory information to plan and navigate 

through their environments, despite the fact that these sensory systems tend to degenerate with 

age (Sudarsky 1990). Typical gait changes associated with aging are shorter, wider, steps that 

result in a decreased velocity and an increased period of double support time (Oberg et al. 1993; 

Kerrigan et al. 1998). Double support time is the most stable portion of gait (largest base of 

support). Researchers have postulated that during this phase of gait, the central nervous system 

“up regulates” or places greater emphasis on sensory information (Bent et al. 2004). Given the 

aforementioned increase in dependence of older adults on sensory input, it is not surprising that 

their time spent in this phase of gait increases as well.  

1.2.3 Clinical Tests 

Clinical tests are often used to assess mobility and the ability to transition within an 

environment by doing simple tasks. These tasks typically emulate activities of daily living, as 

well as challenge stability by requiring the patient to shift his or her centre of mass in different 

ways. Commonly used in patient populations, they assist clinicians who use these tools to rate a 

patient’s progression with a rehabilitation program, and can ultimately assist the clinician with 

making a decision on the ability of a person to return to independent living. There are many 
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different clinical tests however some of the most commonly used include: the Berg Balance 

Scale (Berg et al. 1992), the Dynamic Gait Index (Herman et al. 2009), the Tinetti Performance 

Oriented Mobility Assessment (POMA; (Tinetti 1986)), the Timed Up and Go (Podsiadlo and 

Richardson 1991), and the Mini Balance Evaluation Systems Test (Mini BESTest; (Godi et al. 

2012)). Interestingly, there are common elements in each of the above assessments; most tests set 

out to assess the ability of older adults to complete tasks that are common in our daily living. 

Arguably, the best tests for identifying individuals with balance impairments include situations 

where patients are forced to make transitions and respond to a sensory perturbation (such as 

stepping over an obstacle or walking while turning their head); these situations are reported to be 

the most destabilizing and can commonly result in falls (Robinovitch et al. 2013).  

For the current study, the Mini BESTest was chosen as it is a relatively quick test 

comprised of 14 different tasks. This particular clinical test involves standing and gait tasks, as 

well as transitions and sensory tests (e. g. standing on foam with eyes closed, stepping over an 

obstacle, and reactionary compensatory responses to perturbations at the level of the sternum and 

hip). It has also been reported to have better accuracy than the Berg Balance Scale in assessing 

patients with balance disorders and demonstrates a lower ceiling effect (Godi et al. 2012). 

The Bauby study discussed earlier (Bauby and Kuo 2000) claims that the central nervous 

system relies heavily on feedback to control lateral instability during forward walking on a 

smooth surface. In this scenario, control strategies required to maintain dynamic stability appear 

to be quite simple. When faced with more complex environments such as rocky or sloped 

surfaces, or obstacles in the travel path, the control strategies used by the CNS to maintain 

stability are not as clear. Therefore, it is imperative to understand the most effective mechanisms 
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to navigate through complex, unpredictable environments as we strive to reduce the number of 

falls related in incidences.  

1.3 Perturbations  

1.3.1 Overview  

Research that involves the use of perturbations (manipulation of either sensory 

information and/or the surrounding environment) is commonly used to study compensatory 

responses. Many of these studies are novel to the test-participants; however, they can simulate 

situations people may be faced with in daily life (e.g. tasks that require BOS changes) or 

alternatively these experimental paradigms can be used to model a clinical population (e.g. 

removing sensory feedback such as vision or skin information). These paradigms can generate an 

endless number of experimental conditions which would not be possible outside a research lab. 

That said, caution must often be exercised when interpreting results from these studies; so many 

pose completely novel tasks and environments and thus their direct applicability to real life 

situations must be considered carefully.  

1.3.2 Types of Perturbations 

1.3.2.1 Sensory Perturbations (Changes to the Individual) 

Sensory perturbations are typically used to examine the influence of afferent feedback on 

postural responses. This modality can be used in a rehabilitation scenario, or to elucidate answers 

to fundamental research questions pertaining to the role of available sensory information on 

guiding locomotor control strategies. For instance, virtual reality has been used to effectively 

manipulate visual information during postural and locomotor paradigms. Virtual reality 

environments can provide discordant visual information about surroundings (such as a tilted 
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screen) which, in turn, may result in changes in postural sway (Horak et al. 1990). Incorrect 

sensory information can also be provided to the vestibular system (Bent et al. 2004) as well as 

the skin’s surface to influence proprioceptive information available to the central nervous system 

(Perry et al. 2001); this altered state requires the central nervous system to adapt ongoing 

postural and/or locomotor strategies in order to maintain stability.  

1.3.2.2 External Perturbations (Changes within the Environment) 

Other common types of perturbations include those that change or disrupt the 

environment around the test subject. These perturbations are mostly used to investigate how 

people plan (if there is an anticipatory component), or alternatively to determine how people 

react to sudden changes (compensatory reactions). The compensatory reactions associated with 

unexpected environmental changes can provide information about strategies employed following 

a sudden, abrupt change in the surroundings (e.g. reacting when a person suddenly stops in front 

of you). 

There are several different ways that environments have been altered. Researchers have 

dropped obstacles in front of participants while treadmill walking to investigate rapid postural 

adjustments (Hegeman et al. 2012). Other studies have used waist tugs to destabilize their 

participants while stationary or during gait (Hilliard et al. 2008; Dean et al. 2007). Another line 

of research has used clever paradigms to alter surface friction under participants’ feet without 

their prior knowledge or required participants to walk along a novel support surface (stainless 

steel rollers) in both a locked (stable) and unlocked (unstable) state to induce slips (Cham and 

Redfern 2002; Marigold and Patla 2002).  
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One of the most commonly used perturbation paradigms involving the support surface is 

a robotic motion platform. These platforms have the ability to move the entire floor surface 

under participants’ feet, causing a full body destabilization (comparable to a sudden stop on a 

moving bus). As this type of perturbation was the modality used for the current study, general 

details regarding the use of this experimental paradigm will be discussed below. 

1.3.3 Postural Platform Perturbations  

Platform perturbations during quiet standing have been used for decades to examine 

postural control in healthy young adults (Weerdesteyn et al. 2012), clinical populations 

(Timmann and Horak 1997), and older adults (Tokuno et al. 2010; Maki et al. 2000). These types 

of studies have been used to understand muscle activation sequences (Horak and Nashner 1986) 

as well as kinematic responses (McIlroy and Maki 1993) that are inherently pre-planned 

responses. For example, in 1986 Horak and Nashner reported the use of ankle and hip strategies 

to maintain balance through the use of a motion platform paradigm. Participants experienced 

forward and backward perturbations during normal stance width and reduced stance width 

(standing on a balance beam). When participants stood in their normal stance width and were 

asked not to take a step, they automatically initiated the ankle strategy – a response beginning 

with muscles in the shank, followed by thigh, then trunk. By limiting the participants’ base of 

support (balance beam) they observed a hip strategy, which activated different muscle groups to 

produce a flexion or extension about the hip joint.  

A subsequent study conducted by McIlroy and his colleagues (McIlroy and Maki 1993) 

found that instructions to participants were critical for this support surface task. They used 

similar perturbation characteristics but did not restrict participants to a fixed base of support (i.e. 

they were permitted to take a step if they wished). This study reported that initial response 
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following the perturbation involved a clear stepping strategy; if instructed to not take a step 

participants could, over several practice trials, produce similar behaviour as that characterized by 

Horak and Nashner (the ankle and hip strategies). 

 Recently, experimental paradigms have used large magnitude perturbations to examine 

what separates fallers from non-fallers. One particular study (Weerdesteyn et al. 2012) explored 

postural responses following multiple large backwards perturbations in young adult subjects. 

Results from this work suggested that body configuration (trunk and foot angles) during the first 

step after perturbation was the largest predictor preventing a fall in their young adult participants 

(Weerdesteyn et al. 2012).  

1.3.4 Perturbations During Gait 

There have been several studies that have explored response characteristics following a 

perturbation during walking. To this end, some unique studies have used novel shoes to 

destabilize participants (Nnodim et al. 2013), others have applied a surface perturbation during 

treadmill walking (Sinitksi et al. 2012; Terry et al. 2012), provided a visual perturbation using a 

virtual reality environment in a CAREN system (McAndrew et al. 2011), or a perturbation to the 

whole body via a waist pull (Dean et al. 2007). A study by Oddsson and colleagues in 2004 

studied responses generated by healthy young adults walking across a 12 metre platform which 

moved at 45○ from the direction of progression either forward and to the right, or backward and 

to the left (Oddsson et al. 2004). This study used two different magnitudes of displacement (5 cm 

and 10 cm), and found that postural responses were scaled to the perturbation size (e.g. responses 

increased following increased perturbation magnitude). Oddsson also reported that participants 

required approximately five steps to completely recover and resume walking along their original 

straight trajectory on the walking path.  
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Another study required young adults to walk across a platform that moved in either the 

frontal or sagittal plane (Oliveira et al. 2012). This study was focused on a neural approach in its 

data analyses; key outcome measures involved onset of muscle activation (via electromyographic 

data) to characterize muscle synergies following the platform perturbation. They found that 

subjects were efficient in adapting to platform changes; neural responses were only slightly 

modified from unperturbed gait. On average three regular muscle synergies (during early stance, 

midstance, and propulsion phases of gait) were retained during perturbed walking. 

 Only one study to our knowledge has examined how platform perturbations in the 

sagittal and frontal planes alter the control of voluntary stepping patterns in older adults (Maki et 

al. 2000). This study reported that older adults were more likely to take multiple steps to recover 

from a lateral perturbation. In addition, when the perturbation resulted in the generation of cross-

over steps to regain dynamic balance, older adults had more inter-limb collisions than the young 

adults, which they argued, placed these older adults at a greater risk for falling. One limitation of 

this study, however, was that the locomotor task was restricted to stepping in place rather than 

over ground walking. The authors suggested that the reasons for age-related differences were due 

to a fear of falling, neurological changes, or changes in the musculoskeletal system associated 

with aging.  

1.3.4.1 Responses Affected by Muscle in Older Adults 

Age related degradation of muscle quality is a large problem that has been reported in the 

literature (Roubenoff 2000). A study comparing hip strength in young adults to older adults 

found a maximum torque reduction of approximately 30% in both hip adduction and abduction 

(Johnson et al. 2004). It has also been found that hip abduction strength was a predictor of falls 

in a prospective study of 51 community-dwelling older adult women (Hilliard et al. 2008). Hip 
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strength specifically is a concern as it provides lateral stability, which is important as sideways 

falls are more likely to result in hip fractures. Lateral hip strength (abductor or adductor) is 

important to generate responses in the frontal plane, and as such it was of interest to examine 

whether age related changes in hip adductor and abductor strength have an influence on reactive 

responses during gait. 

1.4 Rationale 

As listed in detail above, there are many studies that have used a motion platform to 

explore postural responses following a sudden perturbation during gait in both young and older 

adults. Of these studies, the majority have been conducted solely in the sagittal plane while a few 

have investigated lateral surface translations. Maki et. al found that lateral instability was the best 

predictor of falls (in a one year follow up study) out of a number of balance tasks that they tested 

in a group of older adult participants (Maki et al. 1994). In a separate study Maki et al. noted that 

lateral perturbations were more likely to result in falls in older adults than anterior-posterior 

perturbations (Maki et al. 2000). In addition, the recent findings from Robinovitch et al. 

suggested that the most frequent cause of falls in institutionalized elderly were a result of 

ineffective weight transfers (Robinovitch et al. 2013). Gait is more automatic in the sagittal 

plane, but requires a high level of control in the frontal plane (Bauby and Kuo 2000), which 

further supports the idea that lateral perturbations would be more challenging and require more 

complex recovery strategies. It was therefore of interest in the current work to include support 

surface motions in both planes; an additional advantage to this experimental paradigm approach 

is that it would limit anticipatory responses from participants over the course of a multi-trial 

paradigm.  



14 

 

Few studies have examined platform responses during gait. Of these paradigms, many 

have used a CAREN system (Computer Assisted Rehabilitation Environment) which includes a 

virtual reality visual environment and integrated treadmill apparatus. Prior work has shown that 

treadmill walking is different from over-ground walking (Warabi et al. 2005), in fact, a study by 

Warabi and colleagues found that even when the treadmill speed was based on the participants’ 

regular walking speed, participants increased their cadence and decreased their stance time in 

comparison to their regular over-ground walking patterns. Similarly, a study by Maki and his 

colleagues examined perturbations while walking in place on a platform, however this paradigm 

is also quite different from normal over ground walking; the forward motion of gait is removed 

(reduced optic flow), and the centre of mass is always located within base of support (Maki et al. 

2000). To our knowledge only one other study has provided a perturbation during gait in both the 

frontal and sagittal planes using a motion platform (Oliveira et al. 2012) and this recent study 

focused on the neural contributions to reactionary responses in young individuals only. 

Moreover, this study employed relatively moderate perturbations and did not fully randomize the 

perturbation directions; these factors may not have provided sufficient challenge to the postural 

control system.   

The current study provides a novel focus by applying large and unpredictable 

perturbations to explore changes with aging in recovering balance on whole body responses with 

respect to centre of mass control within the changing base of support by examining kinematic 

data. The current paradigm will be the first study of its kind to examine differences in postural 

strategies used by older adults to maintain stability following sagittal and frontal plane support 

surface perturbations.  
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1.4.1 Outcome Variables of the Current Study 

Gait (base of support changes) and COM control in terms of displacement and velocity 

will generate the main outcome variables of the present study. Base of support will be sub-

divided into step width, representing the lateral component of the BOS, as well as step length, 

which will give an indication as to the sagittal components of the BOS. Center of mass velocity 

will be examined in both the anterior-posterior (AP) and medial-lateral (ML) directions, and 

COM displacement in the frontal plane will also be looked at. Collectively these outcome 

variables will provide a general indication as to participants’ stability following a sudden 

translation of the support surface. 

1.5 Research Question and Objective 

The main objective of this study was to examine reactions to platform perturbations 

during gait to elucidate if older adults, compared to younger adults, have different postural 

responses.  

Hypotheses: It is hypothesized that the lateral (frontal plane) movements will result in 

greater postural reactions for both young and older adults; however some key differences will be 

present in responses generated by older adults. It is hypothesized that young adults will respond 

with a larger base of support for lateral perturbations compared to the forward or backward 

perturbations by increasing their step length and/or width more so than their older adult 

counterparts. It is also hypothesized that in comparison to control (non-perturbed) trials, older 

adults will have a greater increase in trunk centre of mass displacement, with a larger maximum 

COM velocity than the young adults for the AP perturbation trials; this age related difference 

will be greater following a lateral perturbation. 
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It is expected that a reduced summed leg abductor and adductor strength will be observed 

in the older adult group when compared to young adults and that these values would be 

correlated to a smaller overall step width for the older adults.  

In addition, this study also investigated whether destabilizing perturbations in the frontal 

plane will result in larger corrective responses (increasing base of support) compared to 

perturbations in the sagittal plane.  

Hypotheses: It is hypothesized that platform perturbations in the frontal plane will be 

more difficult than the sagittal plane. It is also hypothesized that the most difficult perturbation 

from which to regain stability will be the left moving platform motion. This is expected more so 

than the right during the protocol, as the platform motions will occur while the right foot is in 

single support (see Methods section 2.4). A platform motion in this direction should induce a 

sudden compensatory body movement to the right, which may result in cross-over steps (as 

observed in Maki et al. 2000). This kind of reaction may place participants in an awkward base 

of support position, which would then require additional compensatory movements (multiple 

steps) to continue with the forward walking task. 
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Chapter 2: Methodology  

2.1 Subjects 

Eleven young adults from the University of Guelph student population, and ten older 

adults from a Guelph retirement community (Village by the Arboretum) gave informed consent 

to participate in this study. The experimental procedures were approved by the University of 

Guelph Human Research Ethics Board (REB#12AU020). Participants completed the Waterloo 

Footedness Questionnaire (Elias et al. 1998) (see Appendix 7.2) by email prior to scheduling a 

testing session at the University; those who were not considered right-foot dominant were 

excluded from participation in the study. Additionally, a General Health Questionnaire (see 

Appendix 7.3) was completed to ensure that all participants were able to perform activities of 

daily living independently, were able to ambulate without a walking aid, were not diabetic, and 

did not have any diagnosed neurological disorders (i.e. Parkinson’s Disease).  

 

Table 1:  Subject characteristics. 

 Young Adults Older Adults 

Mean (SD) Females Males Total Females Males Total 

n 7 4 11 8 2 10 

Age (years) 
22.4 

(2.8) 
26.3 

(2.1) 
23.8 

(3.1) 
70.9 

(3.3) 
72.0 

(2.8) 
71.1 

(3.1) 

Height 

(cm) 

171.4 

(6.9) 
184.6 

(4.6) 
176.2 

(8.9) 
163.9 

(4.8) 
182.3 

(3.2) 
167.6 

(8.9) 

Weight 

(kg) 

64.1 

(9.7) 
83.6 

(2.0) 
71.2 

(12.4) 
67.5 

(8.9) 
84.2 

(3.9) 
72.6 

(11.1) 

 

Average age, height, and weight are listed in Table 1 for both groups. All young adult 

participants were between the ages of 18 and 30 years (range: 19 – 28), while the older adults 

were over 65 years of age (range: 67 – 76). 
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2.2 Clinical Test  

 

The Mini-BESTest (Balance Evaluations Systems Test) clinical test (Franchignoni et al. 

2010) was used to obtain a general impression of mobility in activities of daily living for each 

participant (see Appendix 7.5). This test consists of fourteen different tasks including sit-to-

stand, timed up and go, compensatory reactions, and transitions during gait. The result of the test 

was a single score with a maximum of 28 points. This has been used by clinicians to assess 

patients with Parkinson’s disease and other balance disorders (Godi et al. 2012). Godi et al. in 

2012 found that the Mini BESTest had lower ceiling effects and greater accuracy in classifying 

patients than the commonly used Berg Balance Score (Godi et al. 2012). This test was used to 

give quantifiable information about standing balance, as well as the ability to execute transitions 

during walking, and perturbed standing. The intended use of this assessment was to see if there 

were measurable differences in baseline measures of dynamic balance between young and older 

individuals that could be observed with a simple clinical task. 

2.3 Assessment of Lower Limb Strength 

Hip strength is important to generate the reactions necessary to stabilize oneself 

following a perturbation; in fact, low hip torque strength has been shown as a factor that can 

predict future falls risk (Hilliard et al. 2008). Due to this important role, isometric leg adduction 

and abduction strength were measured to see if there was a correlation with gait parameters (step 

width) used to control frontal plane motion. To this end, an S-type load cell (Interface Inc, 

Scottsdale, Arizona) strain gauge (100 Hz) was connected in series via a cable to a strap around 

the participants’ ankle (See Figure 1 and Figure 2).  Peak force (N) generated from eight trials 

was recorded to represent maximum abduction/adduction strength (two trials per condition for 
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each leg). All subjects were given specific instructions for each contraction. They were to always 

begin the contraction with the cord taught, and to pull while maintaining their trunk erect. They 

were not given any instructions on how fast or slow they should pull the cord. Each contraction 

was performed with a plant foot on the ground, and the pulling foot off the ground, therefore the 

participants were positioned so that a support surface (e.g. tall bench) was present to facilitate the 

use of their arms to maintain balance.  

 

Figure 1: Example of Right Abduction. Participants were instructed to pull with maximum 

force laterally while keeping their body straight. Their support foot was placed behind the 

cable to prevent interference 

  For adduction, their feet were flush with each other, while for abduction the plant foot 

was slightly behind the pulling foot to limit interference with the cord. They were given two 

attempts for each contraction, following a demonstration, and given encouragement and verbal 

feedback of their results (approximate force generated as recorded by the custom LabVIEW 

software following each trial) throughout the strength assessments. 
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Figure 2: Example of Left Adduction. Participants were instructed to pull with maximum 

force medially while keeping their body straight. Their support foot was placed on the 

ground directly beside the foot where the cable was attached. 

 

2.4 Walking Conditions 

 

  Each participant completed 45 walking trials across a 5 metre custom motion platform 

(Shelley Automotive, USA) while wearing a safety harness that moved along an overhead low-

friction track (see Figure 3 to visualize the custom platform).  

 

Figure 3: Experimental setup of a participant walking across the platform with the global 

coordinate system. Note that during experimental trials the force plates were staggered. 
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Two force plates (AMTI 600x900, Watertown, MA) were mounted flush with the floor in the 

middle of the walkway, staggered in such a way to capture two consecutive steps of gait. The 

force plate on the participants’ right-hand side, in the direction of progression, was used to 

trigger platform motions upon right heel-contact when 10% of body weight was reached (see 

Figure 4 and Figure 5 for visual representations).  This threshold was determined with a pre-

experimental calibration of the participant standing quietly on force plate 1 (Figure 4). 

 

Figure 4: Schematic of a sample trial over the walkway. The platform motion was triggered 

from right heel contact on the first force plate as signified by the black arrow. 

 

 

Force Plate 2 

 

Force Plate 1 
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Figure 5: Representative figure of a participant’s foot contact on a force plate. For a 

participant who was 85 kg (836 N), the platform would be triggered when there was 84 N of 

force in the vertical direction (dotted dash line). 

Unfortunately, due to variability in the gait patterns of our participants, the kinetic data 

from the force plate was not usable. We were able to alter the start position so that all 

participants consistently contacted force plate 1 with their right foot to initiate platform motion 

after at least two unperturbed steps, however the next step was more variable. Ideally, the 

participants’ left foot would have contacted force plate 2, but unfortunately most individuals 

contacted either force plate 1, the desired force plate 2, or the surrounding wooden platform. 

Since there was limited consistency in the acquisition of the force plate data, we felt that a 

kinetic analysis would be unreliable or inaccurate. Therefore, kinematic information will be the 

focus of subsequent data and statistical analyses.  

2.4.1 Walking Protocol 

 

Five non-perturbed walking trials were captured: three practice trials at the beginning of 

the testing protocol and two at the end of the testing session (for comparison). The participants 

were told that there would be non-perturbed walking trials at the start but that, without warning, 
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the perturbation trials would begin. This continued into the main block of experimental trials, 

where participants were unaware if, when, or in what direction a perturbation would occur. 

Participants were instructed to naturally respond to recover balance whenever necessary, in any 

manner, while continuing to walk until the end of the platform.  

Platform perturbations were linear translations of 15 cm forward, backward, left, or right 

at an acceleration of 300 cm/s2 and a peak velocity of 31.6 cm/s. These values were modified 

from a study conducted by Maki and colleagues in 1992, and slightly increased to provide a 

challenging perturbation during gait (Maki et al. 1992). These values were decided upon 

following rigorous pilot sessions involving six young adults and one older adult so that an 

appropriate, yet challenging, protocol was designed.  

The main experimental testing session consisted of five randomized blocks of eight (8) 

trials that had one perturbation in each direction (left, right, forward, backward), two catch trials 

(translation in a randomly selected direction with a delay of up to 500 milliseconds such that the 

perturbation did not occur at heel contact of the right foot), and two non-perturbed walking trials. 

The randomized block design was used in the case that older adults might experience fatigue and 

not be able to finish the protocol; in this case, participants would be encouraged to finish the 

current block, thus providing an equal (yet reduced) number of perturbation trials that could still 

potentially be included in analysis. See Figure 6 for an example of a complete testing session.  
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Figure 6: Flowchart of experimental protocol followed 

 

2.5 Kinematic Data 

A three camera 3D Investigator Optotrak system (100 Hz; NDI, Waterloo, ON) was used 

to record 3D kinematic data. Platform motion was captured using a single infrared emitting diode 

rigidly fixed on the motion platform. Rigid bodies made up of three infrared emitting diodes 

were placed on the head, trunk, pelvis, and feet (See Figure 7). 

Determine foot-dominance via email by the Waterloo Footedness Questionnaire  

Meet participants and do a follow up Medical-Health Questionnaire, sign informed 

consent, and give overview of procedures 

Clinical test – Mini BESTest 

Strength Tests 
- Examples were given prior to performing 2 contractions per muscle group 

(abduction/adduction) for each leg 

Walking Trials 
- Participants were instrumented with head, trunk, pelvis, and feet rigid bodies and arm  

  markers on the wrist, elbow, and shoulders 

- Following digitization, they were given practice trials to get used to walking with the  

  markers on, as well as to help the researchers decide their starting position 

- Three non-perturbed trials were completed to capture the participants’ normal, steady state    

  gait before perturbations began, and two were collected at the end of the protocol 

- 5 blocks of eight trials were completed with the options of rest breaks in between        

  (each randomized block consisted of one perturbation in each of the four directions, two  

  catch trials (perturbations with a delayed onset time) and two straight walking trials) 



25 

 

 

Figure 7: Schematic of the participant marker set-up with safety harness (black). Light 

grey circles represent points digitized with respect to the rigid bodies (triangles), while 

dark grey circles (shoulders, elbows, wrists) were single infrared emitting diodes placed 

directly on the skin. A) Anterior view B) Posterior view 

 

Digitized points consisted of ears (head), right and left coracoid processes and xyphoid (trunk), 

right and left iliac crests and posterior superior iliac spines (pelvis) as well as the great toes, fifth 

metatarsals, and heels (right and left feet). Digitized points were used to create a local coordinate 

system for the head, trunk, and pelvis segments, which were then transposed to the global, or 

laboratory, coordinate system. These digitized points were used in subsequent center of mass 

calculations. In addition, the digitized points on the feet were used to determine spatial gait 

characteristics such as step length and width. 

2.6 Data Analysis  

 

  Force (strength) data were filtered with a dual-pass Butterworth filter with a low-pass 

cutoff frequency of 4 Hz in a custom analysis program (KinAnalysis) designed in LabVIEW 

(National Instruments, TX, USA). This value was decided upon after testing several frequencies 
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(e.g. 2, 4, 6, 8, 10 Hz); the cutoff value that retained the majority of the signal while attenuating 

any high frequency noise present (which could influence the maximum value attained) was 

selected by visual inspection (see Figure 8). Maximum values were then identified for each trial; 

the larger value of the two attempts was used in the final statistical analysis. These values were 

multiplied by the length of the leg to present the data as a moment (N•m). The estimated length 

of the leg was calculated by taking the difference of digitized points (posterior superior iliac 

spines and the heel markers) from each leg. The maximum moment produced for each leg was 

summed to give an overall abduction strength and adduction strength measure (e.g. 

MaxADDLeft+MaxADDRight= Overall Adduction Strength). This method is similar to how the 

Canadian Society for Exercise Physiology assesses hand-grip strength (Canadian Society for 

Exercise Physiology). One measure of adduction sum, and one of abduction sum per participant 

were used in correlation analysis with step width. This was used to see if there was an 

association between hip strength and control of limb placement in the frontal plane. 
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Figure 8A-F) Examples of a representative signal filtered with different low-pass cut-off 

frequencies (Raw signal, 2Hz, 4Hz, 6Hz, 8Hz, 10Hz, respectively). The cutoff frequency of 

4Hz was chosen. 

 

All kinematic data were processed within Visual 3D (C-Motion, MD, USA Version 4). 

Data were interpolated with a cubic spline, then low-pass filtered with a dual pass Butterworth 

filter with a cutoff of 6 Hz. To express the kinematic data relative to the platform motion for 
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perturbed trials, motion of the platform marker was subtracted from the body markers. The 

weighted centre of mass (COM) of the head, trunk, and pelvis were estimated using the Winter 

model (Winter et al. 1998). Pelvis COM data was used as an estimation of gait speed, as there is 

less variability in the sagittal plane for this segment than for the trunk segment. 

Trunk COM displacement range (difference of the maximum and minimum lateral values 

from the whole trial) was calculated in the frontal plane. This was not calculated in the sagittal 

plane, as the result would merely indicate how far the participant travelled with respect to the 

end of the platform. In addition, the maximum trunk COM velocity in both the frontal and 

sagittal planes were calculated over the period of time following perturbation onset until the end 

of the trial.  There were periods of time when the head markers went out of the capture area of 

the cameras and the missing data could not be interpolated. The trunk centre of mass was 

therefore used to estimate the total body movement as it is the most heavily weighted segment of 

the Winter model (Winter et al. 1998). The centre of mass displacements and velocities were also 

expressed as normalized values. Perturbation trial results were divided by the average values of 

the same COM variables from the pre-perturbation control trials to provide normalized data.  

Heel marker locations were subtracted from iliac marker locations bilaterally to identify 

heel contacts and toe-off events. The maximum values of each cycle were considered heel 

contact (largest distance between the hip and the heel), while the minimum values were defined 

as toe-off (Zeni et al. 2008). Step length and step width were calculated as the distance between 

left and right heel markers in the sagittal and frontal plane, respectively, at heel contact for each 

foot. Note that crossover steps (e.g. right foot placed leftwards of the left foot) were expressed as 

a negative step width. Gait velocity was defined as the velocity of the pelvis centre of mass in the 

direction of progression. Step width and length from perturbed trials based on three heel contact 
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events were examined: one heel strike before the platform motion (HC-1), the first step after 

platform motion (HC+1), and the second step following the platform motion (HC+2). Step length 

and width measures were not normalized by height or leg length as this would leave them 

unitless, and would limit the ability to be compared to other values observed within the literature. 

2.7 Statistical Analyses 

 

All statistical analyses were calculated within SAS Version 9.2 (SAS, NC, USA) with a 

confidence interval of 95% for all comparisons; differences where p < 0.05 were considered 

statistically significant. When appropriate, Bonferroni post-hoc analyses were used to identify 

where these differences existed. 

 Student’s t-tests were performed on the hip moment data to compare the abductor and 

adductor strength of the young adults to their older counterparts. Pearson correlation analyses 

were also conducted with the hip moment measures and the step width variable (both HC-1 and 

HC+1) to investigate if there was a relationship between these factors. In addition, a Student’s t-

test was conducted on Mini BESTest scores to examine whether there was a difference in 

performance between the age groups. 

A 2-way repeated measures ANOVA was used to compare pre and post perturbation 

pelvis COM velocity in the sagittal plane as an indication of gait speed. The dependent variable, 

pelvis COM velocity, was analyzed with the independent variable age. 

First trial effects were examined on several key measures using multiple one-way 

ANOVAs. The independent variable in these analyses was trial. The first perturbation that 

occurred in each direction (n=4 per subject) was classified as a ‘first’ trial while all other trials 

were classified as ‘later trials’ (n= ~16 per subject). Dependent variables examined were: 
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maximum trunk velocity in the AP and ML directions, trunk displacement range in the ML 

direction, and step length and width of the first step following perturbation.  

Three-way repeated measures ANOVAs were conducted with age group (older or 

younger), direction of motion (backward, forward, left, or right), and step (HC-1, HC+1, HC+2) 

as independent variables and with step length (m) and step width (m) as the dependent variables 

of interest.  

A qualitative analysis was conducted to examine the challenging cross-over steps 

produced by both population groups. In these recovery steps the lead limb crossed over the 

supporting limb during the swing phase for the first step post-perturbation (i.e. HC+1). For this 

analysis descriptive statistics and frequencies were used to note the number of cross-over steps 

and when these occurred. 

Two-way repeated measure ANOVAs were conducted on all of the COM data. Similar to 

the gait parameters, age and direction of motion were the independent variables. Dependent 

variables for these analyses were: medial-lateral trunk COM displacement range, medial-lateral 

and anterior-posterior trunk maximum velocities, and these measures as normalized to their 

control trials. 

All of the residuals were plotted and univariate analysis was performed to examine 

normality. All Shapiro-Wilk test values were close to one (all W=0.88 or larger) and although 

obtained p-values were less than 0.05, upon examination of the plots and consultation with a 

statistician consultant, data were considered normal (see representative statistical plot; Figure 9). 

The obtained data set was so large that one outlier was capable of causing a skew that caused the 

test to fail, however, visual inspection clearly indicated an otherwise normal distribution. 
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Figure 9: Plot of the residuals of one variable (Step Width). While this variable was not 

considered normally distributed (p<0.0001) the Shapiro-Wilk value was W=0.95584, and 

apart from more values than predicted around the mean, it is normally distributed. 
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Chapter 3: Results 

 

  All participants were able to complete the entire protocol. No one fell or required the 

harness for support during any trials. Subjects were offered multiple breaks throughout, and no 

one indicated that they had experienced fatigue. There were approximately 29 mistrials 

throughout collection, yet no more than 5 occurred for a single participant. For each, the trial was 

repeated at the end of collection period and mistrial data was then removed from all analyses. 

Mistrials resulted for different reasons including participants not contacting the force plate with 

their right foot to trigger the motion, poor equipment communication, and technical difficulties 

with the LabVIEW collection program.  

3.1 Control Walking Trials and First Perturbation Trial Effects 

 

An ANOVA was used to compare average pelvis COM velocity in the AP for control 

trials that occurred before and after experiencing the first perturbation. It was found that during 

the post-perturbation control trials the subjects walked with a faster velocity (p<0.05) than the 

gait trials prior to experiencing a perturbation. This was true for both young and older adults, 

with no difference between either age groups. Because of this, only the pre-perturbation control 

trials of the trunk COM (n=3 per subject) were used to normalize the data. These trials were used 

to capture the magnitude of participants; whole body change from their initial walking. For one 

older adult participant, data were missing during the pre-perturbation trials therefore for this 

individual their normalized data was calculated using the average value of their post-perturbation 

trials.  

No significant differences were found (p>0.05) in any of the first-trial effect ANOVA 

indicating that there were no change between the reactions of the first perturbations to all of the 
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following movements. Since there was no difference, for all subsequent analyses all of the trials 

were collapsed. 

3.2 Strength Measures 

 

Table 2: Results from hip strength and clinical tests, separated by age. T-tests were used to 

compare values; p-values are listed 

Variable 
Mean 
(SD) 

Young 
adult 

Older 
adult 

p-value 

Height (cm) 
176.2 
(8.9) 

167.6 
(8.9) 

0.0391 

Mass (kg) 
71.2 

(12.4) 
72.6 

(11.1) 
0.7904 

Combined 
Abduction Strength (N•m) 

382.8 
(132.4) 

260.6 
(79.3) 

0.0001 

Combined Adduction 
Strength (N•m) 

453.8 
(141.1) 

294.8 
(85.6) 

0.0001 

MiniBESTest Scores  
(max score 28) 

26.7 
(0.8) 

24.6 
(1.5) 

0.0015 

 

T-tests revealed that young adults were significantly stronger than their older adult 

counterparts in both adduction and abduction (See Table 2 and Figure 10). In addition, the young 

adults performed better on the Mini BESTest clinical task, showing a general measure of static 

and dynamic balance. Both abductor and adductor strength were found to be positively correlated 

to step-width (p<0.05), however the Pearson product moment correlation values were moderate 

when compared with step HC-1 (r = 0.1951 and 0.3738, respectively) and low when compared 

with HC+1 (r = 0.1257 and 0.1868, respectively). This shows that while there may be a 

relationship between strength and lateral foot placement, there are other factors that must also 

influence foot placement.  



34 

 

                     

Figure 10: Combined maximum moment generated by both legs for A) Abduction and B) 

Adduction. For both measures young adults were significantly stronger than older adults 

 

 

 

 

 

 

 

O ld e r  A d u lt Y o u n g  A d u lt

0

2 0 0

4 0 0

6 0 0

8 0 0

C
o

m
b

in
e

d
 L

e
ft

 a
n

d
  

R
ig

h
t 

L
e

g

A
b

d
u

c
ti

o
n

 S
tr

e
n

g
th

 (
N

m
)

O ld e r  A d u lt Y o u n g  A d u lt

0

2 0 0

4 0 0

6 0 0

8 0 0

C
o

m
b

in
e

d
 L

e
ft

 a
n

d
  

R
ig

h
t 

 L
e

g

A
d

d
u

c
ti

o
n

  
S

tr
e

n
g

th
 (

N
m

)

* 

* 

A 

B 



35 

 

3.3 Gait Parameters 

For the results of each of the ANOVA analyses for gait parameters, see Table 3. 

 

Table 3: Results from the ANOVAs for the gait parameters step width and step length; age, 

step, and direction of motion main effects and interaction effects are listed 

Variable 
Main Effect 

of Age 

Main Effect 

of Direction 

of Motion 

Main Effect 

of Step 

Age x 

Direction of 

Motion 

Interaction 

Age x Step 

Interaction 

Direction of 

Motion x Step 

Interaction 

Step 

Width 

F(1,19) = 24.51 

 p <0.0001 

F(3,57) = 105.90 

 p <0.0001 

F(2,38) = 1.63 

 p  = 0.2098 

F(3,57) = 5.39 

 p = 0.0025 

F(2,38) = 2.36 

 p  = 0.1081 

F(6,117) = 10.32 

 p  = <0.0001 

Step 

Length 

F(1,19) = 444.89 

p <0.0001 

F(3,57) = 13.74 

 p <0.0001 

F(2,38) = 72.84 

 p <0.0001 

F(3,57) = 0.82 

 p = 0.4863 

F(2,38) = 5.55 

 p  = 0.0077 

F(6,117) = 10.75 

p <0.0001 

 

 

 

Figure 11: Step by age interaction for the step length parameter. Older adult step lengths 

following perturbation (HC+1 and HC+2) as well as the young adult step length HC+1 

were significantly smaller than the other values. In addition, there was an age effect 

observed such that young adult step lengths were larger than older adult step lengths. The 

dotted line signifies when platform motion occurred. 

 

For step length there was an age by step interaction (F2,38=5.55, p=0.0077), and direction 
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step length for young adults one step before perturbation was the same as the second step post 

perturbation. It was also found that following a perturbation, the older adults’ recovery steps 

were both significantly smaller than their pre-perturbation step, and smaller than all young adult 

steps. The young adults’ first step post-perturbation was significantly smaller than their 

secondary step following the movement and their first step before platform motion (Figure 11). 

The main effect of age (F1,19=444.89, p<0.0001) demonstrated that young adults consistently had 

larger steps than older adults.  
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Figure 12: Direction of motion by age interaction for the step width parameter. 

The largest step width was observed following a rightwards perturbation for the 

young adult group (signified by asterisk). The right motion step width in older 

adults was the same as the young adult values following backwards and forwards 

perturbations. A main effect of direction of motion also revealed that step width 

for the right movements was larger than all other step lengths, while left was 

smaller than all others (†). In addition, young adults had larger step widths than 

older adults. 
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For step width there was an age by direction of motion interaction effect (F3,57=5.39, p=0.0025).  

Step width was found to be the largest during rightwards platform motions, and smallest during 

leftward motions (Figure 12). In addition, it was found that young adults had smaller step widths 

in the leftward motions than the older adults. That said, it should be noted that each step was 

collapsed (HC-1, HC+1, HC+2) and these means would have been drastically decreased by 

cross-over steps that occurred during HC+1. An interaction effect of direction of motion by step 

(F6,117=10.32, p<0.0001)  further demonstrates this (Figure 13), indicating that leftward 

perturbations resulted in a negative step width at HC+1 (cross-over step) while the largest step 

widths were observed for rightwards perturbations at HC+1.   

  

Figure 13: Direction of motion by step interaction for the step width parameter. The only 

steps that were significantly different were during the first step post-perturbation (HC+1) 

for lateral motions. It should be noted that negative values were the result of cross-over 

steps. 

 

These left trials were further examined (see Figure 14) as they appeared to be the most 
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contact with the force plate. Left platform perturbation trials placed participants in a more 

compromised position, as their base of support was often reduced in the HC+1 step. A lateral 

step is more difficult at this point in the gait cycle and perhaps more importantly, participants 

have a greater chance of contacting their other limb during this cross-over step. In total, 85 (out 

of 1269 total steps) cross-over steps were taken in recovery from perturbations. A step was 

defined as a cross-over if the difference between the right and left heel markers’ global position 

was negative in the frontal plane.  Of these steps, 45 were generated by young adults while 40 

were executed by older adults. As there was one more young adult than older adult, this was not 

surprising. Interestingly, 67 of the cross-over steps were taken one step following the 

perturbation (HC+1), while the other 18 were taken two steps post-perturbation (HC+2). As 

expected, the majority of the cross-over steps were taken following left-directed perturbations 

(71). The remaining cross-over steps occurred during rightwards platform motions apart from 

one trial which occurred following a backward perturbation. Each subject had at least one cross-

over step, with the average participant taking a total of 4 cross-over steps during recovery. The 

average cross-over step widths of young and older adults were very similar (11.1 cm maximum 

and 9.1 cm, respectively) while the maximum width was slightly larger in older adults (23.7 cm) 

than young adults (19.4 cm).  
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Figure 14: Frequency of cross-over steps as divided by A) the step when they occurred 

following perturbation B) the direction of perturbation and C) age group. 
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3.4 Trunk Centre of Mass 

For the results of each trunk centre of mass ANOVA see Table 4. 

Table 4: Results from the ANOVAs for the all of the centre of mass parameters with age 

and direction of motion main effects listed 

Variable 
Main Effect of 

Age 

Main Effect of 

Direction of Motion 

Age x Direction 

of Motion 

Interaction 

ML Displacement 
F(1,19) = 0.49 

 p = 0.4930 

F(3,57) = 153.23 

 p <0.0001 

F(3,57) = 5.50 

 p = 0.0022 

Normalized ML Displacement 
F(1,19) = 2.75 

 p = 0.1137 

F(3,57) = 40.06 

 p <0.0001 

F(3,57) = 1.09 

 p = 0.3621 

ML COM Velocity 
F(1,19) =5.99 

 p = 0.0243 

F(3,57) = 152.48 

 p <0.0001 

F(3,57) = 1.86 

 p = 0.1464 

Normalized ML COM Velocity 
F(1,19) =1.67 

 p = 0.2118 

F(3,57) = 49.47 

 p<0.0001 

F(3,57) = 0.42 

 p = 0.7364 

AP COM Velocity 
F(1,19) =109.83 

p<0.0001 

F(3,57) =75.93  

p<0.0001 

F(3,57) = 0.77 

 p = 0.5183 

Normalized AP  COM Velocity 
F(1,19) =16.66 

 p = 0.0006 

F(3,57) = 138.84 

 p<0.0001 

F(3,57) = 0.65 

 p=0.5890 

 

 

 

Figure 15: The ANOVA for medial-lateral trunk COM displacement range revealed an age 

by direction of motion interaction effect. It was observed that older adults in both lateral 

conditions, as well as young adults in the left condition moved more than young adults 

during rightwards motions. In addition, a main effect of direction of motion showed that 

lateral perturbations resulted in larger displacements than sagittal plane motions. 
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Centre of mass displacement range in the ML direction was analyzed for the differences 

between age and direction of platform motions, as well as the interaction between those two 

independent variables. An interaction effect between age and direction of motion (F3,57=5.50, 

p=0.0022) was observed. The post-hoc analyses showed that left perturbations for both young 

and older adults, as well as right perturbations for older adults produced the largest ML trunk 

displacement ranges. In addition, right perturbations in young adults resulted in larger ML trunk 

displacement ranges than backward or forward for either age group; Figure 15. Similarly, 

normalized ML trunk range (Figure 16) values were larger for lateral perturbations, than for 

forward-backward motions. 

 

Figure 16: Medial-lateral trunk COM displacement values normalized with respect to 

(non-perturbation) control trials. A main effect of direction of motion showed that lateral 

motions resulted in larger displacements than movements in the sagittal plane 
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Figure 17: Maximum anterior-posterior trunk COM velocity following perturbations. 

Backwards perturbations resulted in the largest velocity. Left perturbations produced 

larger anterior-posterior velocities than right perturbations 

 

  Maximum centre of mass velocities in both the frontal and sagittal plane were also 

analyzed for differences. Post-hoc analyses showed that AP trunk velocity was largest following 

backward perturbations (F3,57 = 75.93, p<0.0001; Figure 17). Subsequent analyses indicated that 

left perturbations resulted in a greater trunk velocity than rightward perturbations.  

 

 

B W F W L e f t R ig h t

0 .0

0 .5

1 .0

1 .5

2 .0

D ire c t io n  o f  P la tfo rm  M o tio n s

V
e

lo
c

it
y

 (
m

/s
)

O ld e r A d u lts

Y o u n g  A d u lts

* 

†



43 

 

 

 

 

When examining this velocity as normalized by control trials, the direction of motion 

main effect (F3,57=447.22, p<0.0001) also showed that backward perturbations trials had 

significantly larger AP velocities than any other perturbation, and right perturbations had 

significantly smaller normalized velocities than forward or left perturbation trials (Figure 18). 

Backward motions will naturally produce a forwards postural sway in participants that allows 

them to continue walking, while forwards motions have the opposite effect. Leftwards motions 

appear to be more difficult than rightwards motions as demonstrated by the frequency of cross-

over steps. This destabilizing motion required a quick step to allow participants to remain 

upright, which is likely why the AP COM velocity was quicker during these trials than during 

the easier rightwards trials. Interestingly, when normalized, a main effect of age for AP COM 

trunk velocity has reversed such that when collapsed, older adults had larger velocities. This 

shows that there was a larger absolute change from normal walking to compensatory walking in 

Figure 18: Anterior-posterior trunk centre of mass velocity normalized with 

respect to control (non-perturbation) trials. Backwards perturbations 

resulted in the largest velocity (*), while the right perturbations resulted in a 

smaller normalized velocity (†) than any other perturbation.  
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older adults. This may have occurred as a result of older adults finding the task more 

destabilizing, and thus increasing the velocity of their COM to compensate for the perturbation. 

 

 

 

 

 

 

 

 

 

For medial-lateral trunk COM velocity a direction of motion main effect (F3,57=154.50, 

p<0.0001) showed that left perturbation trials had significantly larger velocities than any other 

directional motion (Figure 19). Right perturbations had larger velocities than either anterior or 

posterior motion in the sagittal plane. When normalized by dividing by control averages, the 

direction of motion main effect (F3,57=47.95, p<0.0001) also revealed that the left perturbation 

trials had larger velocities than any other trial type. No other significant differences were 

observed (Figure 20).  

Figure 19: Maximum medial-lateral trunk COM velocity following 

perturbations. Post-hoc tests showed that left directed perturbations resulted 

in the largest velocities. Right motions resulted in medial-lateral velocities 

larger than either motion in the sagittal plane. A main effect of age revealed 

that young adults had larger velocities than older adults. 
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For ML and AP COM trunk velocity there were observed age effects where young adults 

had greater velocities following perturbation, however these differences were negated when the 

data was normalized with the control trials. 

 

Figure 20: Medial-lateral trunk centre of mass velocity normalized with 

respect to control (non-perturbed) trials. The leftwards perturbations 

resulted in the largest normalized velocities 
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Chapter 4: Discussion 

To our knowledge, this study is the first of its kind to investigate compensatory reactions 

in response to perturbed over-ground gait in older adults using a motion platform. Lateral 

instability has been implicated as a risk for falls (Hilliard et al. 2008) and lateral falls commonly 

result in hip fractures, therefore it was of interest to examine the reactionary responses of older 

adults to these destabilizing motions. It was hypothesized that perturbations would be more 

difficult for older adults than young adults, and that platform motions in the frontal plane would 

be more difficult for both age groups than motions in the sagittal plane. These hypotheses were 

accepted, as young adults appeared to recover back to their original gait more quickly (one step 

following perturbation) than older adults. In addition, normalized maximum centre of mass 

velocities were much larger in the ML plane as a result of frontal plane perturbations than AP 

COM velocities resulting from sagittal plane perturbations. This indicates that lateral motions 

resulted in greater whole body responses than sagittal platform perturbations. 

No participants reported experiencing fatigue and were given multiple opportunities to 

take rest breaks. It was observed that pelvis COM velocity, which was used in the calculation of 

gait speed metrics, actually increased from the pre-perturbation control trials to the post-

perturbation trials, which further indicates that fatigue was not likely present despite completion 

of many walking trials. It was interesting to note that, unlike previous studies (Maki et al. 1993), 

we did not find a first-trial response. This prior work observed a decline in the magnitude of 

responses over time following platform perturbations when stepping in place in the sagittal 

plane; the researchers instructed participants not to take a step forward, if possible. 

Unfortunately, this work did not test for a “first trial effect”, despite the novel nature of their 

experimental paradigm; following first exposure to the perturbation, participants may have 
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adapted an anticipatory stiffening strategy, when they realized that platform perturbation 

movements would only occur in the forward or backward direction. In contrast, participants in 

the current study were required to perform a goal directed task (to walk to the other side). In 

addition, timing of perturbation onset (via delay conditions) as well as perturbation direction 

(four different directions and non-perturbation catch trials) were all randomly manipulated. 

Given our complex experimental paradigm, it is highly unlikely that our participants could 

anticipate if, when, or in what direction a perturbation would occur to an accuracy that would 

yield an appropriate anticipatory strategy. 

Each platform motion had the same displacement, velocity, and acceleration profiles, 

however it should be noted that there were differing degrees of difficulty, related to postural 

constraints evoked by the timing of the platform perturbations. For example, platform motions 

were all triggered during right heel contact on force plate one. This naturally made the left 

perturbations the most difficult, as they induced a sudden postural shift to the right. During the 

rightward shift their weight was loaded on the right; as such they were forced to quickly react to 

the support surface perturbation by taking a lateral step with their left foot to stabilize their 

COM. Rightwards perturbations induced a sway to the left, which involved a more natural 

stepping response (step away from the midline by the trail limb to widen the BOS). Forward and 

backward responses did not pose as many postural constraints, as the stepping reactions are, 

arguably, less complex in the sagittal plane.  

Pelvis COM velocity calculations showed that older adults walked slower than young 

adults, as is commonly reported in the literature (Oberg et al. 1993). This is likely due to the fact 

that the older adults on average had smaller step lengths than the young adult subjects (Figure 

11). Older adults typically walk slower than young adults, for a variety of reasons (e.g. reduced 
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muscle strength, or to increase the amount of time they have to process available sensory 

information). Double support time, the amount of time spent with two feet on the ground, is 

typically longer in older adults, as this is the time they have the most sensory information (more 

proprioceptive feedback with a larger surface area in contact with the ground). 

 4.1 Larger Normalized Velocities During ML Motions  

There was an age by direction effect for maximum trunk COM sagittal plane velocity 

following perturbations. The post-hoc comparison showed that the backwards perturbations 

resulted in the largest COM velocities. The young adult backward COM velocity was larger than 

any other condition, while the older adults’ backward COM velocity was larger than all other 

older adult AP velocities (but not larger than forward or left perturbations in young adults). This 

was expected as this condition did not pose as great of a postural disturbance; backward 

translations of the support surface induced a forward sway and thus allowed participants to fall 

forward and continue with the goal directed task of walking to the end of the platform. In 

addition, it was observed that left motions resulted in larger maximum velocities than right 

perturbations in young adults. This could likely be attributed to the difficulty of the perturbation 

issued. As the leftward perturbation was the most challenging motion, it was likely that it forced 

the participants to react quickly, or lose their balance (see Section 1.2.1 Stability in posture and 

gait, discussion on step width). A quicker compensatory response likely resulted in an increased 

AP COM velocity as the participants tried to stabilize themselves. A similar relationship was 

observed whenever the velocity was normalized using the non-perturbed or control trials. 

Following this mathematical correction, observed age-effects were reversed with the older adults 

having larger proportionate changes from control. This may be attributed to their slower walking 
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speeds, even if they had comparable responses to the young adults. In addition a direction of 

motion main effect remained; backwards perturbations had the fastest AP COM velocity. 

In contrast, medial-lateral velocity increased the most during frontal plane perturbations. 

This was expected since the body was forced to move in that direction and to respond to the 

support surface translation. The largest COM velocities resulted from left perturbations, followed 

by rightwards. Considering all other measured variables, this finding could be attributed to the 

increased postural difficulty posed by left perturbations compared to all other directions of 

motion. The influence of this leftward perturbation is further magnified when COM velocity was 

normalized to mean control walking values. For example, velocity values were approximately 5 

times greater than maximum straight walking velocity. This large difference, much larger than 

the AP normalized velocities, strengthens our argument, and supports our original hypothesis 

that lateral perturbations are the most challenging for both age groups.  

4.2 Step Width Only Changed With ML Motions 

Step width was the same across conditions within both groups, other than the HC+1 step. 

For this step, both age groups stepped wider for rightwards perturbations than for all other 

directions or steps, and narrower for all leftwards perturbations. It was expected that the lateral 

perturbations would result in larger changes in the frontal plane compared to sagittal 

perturbations. It was interesting, however to note that most perturbations to the left resulted in a 

cross-over step, i.e. the lead foot crossed the mid-line and moved lateral to the trail foot (in the 

frontal plane). This could be dangerous, as it increases the likelihood of an inter-limb contact, as 

has been observed following a platform perturbation (Maki et al. 2000). Apart from the 

dangerous possibility of an inter-limb collision, this strategy is actually quite effective since it 

requires the participant to plant the left foot quickly, which was already in swing, rather than to 
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shift weight off the right and take another side step. Note that step width did not change for AP 

perturbations in the sagittal plane; this is consistent with the findings of O’Connor and 

colleagues in 2012. These researchers used visual perturbations while participants walked on a 

treadmill at a constant speed. They found that step width magnitude and variability increased 

with their largest lateral perturbations, however no changes in sagittal plane gait parameters were 

observed (O'Connor et al. 2012). While these findings are consistent, the perturbations used were 

visual, rather than full body translations. The current study has a more typical perturbation 

profile, such as one that may be experienced daily on a bus. 

Isometric force measurement tests were performed on the subjects for use in correlation 

analyses. Maximum combined adductor and abductor hip strength was measured, as the hip 

muscles would be the main muscle groups responsible for generating any lateral responses. 

Young adults were on average stronger than the older adults for both hip adduction and 

abduction. The young adults were 68% stronger than the older adults at abduction, and 65% 

stronger with adduction. This was larger than trends found in a study by Johnson and colleagues 

who showed that young adults were 24-34% stronger while generating maximum hip torque 

(Johnson et al. 2004). A correlation analysis revealed that there was a positive relationship 

between strength and step width. Despite only a moderate correlation, it is likely that hip strength 

plays a role in frontal plane foot placement, and therefore should be considered when 

investigating lateral instability. In addition, correlation values were stronger for the pre-

perturbation step (HC-1) than for the post-perturbation step (HC+1). This might be due to the 

fact that the strength tests were static, and therefore correspond better to regular gait than to a 

compensatory stepping response.  
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4.3 Larger ML COM Displacement Present in ML Motions 

An interaction effect was found between age and direction of motion for medial-lateral 

trunk COM displacement. The left and right perturbation directions resulted in the most COM 

displacement in the frontal plane. In addition, older adults moved further during the rightwards 

perturbations than the young adults. This was an interesting initial finding as despite being 

exposed to the same platform motions, the older adults experienced a larger destabilization. 

However, when these data were normalized to the control trial displacements, the interaction 

effect was negated, indicating that older adults might have more lateral movement in general 

during walking. 

4.4 Young Adults Returned to Typical Gait Sooner than Older Adults 

The step length of both young and older adults decreased for the HC+1 condition, 

however the young adult step length returned to pre-perturbation values at HC+2, while the older 

adults’ values were still reduced. This suggests that young adults appear to recover quickly, 

while older adults need multiple steps to adapt to the platform perturbations. This is consistent 

with a perturbation study performed by Maki and colleagues in 2000 that issued surface 

perturbations to participants who were stepping in place. This study showed that older adults 

took multiple steps to recover from lateral perturbations more often than the young adults (Maki 

et al. 2000). In the current study, it was expected that the step length would increase following a 

perturbation, effectively making the base of support larger, however it is more likely that the 

participants achieved a larger support surface by simply taking a quicker step to get to double 

support time to recover.  
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4.4 Study Limitations 

This study was limited by a number of factors. Due to careful placement of cameras away 

from the motion platform (to ensure that no camera damage ensued), the capture volume was not 

ideal; gait analysis was limited to one step prior to perturbation and two steps following 

perturbation trigger. That said, we were able to successfully capture whole body changes in gait, 

as reported above. It would be interesting to see how many steps it would take following a 

surface perturbation for older adults to return to their original step length. Even with additional 

cameras we likely would not have been able to gather this information, as we were also limited 

by the length of the platform (~ 5 m).  

Due to the size of the testing laboratory, and the amount of weight that the robotic 

platform could bear, we were unable to lengthen our custom built platform. This length was long 

enough to allow steady-state gait (Breniere and Do 1986); however, perturbations could only 

safely occur in a small region without causing participants to step dangerously close to the edge 

of the platform. This may have allowed the participants to anticipate when a motion would occur 

for any given perturbation trial. That said, they would not have been able to anticipate which way 

the platform would move, which is further supported by the fact that there were no significant 

first-trial effects.  

Participants were not instructed where to look as they crossed the platform. Since head 

orientation is important to provide reliable visual and vestibular sensory information, changes in 

head position may have had an influence on participants’ reactions. Future studies could address 

how sensory information is used by young and older adults to react to these support surface 

changes during gait. 
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Chapter 5: Conclusion 

In summary, this study was the first of its kind to investigate the compensatory reactions 

of older adults to platform perturbations applied in the sagittal and frontal planes during gait. We 

expected to see lower hip strength in older adults, as well as smaller base of support changes (via 

step length and width) in response to platform perturbations when compared to young adults. In 

addition, it was expected that older adults would have larger magnitude COM displacements and 

velocities following perturbations. Furthermore, we wanted to see whether responses to platform 

perturbations would be larger in the frontal plane than in the sagittal plane.  In support of our 

hypotheses, we found that hip strength was lower for both measures in older adults. Base of 

support changes were observed during the first step following perturbation (HC+1) for step 

length, as it decreased for both age groups. It appeared as though young adults recovered from 

the perturbation sooner than the older adults, as there was no significant difference between their 

pre-perturbation step length (HC-1) and their second step following movement (HC+2). In 

contrast, older adults’ step length (HC+2) was still smaller than the HC-1 step, indicating that 

they needed more than one step to recover. It was found that both age groups adapted their step 

width for the HC+1 step, however, this only occurred during lateral movements. During 

movements in the left direction, arguably the most challenging support surface perturbations, the 

majority of compensatory step responses were cross-over steps. It should be noted that the young 

adults had larger step widths, indicating that even if their body was in a more compromised 

position, they still had a larger BOS within which they can contain the COM. Both young and 

older adults experienced the largest COM displacement when the platform moved laterally. 

Lastly, there were direction of motion effects observed for COM velocities. It was observed that 

backward motions produced the largest AP velocity, which was not surprising as postural 
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stability could be more easily recovered following this perturbation.  It was of interest to note 

that the magnitude of the normalized velocity measures were collectively much larger in the 

frontal plane. The left directed motions resulted in larger velocities than any other, further 

magnifying this relationship, and supporting the hypothesis that lateral perturbations would be 

the most challenging for both groups. This study supports the hypothesis that frontal plane 

perturbations are more difficult than sagittal plane during gait for older adults. This critical 

information may be useful for clinicians in their assessment and identification of older 

individuals who may be at risk for falls due to their inability to effectively shift their weight. This 

study can inform future research about the reactions produced by older adults to maintain 

stability during perturbed gait. The perturbations used in this study were relatively large, 

therefore it would be of interest to examine whether these changes would be present even with 

small support surface changes, or to see whether responses were scaled. In addition, it would be 

of interest to try to elucidate why older adults react the way they do, for example - which sensory 

information do they rely on the most for their initial response?  
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Chapter 7: Appendices 

7.1 Phone Survey 

 

 

Phone Survey           

1. What is your age? _______________________  

 (Young group must be 18-30, Older adults must be 65+ years old) 

2. Are you right foot dominant?  YES NO* 

(confirm after administering Waterloo footedness survey –Appendix B) 

3. Are you able to perform all activities of daily living independently?  YES      NO* 

4. Are you able to walk without a walking aid? YES  NO* 

5. Do you have diabetic neuropathy? YES*   NO 

 

 

*If the participant answered NO to questions 2 or 3, or YES to question 5 they are 

ineligible to take part in the study. 

 

If you are eligible, and interested in partaking in the study we can book an appointment to come 

in for testing. Testing will take place in the Animal Science and Nutrition building (ANNU) on 

the University of Guelph campus. We ask that you bring comfortable shorts and a t-shirt to test 

in, as well as comfortable walking shoes. There is a washroom where you can get changed in 

private, if desired. The study will take approximately 2 hours of your time, and will consist of 

approximately 25 minutes of walking. Should you agree to partake in a follow up study, you will 

once again be asked to wear comfortable clothing, however testing will take place in bare feet.  

The follow up study will be approximately 1 hour in length, with 10 minutes of walking.  
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7.2 Waterloo Footedness Questionnaire     

 

 

*Participants must be right foot dominant to take part in the study. 
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7.3 General Health Information Sheet* 

*To be completed by researcher                                      

 

 

1. Sex:    Male     Female   Handedness:       Left        Right 

 

2. What is your date of birth?       Year:______  Month:______   

 

3. Have you had any surgeries?              YES           NO 

 If yes, specify: 

_____________________________________________________________________________ 

 

_____________________________________________________________________________ 

 

4. Have you ever experiences any muscle or skeletal problems?        YES                  NO 

 If yes, specify, and state how much it impacts your daily activities: 

______________________________________________________________________________ 

 

 

5. In the last year have you experienced any falls that were not related to activities by which falls are 

common (i.e. sporting activites)?*             YES            NO 

  If yes, how many? __________________________________________________  

If yes, was there injuries? _____________________________________________ 

* A fall is defined as an unexpected movement by which you end up on the floor or ground during 

a routine activity and that did not occur due to fainting or illness. 
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6. Are you anxious about falling?  

(not anxious) 0   1   2   3   4   5   6   7   8   9   10 (extremely anxious) 

 

7. Do you have any family history of dementia or Parkinson’s disease?       YES        NO 

 If yes, which one and how severe? _____________________________________ 

8. Are there any genetic diseases within your family that deal with muscular or skeletal degeneration or 

dysfunction?          YES           NO 

 If yes, specify: _____________________________________________________ 

 

9. Do you have any inner ear or vestibular problems?                      YES               NO 

 

10.  Do you have diabetes?           YES            NO 

 If yes, have you had foot problems (i.e. loss of feeling or circulation)?  YES    NO 

  If yes, specify, and state how much it impacts your daily activities:  

______________________________________________________________________________ 

 

 

11. Do you walk with any sort of aide (i.e. walker, cane)?    YES  NO 

If yes, what kind(s) of aid? ___________________________________________ 

    

   

12. Do you have severe or moderate bunions on either foot that have changed the way you walk?                                             

YES                 NO 

  If yes, specify, and state how much it impacts your daily activities:  

______________________________________________________________________________ 
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13. Do you ever feel dizzy or nauseous when you… 

 

  look at the sky?    YES  NO 

  look at the ceiling/floor?   YES  NO 

  take the elevator?    YES  NO 

  are sitting down and reading?   YES  NO 

  are riding in an automobile?   YES  NO 

  pass from indoors to outdoors?  YES  NO 

  pass from outdoors to indoors?  YES  NO 

  are washing your hair in the shower?  YES  NO 

 If they answered yes to any of these, specify how much it impacts their daily activities:  
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7.4 Participant Information and Consent Form 

Project Director: Dr. Lori Ann Vallis, University of Guelph  

Co-Investigator: Dr. John Zettel, University of Guelph  

Students: Ms. Emily McIntosh and Ms. Alicia Kokoszka 

Project Title: Investigating lateral muscle strength and proprioception in response to perturbations during 

gait. 

Part 1: Information relevant to the research project 

Falls cause more than 90% of all hip fractures in seniors. Studies have shown that falls risk 

increases with decreasing muscle and general sensations that are associated with aging. The 

purpose of this study is to investigate strategies used by healthy young and older adults, as well 

as older adults with a falls history in reacting to a sudden change in the floor surface while 

walking. By characterizing these strategies we might be able to gain insight into what changes 

with aging, and why so many older adults fall laterally and break their hips. 
  

All participants will be asked to come prepared for the testing session wearing their own 

comfortable baseball cap, t-shirt, shorts, and walking shoes that have a sufficient tread sole. The 

researchers will start the testing session asking you a series of questions regarding your general physical 

and mental health to help us determine it is safe for you to continue with the remainder of the testing 

session. If you are eligible to continue, you will be asked to stay for the full 2-hour testing session. A 

series of clinical, strength, and flexibility assessments will be performed on the ankle and hip, as well as 

anthropometric measures of height and weight. Clinical evaluations and questionnaires will take 

approximately 60 minutes and will be conducted by the trained researchers. 

All participants will then be asked to perform a series of 45 walking trials across a motion 

platform. This platform has the ability to move unexpectedly forwards, backwards, left, and right without 

warning. This platform is being used to challenge your balance so that we can characterize the strategies 

people used to keep themselves from falling. The platform will not move every trial and therefore we will 

ask each participant to merely focus on walking across the platform, rather than trying to anticipate a 

movement of the platform. During your time on this platform you will have Optotrak markers (small 

clusters of infrared emitting lights) placed on your hat, trunk, pelvis, and feet to allow us to capture and 

record your movement during the testing. 

The researchers are also hoping that some participants will take place in a follow-up 

study that will be looking at the effect that Kinesio Tape™ has in aiding balance. Kinesio 

Tape™ is a relatively new product that has been made popular through athletics and the media. 
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While the product has several claims, not all of these have been supported by scientific evidence. 

Our interest in this product is its claim that it can increase positional sensation (the ability to 

detect where your joint is in space), which may aid in dynamic balance helping to keep you 

stable while walking. For the follow-up study we will place Kinesio Tape™ and a sham tape on 

the bottom of your feet prior to walking on the motion platform. This, along with an additional 

matching task will be performed along with the tests that were done in the first session to see 

whether the tape increases sensation and aids with balance. During the matching task, we will 

rotate one of your ankles, and ask that you rotate your other ankle to the same angle without 

looking. The second session will take approximately one hour of your time, and will be 

performed in barefeet. 
 

  Potential risks during test sessions 

As you will be walking for some of the testing session, you may experience fatigue.  You will be given 

the option to have rest breaks throughout the testing session to ensure that fatigue is minimized.  You may 

request additional rest periods during the test sessions at any time. During these evaluations there is a 

minimal risk of injury and falling during functional gait and balance tests. All evaluations will be 

conducted by trained individuals (the researchers) who will ensure your safety at all times. To further 

ensure your safety, a harness attached to the ceiling will be worn during all trials on the motion platform. 

You are encouraged to perform to the best of your abilities during the trials but at anytime you feel unsafe 

or unstable we will encourage you to stop and steady yourself and perhaps take a rest break.  

Kinesio Tape™ is hypoallergenic and latex free yet it along with the sham tape could cause skin 

irritation or a rash, and could remove hair during its removal. The tape could also leave adhesive material 

on the skin, similar to when a band-aid is removed. To decrease these risk the tape will be removed and 

the skin will be wiped with alcohol to remove any remaining debris, immediately following the 

experiment.  

You can withdraw from the experiment at anytime without penalty even after you have given 

consent to participate. Your personal safety is important to us. 

 

Remuneration 

We appreciate your participation in this study and if you are traveling to the University of Guelph Gait 

laboratory for your testing session your transportation and parking costs will be paid for by the laboratory 

on your session date. Also, there will be 10 Tim Horton’s gift cards available to be won through a random 

draw. They will be in denominations of $5.00, and all cards will be drawn at the end of all recruitment. 

Depending on the number of participants, the chances of an individual winning is approximately 33%. 

Even those who withdraw before the assessment is complete, for any reason, will be included in the draw 

and all parking will be paid for. 
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Confidentiality  

For the purposes of comparison and accurate reporting of our findings you will be asked to fill out a 

medical history questionnaire. Subject codes will be used in data analysis; your name will not be used. 

With your consent, we would like permission to film sessions. These sessions will be videotaped for 

analyses, however these will solely be used for research (quantifying strategies) and teaching purposes 

(possibly shown at conferences or during a classroom setting). You may decide how this video is used. As 

filming will be recorded from behind, your face will likely not be in the video. Films will not have 

identifiable information on them apart from your unique subject code. If you choose not to have your 

session videotaped you will still be eligible to participate in the study. 

  

Any information obtained from these records will be kept confidential in the laboratory and secured in a 

cabinet in a locked room.  This information will be used strictly for research and teaching purposes only. 

The data collected during your tests sessions will be stored electronically on a password-protected 

computer.  Consent forms and all records from the session will be stored for a period of five years after the 

study has been published. 

 

Feedback 

After the completion of the test session, a discussion between yourself and the researchers will give you 

the opportunity to ask any questions you may have about the research project. The researchers will debrief 

you at this time and provide details as to the expected findings of this research.  Following data analysis 

and project completion, a feedback letter will be given to you summarizing the findings of the project and 

contact information if you have any questions as to these findings.  

 

*This study has been reviewed and has received ethics clearance through the University of Guelph 

Research Ethics Board. If you have any questions regarding the use and safety of human subjects in this 

research you may contact S. Auld, University of Guelph Research Ethics Officer, 519-824-4120 

(extension 56606), sauld@uoguelph.ca).  
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Project Director: Dr. Lori Ann Vallis, University of Guelph  

Co-Investigator: Dr. John Zettel, University of Guelph  

Students: Ms. Emily McIntosh and Ms. Alicia Kokoszka 

Project Title: Investigating lateral muscle strength and proprioception in response to perturbations during 

gait. 

Part 2:  Participant Consent Form 

 I                                                                   have read and understood the information provided as 

to the purpose of the project, the protocol to be conducted and the risks involved with participating in the 

above study. I have received satisfactory answers to my questions concerning the project and give my 

consent to give information as to my medical history.  I have been informed as to the nature of the 

feedback to be provided upon completion of the trial itself and upon the completion of the project. 

 I understand that if I have any questions or concerns resulting from my participation in this 

study, I may contact the above people.  

I understand that information obtained from my testing sessions will be used strictly for research 

and teaching purposes and that my name will be kept confidential in data presentations resulting from this 

research. 

 I am aware that I may withdraw from the study at any time without penalty even after my consent 

has been given and the project has commenced.  With full knowledge of all forgoing I agree, of my own 

free will, to participate in this study. 

_____________________ __________________              ________________               

Subject Name (printed)              Participant Signature                            Date 

_____________________ __________________              ________________               

Witness Name (printed)               Witness Signature                              Date 

I give consent to be filmed for analysis purposes. This film may be used in teaching, however my face 

will not be shown, nor will I be identified by name.  

_____________________ __________________              ________________               

Subject Name (printed)              Subject Signature                              Date 

Persons responsible for project: 

Lori Ann Vallis, Ph.D.                     Emily McIntosh, M.Sc. (in progress) 

Assoc. Professor, University of Guelph       University of Guelph 

lvallis@uoguelph.ca          mcintose@uoguelph.ca  

(519) 824-4120 ext. 54589           (519) 824-4120 ext. 54166 

mailto:lvallis@uoguelph.ca
mailto:mcintose@uoguelph.ca
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7.5 Mini BESTest of Dynamic Balance       

Balance Evaluation – Systems Test 
Copyright 2009 
 
Subjects should be tested with flat-heeled shoes OR shoes and socks off. If subject must use 
an assistive device for an item, score that item one category lower. If subject requires physical 
assistance to perform an item, score the lowest category (0) for that item. 
 
1. SIT TO STAND 
(2) Normal: Comes to stand without use of hands and stabilizes independently. 
(1) Moderate: Comes to stand WITH use of hands on first attempt. 
(0) Severe: Impossible to stand up from chair without assistance –OR- several attempts with 
use of hands. 
 
2. RISE TO TOES 
(2) Normal: Stable for 3 sec with maximum height 
(1) Moderate: Heels up, but not full range (smaller than when holding hands)-OR-noticeable 
instability for 3 s 
(0) Severe: < 3 sec 
 
3. STAND ON ONE LEG 
Left Time in sec Trial 1:________Trial 2:________ 
(2) Normal: 20 s 
(1) Moderate: < 20 sec 
(0) Severe: Unable 
 
Right Time in sec Trial 1: _______Trial 2:_________ 
(2) Normal: 20 s 
(1) Moderate: < 20 sec 
(0) Severe: Unable 
 
4. COMPENSATORY STEPPING CORRECTION- FORWARD 
(2) Normal: Recovers independently a single, large step (second realignment step is allowed) 
(1) Moderate: More than one step used to recover equilibrium 
(0) Severe: No step, OR would fall if not caught, OR falls spontaneously 
 
5. COMPENSATORY STEPPING CORRECTION- BACKWARD 
(2) Normal: Recovers independently a single, large step 
(1) Moderate: More than one step used to recover equilibrium 
(0) Severe: No step, OR would fall if not caught, OR falls spontaneously 
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6. COMPENSATORY STEPPING CORRECTION- LATERAL 
Left 
(2) Normal: Recovers independently with 1 step 
(crossover or lateral OK) 
(1) Moderate: Several steps to recovers equilibrium 
(0) Severe: Falls, or cannot step 
 
 
Right 
(2) Normal: Recovers independently with 1 step 
(crossover or lateral OK) 
(1) Moderate: Several steps to recovers equilibrium 
(0) Severe: Falls, or cannot step 
 
7. EYES OPEN, FIRM SURFACE (FEET TOGETHER) 
Time in sec:________ 
(2) Normal: 30s 
(1) Moderate: < 30s 
(0) Severe: Unable 
 
8. EYES CLOSED, FOAM SURFACE (FEET TOGETHER) 
Time in Sec:________ 
(2) Normal: 30s 
(1) Moderate: < 30s 
(0) Severe: Unable 
 
9. INCLINE- EYES CLOSED 
Time in sec:________ 
(2) Normal: Stands independently 30 sec and aligns with gravity 
(1) Moderate: Stands independently <30 SEC -OR- aligns with surface 
(0) Severe: Unable to stand >10 sec -OR- will not attempt independent stance 
 
10. CHANGE IN GAIT SPEED 
(2) Normal: Significantly changes walking speed without imbalance 
(1) Moderate: Unable to change walking speed or imbalance 
(0) Severe: Unable to achieve significant change in speed AND signs of imbalance 
 
11. WALK WITH HEAD TURNS – HORIZONTAL 
(2) Normal: performs head turns with no change in gait speed and good balance 
(1) Moderate: performs head turns with reduction in gait speed 
(0) Severe: performs head turns with imbalance 
 
12. WALK WITH PIVOT TURNS 
(2) Normal: Turns with feet close, FAST (< 3 steps) with good balance 
(1) Moderate: Turns with feet close SLOW (>4 steps) with good balance 
(0) Severe: Cannot turn with feet close at any speed without imbalance 
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13. STEP OVER OBSTACLES 
(2) Normal: able to step over box with minimal change of speed and with good balance 
(1) Moderate: steps over shoe boxes but touches box OR displays cautious behavior by slowing 
gait. 
(0) Severe: cannot step over shoe boxes OR hesitates OR steps around box 
 
14. TIMED UP & GO (ITUG) WITH DUAL TASK 
 TUG: ________sec;  
Dual Task TUG: ________sec 
(2) Normal: No noticeable change between sitting & standing in backward counting & no change 
in gait speed for TUG. 
(1) Moderate: Dual task affects either counting OR walking. 
(0) Severe: Stops counting while walking OR stops walking while counting. 
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7.6 Participant Feedback Form 

Project Director: Dr. Lori Ann Vallis, University of Guelph  

Co-Investigator: Dr. John Zettel, University of Guelph  

Students: Ms. Emily McIntosh and Ms. Alicia Kokoszka 

  Project Title: Investigating lateral weakness and instability during gait in older adult fallers 

compared to healthy young and older adults. 

  On behalf of the laboratory and researchers involved we would like to thank you for your 

participation in this study. The purpose of this study was to investigate strategies used by healthy young 

and older adults, as well as older adults with a falls history in reaction to a sudden change in the floor 

surface while walking.  By completing this session, you have shared with us valuable information that 

will be used to gain insight into what changes with aging, and why some older adults are susceptible to 

falling laterally which sometimes leads to them breaking their hip. 

As people age, falling becomes a major area of concern and muscle weakness can be a key risk 

factor for such as event. Eating healthy and exercising can often reduce this risk, but it can never fully 

reverse the signs of weakness and the reduction in strength that most people will experience as they age. 

Walking and balance are integral in everyday life and when either becomes unsteady or impaired there is 

a need to be aware of this and to what degree each are impaired. In addition to strength, adequate 

sensation of foot position relative to the ground and other body parts is very important. This sensation 

allows us to react to obstacles and every day threats within the environment. Identification of muscle 

weakness allows for interventions to take place to try to reverse this. In addition, if we discover that 

Kinesio Tape does in fact enhance stability, we can promote these results to help older adults and 

pathological cases that have decreased sensation in the outer extremities.  

In this study, we measured hip strength, ankle and hip flexibility, and performed a clinical test. In 

addition, you performed 45 walking trials on a moveable force platform. Of these trials, many included 

perturbations which shifted the platform sideways or forwards. These trials were used to look at how you 

were able to maintain balance to keep walking, or how the perturbation caused you to become unstable 

and stop. By characterizing these reactions we will be learning more about falling, and will hopefully 

come up with a way to help people change their strategies to prevent these falls. You also may have taken 

part in a follow up study that looked to see if there was improvement in stability when we increased 

sensation in the feet using Kinesio Tape. This study has implications in the elderly and in pathological 

cases where individuals have reduced sensation in their feet. If stability was improved with the use of the 

tape, it might become an option for these populations to wear when they are expected to perform activities 

where their falls risk might be increased. 
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 Previous to this study, there has been little work done to investigate lateral stability during 

walking and the effects that hip strength and foot sensation play in the maintenance of balance in 

challenging situations. By studying these factors, our hope is that the results will one day help in the 

prevention of hip fractures in older adults. 

Again, we thank you for your participation and if you have any further questions about this study 

or would like further information, please feel free to contact the Project Director, Dr. Lori Vallis, or the 

graduate research student, Ms. Emily McIntosh.  

 

Kindest Regards,     

Lori Ann Vallis, Ph.D.                    Emily McIntosh, M.Sc. (in progress) 

Assoc. Professor, University of Guelph              University of Guelph 

Dept. Human Health & Nutritional Science       Dept. Human Health & Nutritional Science 

lvallis@uoguelph.ca          mcintose@uoguelph.ca  

(519) 824-4120 ext. 54589          (519) 824-4120 ext. 54166 

John Zettel, Ph.D.                    Alicia Kokoszka, B.Sc.  

Assist. Professor, University of Guelph             University of Guelph 

Dept. Human Health & Nutritional Science       Dept. Human Health & Nutritional Science  

(519) 824-4120 ext. 53638          akokoszk@uoguelph.ca  
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