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Abstract 

Professional furniture movers must carry objects of all shapes, sizes and weights. When 

carrying boxes between a house and the moving van, professional movers will carry boxes two 

different ways. The first way is holding the box in their hands in front of their body, and the 

second way is holding the box behind them and leaning forward so the box can rest on their backs 

while walking. The Mover’s Assistive Device (MAD) is an aid developed to decrease the effort 

of movers when carrying boxes and has been shown to reduce the amount of needed grip 

strength. 

The goals of this research were to compare the effects of technique (carrying in front or 

behind the body) as well as the effects of using the MAD on the way movers coordinate their 1) 

legs and 2) trunk and hips. Movement was tracked using a camera system and reflective markers 

attached to the participants. In study 1 ten male participants completed the four different carrying 

conditions on a treadmill. The different segments of the leg did not change coordination patterns 

between the front and back carries, however, the coordination was more stable (similar across all 

steps) in the front carry. When participants used the MAD, their legs moved in a more 

coordinated motion than when they did not use the MAD, and is considered to be useful in 

maintaining balance and control while carrying a box. In study 2 thirteen male participants 

completed the four different carrying conditions on a treadmill. The trunk and the hips did not 

change coordination between the front and back carries, but they became more coordinated when 

participants were wearing the MAD. A more coordinated motion between the trunk and hips is 

suggested to be beneficial to low back health. 
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Chapter 1: Introduction 

Work-related musculoskeletal disorders (WMSDs) are a source of a large economic burden 

on society (Nimbarte et al., 2005). In a study assessing the global burden of low back pain, over 

one third was deemed to be directly caused by occupational risk factors (Punnett et al., 2005). A 

common occupational risk factor found in many industrial settings is manual materials handling 

(MMH), but because of the nature of many jobs, the elimination of MMH is not possible (Mital et 

al., 1997). A prime example of this is the professional moving industry, where the primary task of 

movers is the handling of objects of all shapes, sizes and weights. However, despite its obvious 

work demand and high risk for the development of work-related musculoskeletal disorders 

(Bonauto et al., 2006; Silverstein et al., 2002), very limited research has been attempted to 

determine the underlying causes or preventative measures to reduce the rate of injury in the 

professional moving industry. 

In a recent review of occupational load carriage, strong evidence was found associating 

load carriage with the prevalence of low back pain (Wai et al., 2010). Furthermore, carrying a 

load weighing more than 11.3kg more than 25 times in a day has been associated with an 

increased odds ratio of a prolapsed lumbar vertebral disc when compared to those who do not 

(Kelsey et al., 1984). This is disconcerting for the moving industry, as movers must repeatedly 

carry loads of varying shapes and weights between an owner’s house and the moving truck. 

Unfortunately, literature that has pertained to load carriage has seldom focused on hand-held load 

carriage, and has mainly focused on load carriage with the use of packs (Chow et al., 2011; 

LaFiandra et al., 2003), particularly with the specific populations of military (Birrell & Haslam, 

2009; Knapik et al., 2004) and schoolchildren or adolescents (Brackley & Stevenson, 2004; Chow 

et al., 2007; Sheir-Neiss et al., 2003). 
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 In previous research, three local moving companies in Kingston, ON, CA were recruited 

to complete a written questionnaire as well as participate in needs-assessment focus groups to 

identify common occupational injuries and risk factors to professional movers (Kudryk, 2008). Of 

the participants who completed the questionnaire (n=30), 93% reported experiencing some form 

of work-related musculoskeletal pain at some point in their career. The three most frequently 

reported locations of pain were: shoulders, back, and hands. Based on severity of pain, 

participants identified the back, shoulders and knees as the most troublesome areas. In addition, 

the largest perceived concerns of movers were: environmental limitations (uneven terrain, 

staircases, truck ramps) followed by physical load limitations (variability of load dimensions, lack 

of load weight limit, unbalanced loads) (Kudryk, 2008).  

There has been debate in the literature over the ideal method of load carriage; two 

techniques that have received a great deal of attention are anterior load carriage and posterior load 

carriage (Anderson et al., 2007; Fiolkowski et al., 2006; Motmans et al., 2006). When comparing 

front packs (anterior carriage) to back packs (posterior carriage), the front pack has been found to 

produce a gait pattern more similar to unloaded gait (Fiolkowski et al., 2006), but conversely, it is 

also associated with a greater erector spinae muscle activity than the back pack (Motmans et al., 

2006). While these findings are useful for the comparison of anterior and posterior techniques 

with the use of a pack, they are not completely applicable to the moving industry, as movers 

typically carry loads using their hands (i.e. hand-held carriage) (Kudryk, 2008). Therefore, to 

address this limitation Kudryk (2008) compared muscular activity between hand-held anterior 

load carriage (AC) and posterior load carriage (PC) techniques. Results were in agreement with 

that of Motmans et al. (2006); in contrast to the AC technique, PC significantly reduced the 

muscular activity of the thoracic and lumbar erector spinae muscles and the posterior deltoid. 

In response to findings from initial studies of hand-held load carriage techniques, 

questionnaires and needs-assessment discussions, Kudryk (2008) developed a prototype of an 
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ergonomic assistive device, named the Mover’s Assistive Device (MAD), as a means of reducing 

the effort of the upper extremities during load carriage (Figure 1.1). In an electromyography 

comparison of assisted load carriage (use of the MAD) and unassisted load carriage (without the 

use of the MAD), the most evident effect of the MAD was significant reductions of flexor 

digitorum muscular activity (>40%) for both AC and PC techniques. It was concluded that 

sufficient reductions in muscular activity were found to consider the MAD an effective 

ergonomic aid (Kudryk, 2008). 

 

 

 

 

 

 

Figure 1.1 Example setup of the Mover’s Assistive Device (MAD) for the anterior and posterior carriage methods. 

Subjective measures used while testing the MAD revealed that use of an assitive device 

reduced participants’ perceived efforts when compared to the respective unassisted carriage 

techniques, thereby addressing one of the two primary concerns identified by movers, namely the 

high physical demands of the job. However, an evaluation of the postural and coordination effects 

across hand-held AC and PC techniques is still lacking. An understanding of coordination 

differences across these two carriage techniques may provide valuable information to help 

improve movers’ safety, reduce the effects of environmental limitations and to make 

recommendations about acceptable strategies for hand-held load carriage. 

Gait is a complex movement of many interacting segments and load carriage adds an 

additional challenge. Coordination can be defined as the way in which these body segments are 
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controlled in regards to timing and relative magnitudes (Scholz, 1990). It has been suggested that 

stable coordination patterns are important to functional movement (Scholz, 1990; Stergiou, 

Jensen, et al., 2001), particularly with the task of load carriage (LaFiandra et al., 2002). 

Coordination can be quantified using the continuous relative phase (CRP) angle, which is 

described as the angular position of a segment or joint plotted against it’s own angular velocity to 

create a phase-plane plot. At each instant in time on the phase-plane plot, a phase angle can be 

defined as the angle relative to the right horizontal axis. The CRP angle is then calculated by 

subtracting the phase angle of one segment or joint of interest by the phase angle of another. This 

method is beneficial as it incorporates both timing and positioning differences between two 

segments. It has been suggested that a person’s coordination and stability of the coordination 

pattern, can be used to determine the ability of a person to withstand perturbations and obstacles 

experienced during load carriage, and as well as a means to reduce injury rates (LaFiandra et al., 

2003; Yen et al., 2011). While muscular activity comparisons have been made between AC and 

PC hand-held techniques, as well as with and without the use of the MAD, comparisons have yet 

to be made in regards to kinematics, particularly, coordination patterns.  

The primary purpose of this thesis was to determine if differences exist in coordination 

between two hand-held techniques (anterior or posterior) Additionally, whether or not the MAD 

would alter coordination. It was hypothesized, based on previous findings from Kudryk (2008), 

that the posterior carriage technique would exhibit a decreased CRP variability over the anterior 

carriage technique, and that MAD would also help to decrease the CRP variability, all leading to 

more control of the load.  
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Chapter 2: Literature Review 

2.1 Risks of Work-Related Musculoskeletal Injuries in the Professional 

Moving Industry 

The professional furniture moving industry, for simplicity, hereafter will be termed the 

‘moving industry’. The moving industry revolves around an extensive amount of physical labour; 

professional movers are required to move large quantities of objects between houses and moving 

trucks on a daily basis. These objects have a large range of sizes, shapes and weights and often 

cannot be controlled by company policies. While an obvious challenge to movers is the transfer 

of extremely large and heavy pieces of furniture and appliances; a less obvious challenge is the 

transfer of boxes. When moving belongings from a house, the vast majority of objects are in 

boxes (Kudryk, 2008) where box sizes and shapes are uncontrolled, box weights are 

unpredictable, and few boxes have handles.  Large quantities of boxes increase the repetitions 

between the house and the moving truck. In an attempt to reduce repetitions movers will often 

carry multiple boxes at once consequently requiring a greater force production to support the 

increased weight. Both increased repetitions and increased force production are major risk factors 

for injury development (Chaffin et al., 2004). 

Manual materials handling (MMH) is one of the most common causes of injury in 

industries. Studies have found the prevalence of injuries due to MMH in industry has become 

substantial (Punnett et al., 2005). Unfortunately, because of the nature of many industrial jobs, 

elimination of MMH is not possible (Mital et al., 1997), subsequently creating a large economic 

burden on society due to high health care and compensation costs (Dempsey & Hashemi, 1999; 

Murphy et al., 1996; Punnett et al., 2005). An observation study of more than 20,000 manual 

handling tasks related to loading and unloading of trailers in a large transportation company 

revealed there was, on average, one incident (risk factor for injury) for every seven handling 
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manoeuvres (e.g. loading crates or moving large objects). Out of the occurring incidents, 71% 

were found to be resultant of environmental factors and 29% were related to the activity (Lortie & 

Pelletier, 1996). While previous literature has attempted to identify the risk of injury due to MMH 

in many physically demanding industries, such as nursing (Kromark et al., 2009; Smedley et al., 

1995), automotive assembly plants (Lavender et al., 2006; McClellan et al., 2009) and other large 

manufacturing plants (Fredericks et al., 2008; Martimo et al., 2008), numerous physically taxing 

occupations have yet to be assessed from an ergonomic injury prevention standpoint. For 

example, despite it’s obvious increased work demand and increased risk for the development of 

work-related musculoskeletal disorders (Bonauto et al., 2006; Silverstein et al., 2002), very 

limited research has attempted to determine the underlying causes and potential preventative 

measures to reduce the rate of injury in the professional moving industry.  

In previous work, three local moving companies in Kingston, ON, CA were recruited to 

complete a written questionnaire as well as participate in a needs-assessment discussion to 

identify common occupational injuries and risk factors experienced by professional movers 

(Kudryk, 2008). Of the participants who completed the questionnaire (n=30), 93% reported 

experiencing some form of work-related musculoskeletal pain at some point in their career, which 

is consistent with insurance claim rates identified in previous reports (Bonauto et al., 2006; 

Silverstein et al., 2002). The questionnaire identified the shoulders, back and hands as the three 

most frequent locations of pain (figure 2.1 top). Based on severity of pain, participants identified 

the back, shoulders and the knees as the most troublesome areas (figure 2.1 bottom). In addition, 

findings from the needs-assessment discussions indicated the largest perceived concerns of 

movers were firstly, environmental limitations (uneven terrain, staircases, truck ramps) and 

secondly, physical load limitations (variability of load dimensions, lack of load weight limit, 

unbalanced loads) (Kudryk, 2008).  
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While many epidemiological studies have shown conflicting and inconsistent 

associations between some manual materials handling (MMH) tasks and the presence of work-

related back pain (Wai et al., 2010), researchers have suggested the cause of work-related back 

pain is multifactorial with many interlacing risk factors responsible for the prevalence among 

workers (Wai et al., 2010). Load carriage in the moving industry is particularly difficult to isolate 

as an epidemiological risk factor for injury, because the tasks itself incorporates many different 

MMH tasks (e.g., pushing/pulling, lifting, carrying, and lowering). 

 

 

Figure 2.1. Results from a survey of professional movers (n=30). Top: Percentage of respondents who reported 
ever experiencing work-related pain in the specified body areas. Bottom: Percentage of respondents who reported 
specified body areas as the most severe site of pain.  



 8 

2.2 Load Carriage Biomechanics 

2.2.1 Load Carriage Techniques 

 The majority of research pertaining to load carriage has focused on the backpack as a 

means of carriage where the ideal location of the load in the pack is of primary concern. Many of 

the comparisons are between front packs, back packs, and double packs, as well as the location of 

the pack’s centre of mass (CoM) (Anderson et al., 2007; Birrell & Haslam, 2009; Motmans et al., 

2006).  In addition, there is some literature on other forms of carriage such as asymmetrical, 

weighted hip belts, and trunk vests where the majority load carriage techniques are still coupled 

to the trunk (Knapik et al., 2004; Legg, 1985). While it is understood that carrying a load coupled 

to the trunk is less physiologically demanding compared to other carriage methods (Legg, 1985), 

in many work environments, particularly the moving industry, it is not feasible to place all loads 

in a backpack and often times the load must be primarily supported with the hands. From this 

point on, this type of load carriage will be referred to as hand-held load carriage. 

 When carrying boxes between the house and the moving van, movers tended to adopt two 

very distinct hand-held carrying techniques. While many of the movers carried boxes in front of 

their bodies, a large number also carried boxes behind them using their back to support some of 

the weight (Kudryk, 2008). Upon further investigation a trend became apparent; novice movers 

who had little moving experience preferred carrying boxes anterior to the trunk, whereas more 

experienced movers preferred to carry the boxes posterior to the trunk. Specifically, when 

carrying boxes anterior to the trunk, movers would hold either the far bottom corners or the 

middle of the far vertical edges of the box and pull the box toward the trunk (Figure 2.2). When 

carrying boxes posterior to the trunk, movers would lean forward at the hips, use one hand to 

support the bottom of the box (near the body) and the other hand would be on the far vertical 

edge of the box pulling it toward the trunk (Figure 2.2).  
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Figure 2.2. An example of a posterior carry (left) and the anterior carry (right) techniques typically used by 
professional movers while on the job. 

 

When experienced movers were asked why they preferred to carry boxes posterior to the 

trunk, the general response was that it was “easier” or less physically demanding than carrying 

the boxes in front, and that it also allowed greater visibility when traversing difficult terrain or 

navigating stairs and obstacles (Kudryk, 2008). This difference in technique preference has been 

noted in other studies regarding manual material handling. A study by Authier and colleagues 

(1996), compared box transfer techniques between 6 expert and 6 novice handlers. Variables, 

such as position of back, knees and feet, position of hands, and pelvic orientation at both the 

beginning and end of transfers; positioning of the box during handling; and the positioning of the 

feet during movement were observed.  Expert handlers adopted different handling techniques 

than novice handlers, specifically in regards to foot positioning, step length and box positioning. 
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The positions chosen by experts were believed to improve upon balance, and gain better control 

of the box (Authier et al., 1996). 

2.2.2 Current ergonomic aids for load carriage 

Mechanical lifting aids have become popular in industries requiring a large amount of 

MMH activities, particularly with large loads (Chaffin et al., 1999). These lifting aids are often 

off-body devices that eliminate the lifting requirement of the employee, and thus require only a 

pushing and/or pulling action to transfer the object (Resnick & Chaffin, 1997). The removal of 

the lifting requirement in object transfer has a clear benefit as it reduces the stress upon the low 

back and may reduce the risk of injury (Chaffin et al., 1999); however, such mechanical devices 

are impractical for an environment such as the moving industry as there are many spatial 

constraints, and large transfer distances. Furthermore, a study by Chaffin and colleagues (1999) 

found that employees are unlikely to use off-body mechanical devices when a load falls within 

their strength capacity as it often takes more time to load and use the device.  A further 

disadvantage of off-body mechanical assistive devices is that they are typically very costly and 

employers are usually reluctant to invest in them (Chaffin et al., 1999). 

Another style of assistive devices is on-body; this style has many advantages in certain 

situations over an off-body device, as it is often smaller, quicker to use, more cost effective, and 

typically more practical. Many of these on-body devices have been designed with the goal of 

transferring force requirements from the musculature to bony structures such as the hips and legs 

(Abdoli-E, 2005; Barrett & Fathallah, 2001). However, they are not applicable to the carrying 

component of a load transfer, which is the largest, and most time-consuming portion of a mover’s 

transfer task.  

To date only one on-body assistive device, dubbed the GRIPSystem™ has been developed 

specifically for the moving industry. This device was developed to assist a two-person team in 
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lifting large and heavy objects (Paskiewicz & Fathallah, 2007). The system consists of a harness 

for each lifter and two long connecting straps between the two harnesses; the object is placed over 

the two connecting straps and, when the movers lift simultaneously, the straps transfer the load to 

the movers’ shoulders and lower backs (Paskiewicz & Fathallah, 2007). The effectiveness of the 

GRIPSystem™ was tested in a laboratory setting through an evaluation of lumbar kinematics and 

trunk muscular activity. It was found that lifting and lowering with the GRIPSystem™ reduced the 

percentage of maximal EMG amplitudes of the trunk extensor muscles when compared to the 

control condition. Furthermore, sagittal trunk flexion and trunk flexion/extension velocities were 

significantly reduced with the use of the GRIPSystem™(Paskiewicz & Fathallah, 2007). Using the 

techniques suggested by Marras and colleagues (1993), the probability of low back disorder risk 

was reduced from 76.3% (without a device) to 44.3% (with the GRIPSystem™) (Paskiewicz & 

Fathallah, 2007). While the GRIPSystem™ is recognized as an effective ergonomic tool in team 

lifting and transferring of large and heavy loads, it is impractical for the majority of a 

homeowner’s belongings that are packed in boxes.   

2.2.3 The “Mover’s Assistive Device” 

Through information obtained from questionnaires and needs-assessment discussions 

from local moving company employees, an on-body ergonomic aid prototype, dubbed the 

Mover’s Assistive Device (MAD) was developed at Queen’s University (Kudryk, 2008). Major 

considerations that were kept in mind throughout the design process were common limitations 

identified by local movers.  The most commonly identified environmental, physical, and personal 

limitations identified can be seen in table 2.1 (Kudryk, 2008). The two most concerning 

environmental limitations identified were navigating through stairways and narrow spatial 

constraints.  These concerns led researchers to believe that the success of an ergonomic device 

would be dependent on it’s size and ability to address the concerns of the movers (Kudryk, 2008).  

Since pain, fatigue, and anthropometric challenges (i.e. arm length) were highlighted issues, the 
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assistive device was aimed at reducing muscular effort, while still allowing mover’s to easily grip 

the objects (Kudryk, 2008). Finally, because of the difference in carriage technique preferences 

between novice and experienced movers, researchers designed the assistive device to be readily 

interchangeable between the anterior and posterior load carriage (Kudryk, 2008). 

Table 2.1. The top three environmental, load, and personal limitations identified in a needs-analysis discussion with 42 
professional movers conducted by Kudryk (2008).  

Rank Environmental Limitations Physical Load Limitations Personal Limitations 

1 Stair difficulties Load dimension variations Musculoskeletal pain and/or 
fatigue 

2 Spatial limitations No upper weight 
limitations Anthropometric limitations 

3 Truck ramp width & 
instability Unbalanced loads Coordinating load carriage 

with partner 

  

The initial prototype of the Mover’s Assistive Device (MAD) was comprised of: (1) a 

rigid plastic backing with two aluminum stays for objects to be rested upon; and (2) a harness 

system, similar to that of a backpack to secure the shelf onto the user. The two aluminum stays 

extended approximately 10cm from the user and were covered with a high-friction coating to 

increase the coefficient of friction between the stays and the object. The straps composing the 

harness system were comprised of two adjustable padded shoulder straps (7.6cm in width) and an 

adjustable broad padded hip belt (Figure 2.3) (Kudryk, 2008).   
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Figure 2.3. The first prototype of the Mover’s Assistive Device. (Left) Front part of the device that 
supports the load on aluminum stays which were secured to a plastic backing plate. (Right) Back part of the 
harness system used to hold the aluminum stays & rigid backing plate securely to the body.  

In a laboratory setting, sixteen university-aged males with no injuries, and little to no 

moving experience were tested under four conditions: unassisted anterior carriage, unassisted 

posterior carriage, assisted anterior carriage, and assisted posterior carriage (Kudryk, 2008). Eight 

separate muscles were recorded throughout all trials, upper trapezius, anterior deltoid, posterior 

deltoid, thoracic erector spinae, lumbar erector spinae, rectus abdominus, external oblique and the 

flexor digitorum. Subjects carried a 2 cu. ft. cardboard moving box weighing the equivalent of 

20% of body mass at a speed of 2 km/h for a total of two minutes under the four conditions.  

Findings from this study showed that the MAD significantly decreased the muscular 

activity in the flexor digitorum in both the anterior and posterior load carriage techniques.  In the 

posterior carriage technique, a significant reduction in the anterior deltoid was also seen. When 

subjects were asked if the Mover’s Assistive Device made the load carriage task less demanding, 

100% of subjects reported it was easier for the anterior carriage, and 93.3% of subjects reported it 

was easier for the posterior carriage (Kudryk, 2008). 

 



 14 

2.3 Kinematics of Load Carriage 

Load carriage has been found to have a significant effect on a variety of spatiotemporal 

parameters. During load carriage there is an observed decrease in stride length when compared to 

unloaded gait (Birrell & Haslam, 2009; LaFiandra et al., 2003), a decrease in the percentage of 

gait cycle spent in swing phase, and an associated increase in the percentage of time spent in the 

double support phase (Birrell & Haslam, 2009; LaFiandra et al., 2003). The greater time spent in 

the double support phase allows a greater base of support (BOS) for a longer period of time, 

which increases the total body stability (Birrell & Haslam, 2009). 

One of the most noted and consistent kinematic adaptations observed during load carriage 

(typically in a backpack form) is an increased trunk flexion (Anderson et al., 2007; Attwells et al., 

2006; Birrell & Haslam, 2009; Martin & Nelson, 1986). This increased trunk flexion is a person’s 

mechanism to realign their center of mass (COM) over their BOS after a weight has been added 

to their back, thereby making it easier to maintain balance (Winter, 1995). The greater the load 

carried, the greater the trunk flexion (Anderson et al., 2007; Attwells et al., 2006). When the trunk 

is maintained in a flexed posture, the rest of the lower limb joints (i.e. hip, knee and ankle) tend to 

also assume sustained flexion (Saha et al., 2008). Load carriage has not been found to have much 

effect on ankle kinematics, but significant increases in hip range of motion (ROM), pelvic tilt and 

hip adduction/abduction ROM have been observed (Birrell & Haslam, 2009). Alternatively, a 

significant decrease is seen in knee ROM (more flexed position) (Birrell & Haslam, 2009) and a 

decrease in pelvic rotation has also been noted under load carriage conditions (Birrell & Haslam, 

2009; LaFiandra et al., 2003). 

Bipedal human locomotion is the forward propulsion of a person’s center of gravity 

(located in the pelvis (Rose & Gamble, 1994)) in a way that requires the least amount of energy 

expenditure (Saunders et al., 1953). Preliminary research from Saunders and colleagues (1953) 
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identified six important determinants of normal gait; pelvic rotation, pelvic tilt, knee flexion, hip 

flexion, knee and ankle interaction and lateral pelvic displacement. An important observation to 

note is that half of these determinants are in the three planes of pelvic movement; specifically the 

first and foremost determinant is pelvic rotation about the transverse plane. The forward linear 

momentum caused by the pelvic rotation remains as constant as possible in order to reduce the 

amount of energy expenditure (Gracovetsky, 1985). Furthermore, it is essential that total angular 

momentum of the person remain at zero during forward movement, thus the angular momentum 

of the pelvic girdle, must be balanced through the counter-rotation of the shoulder girdle (Bruijn 

et al., 2008; Gracovetsky, 1985). Therefore, a larger emphasis has been placed on the importance 

of pelvis and trunk interactions throughout locomotion (Callaghan et al., 1999; Gracovetsky, 

1985; Stokes et al., 1989). While Bruijn and colleagues (2008) have suggested that the pelvis and 

thoracic involvement in total body angular momentum is less than 10% and alternatively the arms 

and legs have the largest contribution during gait, the importance of pelvic/thoracic interactions is 

emphasized during hand-held load carriage due to the lack of arm swing. 

2.4 Interjoint and Intersegment Coordination 

2.4.1 Intersegment & interjoint coordination defined 

Traditionally human movement has been quantified using the kinematics of a single joint 

(e.g. minimum, maximum, range of motion). However in the kinematic chain, motion of one 

segment or joint will affect motions of other adjacent segments; therefore, the examination of 

timing and coordination between multiple joints (interjoint) and multiple segments (intersegment) 

has emerged as a new way to analyze motion (Burgess-Limerick et al., 1995; Hamill et al., 1999). 

What has become an emerging and more widely accepted approach is the assessment of 

interactions between multiple joints (interjoint) and multiple segments (intersegment) using 

continuous methods of measurement (Hamill et al., 2000). Interjoint and intersegment 
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coordination are used to describe the relative timing of joint movements or body segments 

respectively during human movement, and are quantified using continuous relative phase (CRP) 

angles (Hamill et al., 2000). CRP is a useful measurement as it provides information not only of 

relative positioning of different oscillators (e.g. joints or segments) but also the relative timing of 

those oscillators; therefore CRP gives an indication of movement coordination. 

Continuous relative phase has been used to establish spatiotemporal relationships in 

patient populations such as post-stroke (Roerdink et al., 2007), cerebral palsy (Fowler & 

Goldberg, 2009), as well as in the running population, specifically, comparisons between healthy 

and injured runners (Hamill et al., 1999; Miller et al., 2008; Seay, Van Emmerik, et al., 2011). 

When observing coordination patterns between the pelvis and thorax in healthy recreational 

runners and recreational runners with low back pain (LBP), Seay et al. (2011) found participants 

with LBP adopted a more in-phase coordinative strategy about the transverse plane; that is, 

runners with LBP tended to rotate the trunk and pelvis in a more synchronized fashion than 

runners without LBP. Similar findings were shown in a comparison of a population not specific 

to runners where when speed was increased, participants with low back pain had a significantly 

more in-phase coordination between the pelvis and thorax when compared to a control population 

(Selles et al., 2001). 

CRP has recently been used as a method of determining beneficial or detrimental 

movement patterns during manual materials handling tasks. For example, in an examination of 

lower limb interjoint coordination during lifting tasks, changes in CRP angles were seen with 

increases in load. The authors concluded interjoint coordination was used a means to reduce joint 

stress and muscular effort during lifting (Burgess-Limerick et al., 1995; Hsiang & McGorry, 

1997). Research has now expanded to look at the effects that other MMH tasks have on 

coordination, specifically focusing on transverse CRP between the trunk and pelvis during load 

carriage (LaFiandra et al., 2003; Seay, Hasselquist, et al., 2011; Sharpe et al., 2008). 
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2.4.2 Load carriage and CRP angles  

As mentioned before, the relationship between the pelvis and trunk is essential to forward 

movement.  The pelvis drives the forward momentum that propels the legs forward, and the trunk 

counterbalances the angular momentum created by the pelvis (Stokes et al., 1989). During 

unloaded gait, a counter-rotation of the trunk and pelvis has been observed at walking speeds 

greater than 1.0m/s (LaFiandra et al., 2003; Stokes et al., 1989; Wagenaar & Beek, 1992). This 

relationship is necessary because, with increased walking speeds (greater than 1.0m/s), pelvic 

transverse rotation is used as a means to increase stride length. In order to reduce rotational 

momentum of the body, the trunk will counter-rotate the pelvis, which helps to smooth the 

movement of the gait (Stokes et al., 1989). However, during load carriage, when walking at 

speeds greater than 1.0m/s, this counter-rotation is not present and the pelvis and trunk move in a 

more in-phase pattern (LaFiandra et al., 2003).  

Decreases in amplitudes of transverse plane rotation in the pelvis and trunk, as well as a 

more in-phase coordination between the pelvis and trunk, have been observed during load 

carriage with a heavily loaded backpack when compared to unloaded gait (LaFiandra et al., 2002; 

LaFiandra et al., 2003; Sharpe et al., 2008). Similarly, when observing pelvis-trunk coordination 

during hand-held weapon load carriage, a more in-phase pelvis-trunk coordination was observed 

when compared to unloaded gait (Seay, Hasselquist, et al., 2011). Based on these observations, it 

has been suggested that the goal of movement during load carriage is to reduce the magnitude of 

upper body torque (LaFiandra et al., 2002). An increase in upper body torque would require 

greater muscular activity to reduce the angular momentum of the pelvis during gait (LaFiandra et 

al., 2002). An increase in muscular activity in the erector spinae increases the compressive force 

acting on the spine and thus can increase a person’s risk of low back injury (Dolan & Adams, 

1993; Hughes et al., 1994).  
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Two strategies have been suggested by LaFiandra and colleagues (2002) that are 

employed during load carriage as a means to reduce upper body torque. First, it is thought that a 

decrease in lower body torque limits the transmission of torque into the upper body. This strategy 

is confirmed with the decreased amplitudes of pelvic rotation seen in load carriage (LaFiandra et 

al., 2002; LaFiandra et al., 2003; Sharpe et al., 2008). Second, in-phase trunk-pelvis coordination 

is adopted as a means to reduce upper body torque. If one assumes a spring connects the upper 

and lower body, the relationship of torque ( ), angular displacement (θ) and spring stiffness (k) 

can be represented by . The more in-phase the coordination between the pelvis and trunk, 

the smaller the angular displacement between the upper and lower body resulting in less torque 

available for storage in the connecting spring.  As a result less torque is available for transmission 

to the upper body, and thus less energy is required to maintain control over the upper body and 

load (LaFiandra et al., 2002).  

2.5 Continuous Relative Phase Angle Variability 

In addition to using CRP as a means to evaluate the relative coordination of two joints or 

two segments, researchers have begun to use the variability of coordination as an indicator of 

movement pathologies (Pollard et al., 2005; Seay, Hasselquist, et al., 2011; Van Emmerick et al., 

2005). The variability of a coordination pattern is defined as the standard deviation of CRP at 

every point in a movement cycle across multiple cycles. The advantageous role of variability of 

CRP in human movement has been acknowledged as it allows the body to respond to and recover 

from unfavourable surfaces or perturbations, thus creating a more stable state (Pollard et al., 

2005; Van Emmerick et al., 2004; Van Emmerick & Van Wegen, 2000).  

Comparisons of healthy and injured populations have associated a less variable CRP with 

an injured state such as low back pain or knee pain (Hamill et al., 1999; Seay, Van Emmerik, et 

al., 2011), leading to the conclusion that it is favourable to have an increased variability of CRP 
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during healthy gait. Although the advantages of variability in human movement has been shown 

in normal healthy gait, researchers also warn that too little or too much variability in CRP can be 

detrimental; however, exact magnitudes are currently unknown (Miller et al., 2008; Seay, Van 

Emmerik, et al., 2011). An increased CRP variability is not recognized as being beneficial for all 

types of movement. For example, in challenging tasks, such as obstacle crossing and load 

carriage, decreased CRP variability has been identified as more favourable since a greater 

precision and control of the movement is required to successfully complete the task (LaFiandra et 

al., 2002; Lu et al., 2008; Stergiou, Jensen, et al., 2001). 

Investigations of interjoint coordination of trailing and leading limbs during obstacle 

crossing found the supporting leg exhibited a more stable coordination pattern than the crossing 

leg, thus providing stable support while crossing the obstacle (Lu et al., 2008). It is believed that 

the same is true during load carriage.  Although movers often are required to cross obstacles 

during load carriage, it is believed that a stable coordination of the lower extremities is essential 

to help maintain balance when shifting supporting weight between legs during gait.  In addition to 

an in-phase coordination pattern between the trunk and pelvis segments during load carriage, a 

decreased CRP variability is used as a means to decrease the potential magnitudes of torque that 

can be transmitted to the upper body. During load carriage a lower variability is important in 

safely executing the movements. 

Continuous relative phase and continuous relative phase variability are new ways to 

examine kinematic characteristics of load carriage. Through the inclusion of both spatial and 

temporal information, a more in-depth detailing of the movement patterns is provided during load 

carriage. Furthermore the following studies are the first of their kind to use continuous relative 

phase to examine coordination changes of two different hand-held load carriage techniques. The 

goals of the following studies were to determine: 1) which load carriage technique exhibited a 

more stable lower extremity interjoint coordination; and, 2) which technique would exhibit a 
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more stable trunk-pelvis intersegment coordination pattern. Furthermore, these studies tested 

whether or not the Mover’s Assistive Device increased the stability of coordination patterns 

during load carriage.  
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Chapter 3: Lower extremity continuous relative phase 

variability in assisted and unassisted anterior and posterior 

hand-held load carriage 

Abstract 

The mover’s assistive device (MAD), an on-body ergonomic aid developed at Queen’s 

University, is designed to help professional movers transfer boxes during anterior and posterior 

hand-held load carriage. Ten males completed a load carriage task under four conditions: 1) 

unassisted anterior, 2) unassisted posterior, 3) assisted anterior, and 4) assisted posterior. Three-

dimensional kinematics were recorded from retro-reflective markers affixed to various landmarks 

on the right side of each participant. Coordination was defined as the continuous relative phase 

(CRP) angles between the trunk-hip, hip-knee and knee-ankle in all three planes of motion.  

Irrespective of the MAD, the anterior hand-held technique exhibited lower CRP variability of the 

lower extremities than the posterior technique, thus creating a more stable support for the limbs 

while performing the complex task of load carriage. Furthermore, MAD use also resulted in 

decreased CRP variability of the lower extremities, which further promoted a stable support for 

mover.  
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3.1 Introduction 

The moving industry requires an extensive amount of physical labour; professional 

movers are required to move large quantities of objects between houses and moving trucks on a 

daily basis. These objects have a large range of sizes, shapes and weights that often cannot be 

controlled by the moving company. While an obvious challenge to movers is the transfer of 

extremely large and heavy pieces of furniture and appliances, a less obvious challenge is the 

transfer of boxes. When moving belongings from a house, the vast majority homeowners’ 

belongings are packaged in boxes where box sizes and shapes are uncontrolled, box weights are 

unpredictable, and few boxes have handles (Kudryk, 2008).  In a recent review of occupational 

load carriage across many different industries, strong evidence was found associating load 

carriage with the prevalence of low back pain (Wai et al., 2010). Furthermore, results from an 

epidemiological case-control study displayed that workers who were required to carry a load 

weighing more than 11.3kg more than 25 times in a day had an increased odds ratio of a 

prolapsed lumbar vertebral disc when compared to those who do not (Kelsey et al., 1984). Load 

carriage in the moving industry is particularly difficult to isolate as an epidemiological risk factor 

for injury because the task itself incorporates many different manual materials handling (MMH) 

tasks (pushing/pulling, lifting, carrying, and lowering). Due to the nature of the job in the 

professional moving industry, elimination of manual materials handling, particularly load carriage 

is not feasible.  

While biomechanical research has placed an emphasis on load carriage, the literature has 

predominantly focused on load carriage when the load is coupled to the trunk, often in the form of 

a backpack (Birrell & Haslam, 2009; Fiolkowski et al., 2006; Motmans et al., 2006). The use of 

backpacks in the carriage of household belongings is not feasible in the moving industry because 

of cost and work rate concerns of the industry. Fieldwork observations of three professional 

moving companies in Kingston, ON, CA established that professional movers tend to adopt two 



 30 

very distinct hand-held carrying techniques. Many of the movers carried boxes in front of their 

body (anterior carriage), however, the more experienced employees carried boxes behind them 

(posterior carriage), using a flexed trunk posture to support some of the load’s weight (Kudryk, 

2008). This posterior carriage (PC) was preferred over the anterior carriage (AC) technique 

because experienced movers claimed it improved visibility when traversing narrow spaces and 

obstacles and because it felt less demanding on the lower back (Kudryk, 2008). In an initial 

comparison of the two hand-held techniques, Kudryk (2008) compared the muscular activity in 

the back and upper extremities; findings were in agreement with similar studies comparing front- 

and backpacks. The PC technique exhibited significantly reduced muscular activity in the 

thoracic and lumbar erector spinae muscles in comparison to the AC technique (Kudryk, 2008). 

This was believed to be beneficial to low back health as less muscular activity in the erector 

spinae has been associated with less compressive force in the low back (McGill & Norman, 

1986). 

 A questionnaire administered to local movers in Kingston, ON, CA identified the low 

back, shoulder and hands as the three most common sites of injury self-reported by movers and 

that the high physical demands of the job were considered the probable cause (Kudryk, 2008). A 

prototype of an ergonomic assistive device was developed as a means of reducing the effort of the 

upper extremities during load carriage. The Mover’s Assistive Device (MAD) consists of two 

main components: (1) a rigid plastic backing with an aluminum shelf, and (2) a harnessing system 

to fix the shelf onto the body. In an electromyographic comparison of assisted load carriage (use 

of the MAD) and unassisted load carriage (without use of the MAD), the most evident effect of 

the MAD was a significant reduction of flexor digitorum muscular activity (>40%). Subjective 

findings revealed that use of the MAD reduced participants’ perceived efforts when compared to 

the respective unassisted carriage techniques. Reductions in muscular activity as well as 

perceived efforts led the authors to deem the MAD an effective ergonomic aid (Kudryk, 2008).  
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 An environmental concern identified by movers in a needs analysis discussion was the 

difficulty of traversing stairways and navigating narrow spaces (Kudryk, 2008). Gait is a complex 

movement involving the interaction of many segments, and it is made more challenging with the 

addition of the task of load carriage. Coordination can be defined as the way in which these body 

segments are controlled in regard to timing and relative magnitudes (Scholz, 1990). Inter-

segmental coordination, often used in movement research, is usually defined as the spatial and 

timing relationship between two body segments (Hamill et al., 1999; Kelso, 1984; Stergiou, 

Scholten, et al., 2001); however, it only provides information on the interactions about one joint. 

Stergiou (2004) suggested that the generation of gait is multifactorial, spanning more than one 

joint thus requiring the coupling and coordination of multiple individual muscles and 

neuropathways. Interjoint coordination can provide a bigger picture of a movement as it provides 

not only information on the interactions of two segments, but also the interactions of many 

segments that move a person through a complex task such as load carriage.  

Interjoint coordination can be quantified using the continuous relative phase (CRP) angle.  

The angular position of a joint is plotted against it’s own angular velocity to create a phase-plane 

plot. A phase angle is then calculated as the angle relative to the right horizontal axis of the phase 

plane plot at each instant in time. The CRP angle is then calculated by subtracting the phase angle 

of one segment or joint of interest from the phase angle of another. This method is beneficial as it 

incorporates both timing and positioning differences between two joints, thus providing a more 

complete grasp of the movement relationships between oscillators. The variability of a 

coordination pattern (vCRP) is defined as the standard deviation of the CRP angle across multiple 

gait cycles (Seay, Van Emmerik, et al., 2011). It has been suggested that stable coordination 

patterns (decreased variability) are important to functional movement (Scholz, 1990; Stergiou, 

Jensen, et al., 2001), particularly with the task of load carriage (LaFiandra et al., 2002).  The first 

objective of this study was to determine which hand-held technique (anterior or posterior) 
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exhibited more stable lower-extremity interjoint coordination patterns during load carriage. A 

second objective was to determine whether use of the MAD affected interjoint coordination 

variability.  

3.2 Methods 

3.2.1 Participants 

 Participant inclusion criteria for this study were males aged 18-35 with preference to 

those with experience in the moving industry. Interested participants were excluded if they 

reported any bodily pain that might be aggravated from performing load carriage tasks. Ten 

healthy male participants were recruited and participated in this study; only male participants 

were recruited in an attempt to make the study population more representative of a moving 

industry population. All subjects were recruited from a sample of convenience, and all were 

students from Queen’s University in Kingston, Ontario. Before participating in the study, 

participants were given a verbal explanation of the purpose, procedures and any potential risks of 

the study, as well as asking them to read and sign an informed consent letter that was read and 

signed before beginning data collection (see Appendix A). Subjects were compensated $25.00 for 

their time commitment and participation in the study. This study was approved for ethics under 

the Queen’s University Health Science Research Ethics Board (PHE-066-66); the approval letter 

can be found in Appendix C. 

3.2.2 Instrumentation 

Data collection took place on a Sports Art Fitness 6300 treadmill (Sports Art Fitness, 

Woodinville, WA), in the Biomechanics and Ergonomics Laboratory of the School of 

Kinesiology and Health Studies. Kinematic data for this study were collected using a Vicon 512 

Motion Capture System (Oxford Metrics Group, UK). Six cameras were positioned in a semi-
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circle surrounding the treadmill (Figure 3.1) (Dingwell & Marin, 2006). The global coordinate 

system (GCS) in the laboratory was defined using the Vicon static L-frame calibration tool; the 

frame was aligned with the left side of the treadmill and originated at half the length of the belt. 

The L-frame was leveled using two bubble levels attached to the superior side of the apparatus. 

The orientation of the GCS was defined as superior-inferior motion (Z), anterior-posterior motion 

(Y), and lateral-medial motion (X) (Figure 3.1). The collection volume was calibrated using a 

500mm dynamic calibration wand; dynamic calibration trials lasted for approximately 20 seconds 

as the wand was waved around the capture volume in a figure-8 motion. All kinematic data were 

captured at 120 Hz (Miller et al., 2008) using Vicon Workstation software (Oxford Metrics 

Group, UK) and were stored on a desktop computer in the Biomechanics and Ergonomics 

Laboratory. 

 

Figure 3.1. Example of the data acquisition equipment setup. Six Vicon cameras were positioned in a semi-circle 
surrounding the treadmill used for data collection. The blue arrows represent the global coordinate system. 
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Retro-reflective markers (25mm diameter) were used to track the motion of participants, 

and were placed on the right side of the body. Tracking markers remained on subjects throughout 

all trials and consisted of one single marker attached to the right heel of participants’ shoes, and 

five rigid-body triads of markers. Rigid-body triads were chosen to reduce the amount of relative 

motion between markers due to skin and clothing artifacts (Winter, 2009). The five triads were 

placed on the superior-lateral side of the right foot, lateral side of right shank, lateral side of right 

thigh, posterior aspect of the pelvis, and the right lateral side of the trunk. The pelvis triad was 

secured on a custom-made fin that protruded from the pelvis: the side of the fin in contact with 

the participant was aligned so that the top edge was flush with the two posterior superior iliac 

spines (PSIS) (Graham et al., 2011). The trunk marker triad was placed laterally on the trunk at a 

height between the two straps of the MAD to allow for visibility; this position was close to the 

bottom of the rib cage for all participants. For anatomical reference purposes, single retro-

reflective markers were fixed to the 1st and 5th metatarsals, medial and lateral malleoli, medial and 

lateral femoral epicondyles, right and left anterior superior iliac spines (ASIS) and right and left 

posterior superior iliac spines (PSIS) (Davis et al., 1991).  

Subjects were fitted with the Mover’s Assistive Device by researchers before each 

“assisted” condition to ensure consistency across all subjects and trials. For the anterior carriage 

(AC) trials the MAD was fitted so that the bottom edge of the plastic backing of the shelf was 

placed just over the ASISs; the thoracic strap was placed at the bottom of the sternum; and all 

other straps were tightened so that the shelf did not move once loaded. For the posterior carriage 

(PC) trials, the MAD was fitted so that the bottom edge of the plastic backing of the shelf reached 

just below the top line of the sacrum (right above where the pelvis triad fin began to protrude), 

and the thoracic strap was place at the level of T10. As in the AC trials, all straps were tightened 

to ensure no movement of the shelf when loaded with the box (Kudryk, 2008). 
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3.3 Experimental Protocol 

3.3.1 Preparation 

Upon arrival at the laboratory, the study was explained to participants and they were 

asked to read and sign the informed consent form. Then, participants’ height, weight and age 

were recorded. Participants then performed a warm up on the treadmill to determine their 

preferred walking speeds (PWS) based on an established protocol, which included the following 

steps (Dingwell & Marin, 2006a; Kang & Dingwell, 2008).  Participants began walking slowly on 

the treadmill; researchers gradually increased the speed of the belt until participants stated the 

speed was faster than what they would typically prefer to walk at if they were carrying a loaded 

box. This speed was recorded and then slightly increased before beginning to decrease the speed 

gradually. Participants were asked to inform researchers when the speed became slower than what 

they would prefer during load carriage, and again this speed was recorded. This procedure was 

repeated until a total of 3 ‘faster than preferred’ and 3 ‘slower than preferred’ walking speeds 

were recorded: the average of all 6 values was taken as each participant’s PWS.  An additional 

orientation and warm-up session consisted of walking on the treadmill at their PWS for 1 minute 

under each of the conditions while carrying a box weighing 5kg.  This protocol allowed for 

additional familiarization with the load carriage techniques on a treadmill and to verify all of the 

markers were in the cameras’ view. 

3.3.2 Anatomical Reference 

Before beginning the experimental trials, an anatomical reference trial was performed to 

define the relationship between the triad coordinate systems and the individual anatomical 

coordinate systems. Participants stood on the treadmill with their feet were shoulder width apart 

and their toes pointed directly in front of them (Miller et al., 2008). To allow visibility of the 

trunk markers, participants crossed their arms over their chest with their hands rested on opposite 
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shoulders. Researchers instructed participants to stand as straight as possible and data were 

captured for 2 seconds. Then, the single retro-reflective markers on the 1st and 5th metatarsals, 

medial and lateral malleoli and femoral epicondyles were removed.  

 

3.3.3 Hip Joint Centre Determination 

The hip joint centre was calculated using the methods of Camomilla (2006); participants 

stood on the treadmill near the handles so that one arm could be used to maintain balance 

throughout the trial. In order to calculate the hip joint centre, participants were asked to begin 

standing in a neutral stance with their feet shoulder width apart. In a fluid motion, participants 

swung their right leg out and returned it to neutral position 7 times through a semi-circular arc in 

a clockwise direction beginning with flexion-extension, then abduction-adduction, and finally 

extension-flexion all approximately equidistant apart (Figure 3.2). Beginning with leg flexion, the 

leg then moved in a clockwise motion three times creating a semi-circle motion before returning 

to a standing posture (Figure 3.2). Participants were instructed to kick as high as their own 

flexibility allowed them and instructed to stop at a height that allowed them to maintain a tall 

upright trunk posture as well as a straight leg. This entire trial last approximately 20 seconds, and 

upon completion the four individual markers on the ASIS’s and PSIS’s were removed, leaving 

only the 5 triads of markers and the heel marker remaining for the experimental conditions. 
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Figure 3.2. Movement pattern of the right leg during the hip joint centre determination trial. The inside purple lines and 
numbers indicate the kick order and position with reference to the head. The outside blue arrows and numbers indicate 
the number and movement path of the semi-circle motion of the leg.  

3.3.4 Experimental Conditions 

Participants then completed trials under four different experimental conditions: (1) 

Unassisted Anterior Carriage (UAC); (2) Unassisted Posterior Carriage (UPC); (3) Assisted 

Anterior Carriage (AAC); and (4) Assisted Posterior Carriage (APC). All trials were randomized 

for all participants using the random number generator function, ‘randperm’ in Matlab®(The 

Mathworks, Natick, MA, USA). Experimental trials consisted of participants walking on the 

treadmill at their calculated PWS for a total of 55 right-foot strides under each condition. Total 

trial time varied across participants depending on PWS; however, the average trial time lasted 

between 60-80 seconds. Participants carried a load equivalent to 20% of their body mass to 

standardize in proportion to body size in a standard 2 cubic foot cardboard moving box (46 x 38 x 

32cm) because that is the average size box during a move (Kudryk, 2008). 

The method of carriage was standardized across all participants to control for any biases 

and followed guidelines described by Kudryk (2008). During AC trials, participants were 

instructed to hold the box naturally at waist level, minimizing interference with leg movement, 

and to grip the box at the two bottom corners farthest from the body while pulling the box toward 
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their trunk. During the PC trials, participants were instructed to hold the box at a height so the 

bottom edge of the box was flush with the top of the sacrum, and to hold the box’s furthest 

vertical edge at approximately the middle with their right hand, and hold the closest same-side 

corner with their left hand (Figure 3.3). For the conditions with the MAD, participants were 

instructed to hold the box in the same manner as they did for unassisted trials; however the box 

was to rest on the shelf of the MAD (Kudryk, 2008).  

Figure 3.3. Example of the (A) Assisted Anterior Carriage (AAC) technique; (B) Assisted Posterior Carriage (APC) 
right hand position; and (C) APC left hand position. 

3.4 Data Processing and Reduction 

3.4.1 Joint Angle Calculations 

Custom Matlab® software was developed and used to analyze all kinematic data. A 

shape-preserving cubic spline function was used in Matlab® to smooth over data points when 

markers went out of view (Plawinski, 2008).  Next, all data were dual-pass filtered using a 2nd 

order low-pass Butterworth filter with cutoff frequencies ranging between 7.1Hz and 8.5Hz as 

determined using a residual analysis (Winter, 2009). The hip joint centre location was then 

calculated using the data collected in the hip joint centre trial. The functional hip joint centre 

location was calculated assuming the hip rotates about a single point. A sphere of best fit was 

A" B" C"
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calculated for each individual thigh marker and using a least squares estimate of the sphere of 

best fit, a central point of rotation was found for each marker in the global coordinate system 

(GCS). The central point of rotation was then averaged across all three of the thigh markers to be 

taken as the hip joint centre location in GCS, and then transformed into the pelvic local 

coordinate system (LCS) for further calculations (Cammomila, 2006). 

Using one time frame of data from the anatomical reference trials, marker coordinate 

systems were defined for the foot, shank, thigh, pelvis and trunk. Anatomical joint centers of the 

foot, ankle, and knee, were defined as per Davis et al. (1991), and taken as the mid-point between 

the 1st and 5th metatarsal markers, the medial and lateral malleoli markers, and the medial and 

lateral epicondyle markers, respectively. The trunk anatomical local coordinate system (LCS) was 

defined based on the marker triad strapped to the trunk. Anatomical LCSs were defined for the 

foot, shank, thigh, pelvis and trunk so that all corresponded to the three planes of motion, sagittal 

(flexion-extension), transverse (internal-external rotation), and frontal (abduction-adduction) 

(Graham et al., 2011)(Figure 3.4).  
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Figure 3.4.  Example of the anatomical LCS definitions for the foot, shank, thigh, pelvis and trunk. The green dots 
represent the triad markers, and the yellow dots represent the single reflective markers placed over anatomical 
landmarks. Rotation about the blue axis is in the transverse plane and corresponds to rotation.  Rotation about the red 
axis is in the sagittal plane corresponding to flexion-extension. Rotation about the green axis is in the frontal plane 
corresponding to abduction-adduction. 

 Transformation matrices were then defined between the marker LCS and the anatomical 

LCS by multiplying the inverse of the marker coordinate system by the anatomical coordinate 

system for each segment (Winter, 2009). To calculate joint angles, relationships between the 

fixed and moving anatomical coordinate systems were defined. The ankle was defined as the foot 

rotating about the shank, the knee was the shank rotating about the thigh, the hip was the thigh 

rotating about the pelvis and the trunk was the trunk rotating about the pelvis. Joint angle biases 

were then extracted for all four joints using a three-dimensional Euler rotation sequence (flexion-

extension, abduction-adduction, internal-external rotation) (Deluzio & Astephen, 2007). Joint 

angles at each instant in time were calculated for all trials using the aforementioned method.  

Then, joint angle biases were subtracted at each instant in time and all angles were unwrapped in 

Matlab to correct for jumps in angles greater than 180°, and converted from radians to degrees.  
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Joint angular velocities were calculated from the angular positions using the first order 

central differences method (Winter, 2009).  All joint angles and velocities were then divided into 

individual gait cycles defined as successive right foot heel strikes (Figure 3.5) (Miller et al., 

2008). Timing of the right foot heel strike was calculated using a velocity-based algorithm 

designed specifically for treadmill gait (Zeni et al., 2008), heel strike was defined as the point in 

which the heel marker changed from a positive velocity (during the swing phase) to a negative 

velocity (stance phase) in the primary axis of travel. This algorithm has been shown to find heel 

strike within 1 frame of the actual event 94% of the time (Zeni et al., 2008). Time series of 

angular positions and velocities were then interpolated to 101 data points, each point representing 

1% of the gait cycle (Pollard et al., 2005). The first two, and last one gait cycles were removed to 

ensure steady state movement, and the remaining cycles were entered into CRP analyses.  

 

Figure 3.5. Ensemble average of joint angles in all three planes of motion from one exemplar participant. 
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3.4.2 Relative Phase Calculations 

All angular positions (θ) and velocities (ω) were then normalized from -1 (minimum) to 1 

(maximum) at each time frame (i) to account for amplitude and frequency differences between 

joints using the following equations (Miller et al., 2008): 

(1)    

    (2)        

Equations 1 and 2 ensure the midpoint of the angular position, and the point of zero 

velocity are both at the origin of the phase plane plot. This method accounts for frequency 

differences in velocities between joints (Miller et al., 2008; Peters et al., 2003). Phase portraits 

were created by plotting the normalized angular positions (horizontal axis) against the normalized 

angular velocities (vertical axis) (Peters et al., 2003). Phase angles (ϕ) were calculated for each 

time frame of the gait cycle using the four-quadrant inverse tangent function in Matlab (atan2), 

resulting in a range of -180 and 180 degrees, and defined as the angle from the right horizontal 

axis (Seay, Van Emmerik, et al., 2011). Continuous relative phase angles (CRP) were calculated 

between the trunk-hip, hip-knee, and knee-ankle by subtracting the absolute phase angle of the 

distal joint from the absolute phase angle of the proximal joint: 

   (3)      

To eliminate discontinuities in the final CRP angle, any value greater than 180° was 

subtracted from 360°, resulting in a CRP angle in the range of 0-180°, where 0° represents an in-

phase coordination and 180° represents an anti-phase coordination (Seay, Van Emmerik, et al., 

2011). Variability of CRP angles was defined by calculating the ensemble average of all strides 

for each condition, and taking the standard deviation of the CRP measurements for each percent 

€ 

θ i,norm = 2*
θ i −min(θ )

max(θ ) −min(θ )
−1

€ 

ω i,norm =
ω i

max[max(ω ),max(−ω)]

€ 

CRPi = abs(φi prox −φidist )
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of each stride across all strides, for each condition and participant (Stergiou, Jensen, et al., 2001). 

An example of the CRP calculation process can be seen in Figure 3.6.  

3.4.3 Statistical Analyses 

Mean CRP and mean variability of CRP (vCRP) were entered into separate two-way 

repeated-measures analysis of variance (ANOVA) with 2 factors: device and technique. A p-

value less than 0.05 was considered to indicate statistically significant differences between 

factors.  
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Figure 3.6 An example calculation of the CRP angle during one gait cycle for one participant. First row: Flexion 
angles and velocities of the hip (left) and knee (right) are shown normalized to 100% of a gait cycle. Second row: The 
normalized position-velocity phase plots for each joint. The purple arrow indicated the beginning of each cycle. Third 
row: The phase angle on a scale of -180 to +180 degrees for both the hip and knee. Fourth row: The relative phase 
angle for the hip-knee. For reference purposes, the white dot at each phase of the calculation represents the 75% point 
in the gait cycle (Figure adapted from (Seay, Van Emmerik, et al., 2011)). 
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3.5 Results 

A summary of the characteristics for age, height, mass and preferred walking speed 

(PWS) for all participants can be seen in Table 3.1.  

Table 3.1. Average and standard deviation (SD) characteristics for age, height, mass, and preferred walking speed for 
all participants (n=10). 

 Average Standard Deviation 
Age (yrs) 23.40 2.4 

Height (m) 1.79 0.35 
Mass (kg) 

 
80.73 8.75 

Box Mass Lifted (kg) 16.09 1.67 
Preferred Walking Speed (m/s) 1.23 0.13 

3.5.1 Mean Continuous Relative Phase  

 The averages, standard deviations and results from the repeated measures ANOVA are 

summarized in Table 3.2. Use of the MAD did not significantly affect the mean CRP value for 

any of the joint coordination models. Significant differences (p<0.05) across technique were 

found in the sagittal trunk-hip CRP, frontal trunk-hip CRP and frontal hip-knee CRP. 

Furthermore, significant interactions were found in the sagittal knee-ankle and sagittal hip-knee 

mean CRP angles. 
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Table 3.2. Summary mean (standard deviations) of the mean continuous relative phase (CRP) angles across all 
participants and conditions. ANOVA results are summarized, the highlighted values indicate a significant (p <0.05) 
difference. 

Coordination 
Model 

Mean Continuous Relative Phase in degrees  
(Standard deviation) ANOVA Results 

p - values 
Unassisted Assisted 

Anterior Posterior Anterior Posterior Device Technique Interaction 

Sagittal Plane CRP Angles 

Knee-Ankle 120.77 
(8.52) 

119.72 
(8.89) 

118.76 
(9.00) 

122.87 
(10.18) 0.521 0.518 0.024 

Hip-Knee 88.17 
(13.23) 

88.90 
(8.95) 

88.48 
(12.94) 

86.53 
(9.26) 0.178 0.777 0.043 

Trunk-Hip 81.56 
(13.72) 

90.05 
(17.45) 

82.28 
(9.67) 

86.24 
(16.81) 0.596 0.039 0.360 

Transverse Plane CRP Angles 

Knee-Ankle 62.78 
(10.10) 

61.43 
(14.60) 

62.29 
(9.94) 

61.43 
(13.69) 0.857 0.656 0.768 

Hip-Knee 103.70 
(25.13) 

97.69 
(16.80) 

105.91 
(21.86) 

100.62 
(21.70) 0.321 0.238 0.892 

Trunk-Hip 69.64 
(13.54) 

69.70 
(15.29) 

74.17 
(13.43) 

65.66 
(17.92) 0.929 0.343 0.239 

Frontal Plane CRP Angles 

Knee-Ankle 83.78 
(20.98) 

86.97 
(18.59) 

82.43 
(21.17) 

84.63 
(18.4) 0.259 0.264 0.782 

Hip-Knee 92.36 
(29.31) 

105.03 
(18.16) 

94.66 
(30.02) 

105.80 
(21.16) 0.408 0.050 0.658 

Trunk-Hip 38.63 
(12.51) 

79.75 
(12.95) 

39.81  
(12.08) 

77.74 
(13.01) 0.859 0.001 0.515 

3.5.2 Continuous Relative Phase Variability 

A summary of the mean and standard deviation of CRP variability and the results of the 

two-way repeated-measures ANOVA can be seen in Table 3.3. An example of a CRP curve for 

one exemplar participant for all four conditions can be seen in Figure 3.7. The use of the MAD 

significantly (p < 0.05) decreased the CRP variability of the hip-knee in the sagittal and 
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transverse planes. The MAD also significantly decreased CRP variability of the trunk-hip for all 

three planes of motion. Carrying the load anterior to the body resulted in a decreased CRP 

variability of hip-knee and the trunk-hip for all three planes of motion, and in the sagittal and 

frontal planes for the knee-ankle. Furthermore, significant interactions were seen for the hip-knee 

in the sagittal and transverse planes.  

 

Figure 3.7. Example of the continuous relative phase (CRP) for the transverse trunk-hip for all four different load 
carriage conditions, ensemble-averaged across all gait cycles for one participant. The dotted lines represent the 
variability of the CRP curve. 
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Table 3.3. Summary mean (standard deviations) of the continuous relative phase variability (vCRP) across all 
participants and conditions. ANOVA results are summarized, the highlighted values indicate a significant (p <0.05) 
difference. 

Coordination 
Model 

Continuous Relative Phase Variability in degrees 
(standard deviation) ANOVA Results 

p - value Unassisted Assisted 

Anterior Posterior Anterior Posterior Device Technique Interaction 

Sagittal Plane Variability 

Knee-Ankle 13.39 
(2.14) 

16.60  
(3.81) 

12.97 
(2.08) 

15.89 
(2.94) 0.227 0.002 0.754 

Hip-Knee 9.14 
(1.27) 

12.31 
(3.17) 

8.95 
(1.95) 

9.99 
(1.76) 0.001 0.005 0.036 

Trunk-Hip 23.39 
(5.78) 

43.14 
(4.34) 

21.95 
(5.00) 

39.69 
(4.62) 0.015 0.000 0.232 

Transverse Plane Variability 

Knee-Ankle 30.60 
(3.12) 

31.40 
(4.28) 

28.76 
(3.95) 

31.32 
(3.80) 0.268 0.202 0.076 

Hip-Knee 29.47 
(4.76) 

38.40 
(3.37) 

29.56 
(4.68) 

35.10 
(3.53) 0.012 0.001 0.013 

Trunk-Hip 31.58 
(8.11) 

42.44 
(5.82) 

29.88 
(6.03) 

37.39 
(8.55) 0.022 0.001 0.232 

Frontal Plane Variability 

Knee-Ankle 29.76 
(2.75) 

35.54 
(5.13) 

29.76 
(4.65) 

33.62 
(5.14) 0.351 0.004 0.195 

Hip-Knee 23.55 
(3.58) 

33.24 
(8.24) 

24.23 
(5.60) 

30.33 
(5.45) 0.270 0.003 0.099 

Trunk-Hip 21.28 
(7.72) 

43.81 
(6.16) 

21.40 
(5.40) 

38.26 
(7.57) 0.028 0.000 0.054 

3.5.3 Range of Motion 

Average and standard deviation joint angle range of motions are shown in Figure 3.8. 

Sagittal trunk ROM was significantly decreased with the use of the MAD, and was significantly 

decreased during the posterior carriage technique when compared to the anterior load carriage 

technique. Hip ROM in both the sagittal and frontal planes were significantly increased with the 
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use of the MAD (device) and significantly decreased with the posterior carriage (technique). A 

significant interaction was found between the device and technique for the sagittal hip ROM. 

Sagittal knee ROM was significantly decreased with the posterior carriage, when compared to 

anterior carriage, and frontal knee ROM was significantly increased with the use of the MAD. 

Finally, sagittal ankle ROM was significantly decreased with the posterior carriage; a significant 

interaction was found between the device and technique. Transverse ankle ROM was 

significantly decreased with the use of the MAD. Analysis of variance results and summaries of 

all mean ROM can be seen in Table 3.4. 

 

Figure 3.8. Mean angular range of motion for the (a) ankle (b) knee (c) hip and (d) trunk in the sagittal, transverse, and 
frontal planes of motion. 
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Table 3.4. Summary mean (standard deviations) of the joint range of motion (ROM) across all participants and 
conditions. Analysis of Variance (ANOVA) results are summarized, the highlighted values indicate a significant (p 
<0.05) difference. 

Joint 
Mean Range of Motion (standard deviation) ANOVA Results 

p-value Unassisted Assisted 
Anterior Posterior Anterior Posterior Device Technique Interaction 

Sagittal Plane 

Trunk 7.71 
(2.50) 

6.16 
(2.73) 

7.13 
(2.74) 

4.87 
(1.33) 

0.041 0.004 0.277 

Hip 35.90 
(3.09) 

38.65 
(4.54) 

36.13 
(3.78) 

40.61 
(4.93) 

0.015 0.002 0.002 

Knee 71.88 
(5.13) 

67.21 
(4.91) 

72.45 
(4.55) 

67.99 
(6.04) 

0.061 0.001 0.805 

Ankle 31.95 
(4.91) 

27.30 
(4.75) 

30.97 
(5.00) 

28.87 
(5.46) 

0.915 0.016 0.025 

Transverse Plane 

Trunk 11.28 
(3.34) 

10.08 
(3.21) 

11.20 
(2.84) 

10.55 
(3.26) 

0.701  0.286 0.606 

Hip 13.80 
(2.97) 

12.91 
(2.41) 

13.45 
(2.79) 

13.75 
(2.89) 

0.576 0.603 0.066 

Knee 18.70 
(3.34) 

17.19 
(3.26) 

18.61 
(3.58) 

18.18 
(3.52) 

0.085 0.162 0.064 

Ankle 14.26 
(2.36) 

14.70 
(2.87) 

13.42 
(2.17) 

14.45 
(2.50) 

0.028 0.175 0.285 

Frontal Plane 

Trunk 10.14 
(2.33) 

8.12 
(1.96) 

9.58 
(2.89) 

8.39 
(1.95) 

0.785 0.101 0.193 

Hip 16.97 
(4.35) 

13.88 
(4.84) 

17.60 
(5.52) 

15.42 
(4.38) 

0.015 0.005 0.284 

Knee 11.85 
(2.83) 

10.01 
(2.75) 

12.13 
(3.30) 

11.09 
(3.12) 

0.024 0.063 0.112 

Ankle 17.15 
(3.06) 

17.34 
(3.60) 

17.07 
(3.02) 

17.61 
(3.68) 

0.605 0.646 0.268 
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3.6 Discussion 

The primary objective of this investigation was to quantify differences in interjoint 

coordination of the lower extremities during two different techniques of hand-held load carriage 

(AC/PC). Secondly, this investigation aimed to quantify differences in interjoint coordination 

with and without the use of an on-body ergonomic assistive device designed specifically for 

professional movers. Measures of mean continuous relative phase angles, variability of the 

coordination patterns, and joint range of motions were compared across all independent variables. 

3.6.1 Effects of Technique 

 The anterior carriage technique exhibited significantly more in-phase coordination 

between the trunk-hip in both the sagittal and the frontal planes as well as between the hip-knee 

in the frontal plane.  While it is too early to tell whether this in-phase pattern is superior to the 

anti-phase pattern, it is apparent that the coordination is different across techniques. It has been 

suggested that a synchronous movement between lower extremity joints, as exhibited in the AC 

technique, is important to provide more control over a person’s movement (Stergiou, Jensen, et 

al., 2001). Decreases in CRP variability (vCRP) between the hip-knee and the trunk-hip in all 

three planes of motion as well as decreased the vCRP between the knee-ankle in the sagittal and 

frontal planes were seen in the anterior carriage (see Table 3.3). Two major tasks performed in 

the moving industry are load carriage and obstacle crossing. It has been emphasized that during 

these tasks it is important to maintain a stable coordination (decreased vCRP) as a means to 

prevent injury through a more precise control of movement (LaFiandra et al., 2002; Lu et al., 

2008; Stergiou, Scholten, et al., 2001).  

Investigators of interjoint coordination of lower limbs during obstacle crossing found that 

the stance phase exhibited a decreased variability of coordination than the swing phase, thus 

demonstrating that decreased variability is essential to provide stable support while crossing an 
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obstacle (Lu et al., 2008). It is believed that the same is true during load carriage.  Although 

movers often are required to cross obstacles during load carriage, it is believed that stable 

coordination of the lower extremities is essential to help maintain balance when shifting between 

legs during gait.  Therefore, the findings from this study suggest the anterior load carriage 

technique allows for an overall more stable coordination pattern, through the reduction of vCRP 

in multiple planes and multiple joint pairings. It should be noted that the posterior carriage allows 

for greater visibility of the ground while carrying the load (Kudryk, 2008). Kinematics are altered 

as a safety mechanism when visibility is limited during obstacle crossing and load carriage (Perry 

et al., 2010); therefore the anterior carriage may have exhibited a more stable coordination as an 

inherent safety precaution. It may not be necessary to have as precise control over the lower 

extremities during the posterior carriage because of the improved visibility. To supplement the 

findings from coordination analyses, joint ROMs were entered into analyses and revealed that 

both the assisted and unassisted PC techniques exhibited significantly decreased ROM in the hip 

(sagittal and frontal planes), trunk ROM (sagittal), and knee ROM (sagittal) than the AC 

techniques. A larger hip ROM in the frontal plane can be associated with a wider step width 

during gait, and is considered beneficial, particularly during load carriage as it increases a 

person’s base of support (BOS) allowing for a steady stance (Knapik et al., 2004).  

3.6.2 Effects of Device 

As previously stated, no significant differences were found in the mean CRP values 

between assisted and unassisted carriage conditions. While wearing the MAD, participants 

exhibited a significantly decreased vCRP between the trunk-hip in all three planes, as well as 

between the hip-knee in the sagittal and transverse planes (see Table 3.3). It is believed the lack 

of significant differences in variability between the knee-ankle in any of the three planes of 

motion is likely because the MAD does not come into physical contact with either of those joints, 

and therefore it is unlikely it would affect their movements. The decreased variability of 
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coordination exhibited between the trunk-hip and the hip-knee is beneficial to users of the MAD 

since, during load carriage, a more stable interjoint coordination pattern is important in providing 

a strong supporting base for each leg to aid in balance as well as control over the load being 

carried (LaFiandra et al., 2002; Lu et al., 2008; Stergiou, Jensen, et al., 2001).  

The decreased sagittal trunk ROM with the use of the MAD is likely related to the 

increased load now coupled to the trunk, and is a mechanism to control the load. Assisted carriage 

techniques exhibited greater hip ROM in both the frontal and sagittal planes (See Table 3.4). 

Similar as mentioned above when comparing joint ROM between anterior and posterior 

techniques, an increased transverse hip ROM is interpreted as beneficial as it likely is causing an 

increased step width, and subsequently a wider BOS. Although there was no significant 

differences in sagittal knee ROM between assisted and unassisted techniques, a greater sagittal 

hip ROM was seen and can be attributed to aiding in shock absorption and lowering the 

participant’s COG, both beneficial during load carriage (Knapik et al., 2004).  

3.6.3 Limitations 

 It should be noted that interjoint coordination differs between treadmill and overground 

walking (Dingwell et al., 2001), and is also speed dependent (Dingwell & Marin, 2006b); 

therefore, in order to get a consistent stride to stride speed, a treadmill was necessary to observe 

differences in the variability of CRP angles. Thus, while the findings from this study make an 

initial comparison of coordination across technique and device conditions, results may not be 

entirely transferable to movers while working in the field.  Further research is needed to verify 

that these results are transferable to the field. A recognized limitation in this study was the use of 

all non-experienced movers resulting from a lack of availability of experienced volunteers. 

Although findings from this investigation indicate the AC technique provides a safer interjoint 

coordination, the participants in this study, for the most part, were uncomfortable with the PC 
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technique because of its novelty; it is recognized that this potentially could have affected their 

movement patterns. Earlier studies showed experienced movers actually prefer to use the PC 

technique (Kudryk, 2008) and, based on findings comparing novice and expert handlers, it has 

been shown that expert handlers tend to adopt safer handling techniques (Authier et al., 1996). 

Therefore while this study provides an initial comparison between techniques, future studies 

should incorporate experienced movers.  

3.6.4 Conclusions  

To the best of the authors’ knowledge, this investigation is the first to quantify 

differences in interjoint coordination during load carriage, particularly with hand-held load 

carriage.  In conclusion, the findings from this study indicate the anterior carriage technique used 

by movers tends to exhibit a more in-phase coordination between the joints in the lower 

extremities as well as a decreased variability of that coordination.  This result is seen as a 

beneficial movement pattern during load carriage. Furthermore, although the MAD did not affect 

the coordination pattern of the examined joints, it did reduce the amount of CRP variability, thus 

creating a more stable coordination pattern that is deemed beneficial during load carriage.  
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Chapter 4: The effect of an on-body assistive device on 

transverse plane trunk coordination during a load carriage 

task 

 

Abstract 

Load carriage is a physically demanding task that is often required of employees in many 

different occupations. The professional moving industry is one occupation where the entire job 

task revolves around the transfer of household belongings that are typically moved using hand-

held load carriage. Little is known about hand-held load carriage, especially as it relates to factors 

that may reduce back stressors. The purpose of this study was to examine the intersegment 

coordination between the trunk and pelvis, as coordination may be a mechanism to reduce the 

amount of stress exerted on the back during load carriage. Thirteen males completed a hand-held 

load carriage task in a laboratory setting using two popular techniques used by professional 

movers (anterior/posterior), with and without the assistance of the Mover’s Assistive Device 

(MAD); resulting in a total of four conditions. No trunk coordination differences were observed 

across carrying techniques (anterior/posterior); however, all conditions exhibited a relatively in-

phase coordination pattern, which is believed to help reduce the risk of injury. MAD use resulted 

in decreased perceived discomfort and more in-phase coordination between the trunk-pelvis, thus 

supporting the concept of improved coordination with respect to reducing injury risk. 
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4.1 Introduction 

Manual materials handling (MMH) has been linked to the development of work-related 

musculoskeletal disorders in many industries. While this relationship is well known, the nature of 

many industrial occupations does not permit the elimination of MMH tasks. The professional 

moving industry is a prime example; movers are required to transfer large quantities of objects 

between houses and moving trucks on a daily basis. While an obvious challenge is the transfer of 

large pieces of furniture, the transfer of boxes is also a cause for concern because of the large 

quantities and the large range of sizes and weights. A study of manual handlers found that 

employees who carry loads greater than 11.3kg more than 25 times a day were at an increased 

risk of low back injury when compared to those who do not (Kelsey et al., 1984). In 2002, a study 

of occupations in Washington State classified the moving industry as being in the top ten 

occupations for being at risk of developing some form of musculoskeletal disorders (Silverstein et 

al., 2002). Moreover, a recent questionnaire completed by three moving companies in Kingston, 

ON revealed that 93% of respondents reported experiencing some form of work-related 

musculoskeletal pain at some point in their career, with the three most frequently reported injury 

sites being the shoulders, back and hands (Kudryk, 2008).  

Professional movers adopt two very different hand-held load carriage techniques while 

transferring homeowner belongings. While many movers carry boxes in front of their body 

(anterior carriage), a large number also carry boxes behind them, using a flexed trunk posture to 

support some of the box’s weight (posterior carriage) (Kudryk, 2008). Experienced movers prefer 

to use the posterior carriage (PC) technique because it improves visibility when traversing 

difficult terrain or obstacles, and feels less physically demanding than the anterior carriage (AC) 

technique (Kudryk, 2008). Biomechanical research in regards to load carriage and risk factor 

identification has primarily focused on load carriage when the load is coupled to the trunk, often 

in the form of a backpack (Fiolkowski et al., 2006; Knapik et al., 2004). An initial comparison of 
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muscular activity differences between AC and PC techniques revealed that the PC technique 

significantly reduced muscular activity of the anterior deltoid, and the thoracic and lumbar erector 

spinae muscles, but increased the activity of the posterior deltoid muscles in comparison to the 

AC technique (Kudryk, 2008). The decrease in thoracic and lumbar erector spinae activity was 

similar to the decreases in muscular activity seen in a study comparing front and backpacks 

(Motmans et al., 2006). Kudryk (2008) concluded that it was more beneficial to movers’ back 

health to carry loads on their backs.   

 In 2008 a Mover’s Assistive Device (MAD) was developed at Queen’s University 

(Kingston, ON CA), as an on-body ergonomic load carriage aid (Kudryk, 2008). The device was 

designed to transfer part of the weight of boxes from users’ hands to larger muscles of the 

shoulders and trunk via a small aluminum shelf attached to the trunk via a strapping system. The 

MAD reduced the muscular activity of the flexor digitorum muscles (>40%) and the anterior 

deltoid (>75%) in both AC and PC techniques; however, no differences were seen in the erector 

spinae muscles (Kudryk, 2008). Furthermore, participants reported the MAD reduced their 

perceived effort during both carriage techniques. As a result of the alleviation of grip and 

shoulder effort as well as a reduced perceived effort, the MAD was considered to be an effective 

ergonomic aid (Kudryk, 2008). 

 One concern while carrying boxes is the danger of tripping on sidewalks or stairs when 

carrying a load in the hands.  To examine this concern, an initial comparison of coordination 

differences between the AC and PC hand-held techniques was conducted (Chapter 3). Overall, 

the AC technique resulted in more synchronous and less variable coordination between the lower-

extremity joints when compared to the PC technique (Chapter 3). An investigation of lower 

extremity coordination during obstacle crossing found the supporting limb exhibited a more 

synchronous and less variable coordination between joints than the swinging leg and was 

interpreted as a mechanism to maintain balance (Lu et al., 2008). The MAD did not significantly 
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affect the synchronicity of coordination between lower extremities, but it did cause decreased 

variability of coordination, which was believed to be an improvement over the unassisted 

techniques (Chapter 3). 

During unloaded gait at walking speeds greater than 1.0m/s, transverse rotation of the 

pelvis increases as a means to increase stride length (LaFiandra et al., 2003; Stokes et al., 1989; 

Wagenaar & Beek, 1992). To reduce total body angular momentum and improve efficiency of 

movement, the trunk must counter-rotate the pelvis during gait (Stokes et al., 1989). This counter-

rotation is not present in load carriage with heavily loaded backpacks; instead the trunk and pelvis 

tend to move in a more in-phase (synchronous) pattern. An in-phase trunk-pelvis coordination is 

used as a means to reduce the magnitude of torque that is transferred to the upper body and 

consequently reduce the amount of trunk muscular activity required to balance the momentum of 

the pelvis (LaFiandra et al., 2002; LaFiandra et al., 2003). Furthermore, decreases in variability of 

coordination between the trunk and pelvis allow for more control over the load (Sharpe et al., 

2008). In a previous examination of trunk coordination during backpack load carriage, 

researchers found that use of a hip belt created a phase advance of the backpack to the trunk, and 

suggested that the hip belt assisted with the control of upper body rotational torque (Sharpe et al., 

2008). Although the design of the hip belt feature was quite different in the MAD, it was 

hypothesized that the hip belt of the MAD may help to decrease the variability of the trunk-pelvis 

coordination. Because both arms are securely gripping a box and the grip was not altered during 

the trials, it is possible to use the box itself as a proxy for the trunk’s motion. The purpose of this 

study was to investigate trunk coordination under two conditions: 1) between AC and PC 

techniques, and 2) with and without the assistance of the MAD.  
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4.2 Methods 

4.2.1 Participants 

Inclusion criteria for this study were males aged 18-35 with preference to those who had 

experience in the moving industry. Interested participants were excluded if they reported any 

bodily pain that may be aggravated when performing load carriage tasks. Thirteen healthy male 

participants were recruited and participated in this study. All subjects were recruited from a 

sample of convenience and were students from Queen’s University in Kingston, Ontario. Before 

involvement in the study, participants were given a verbal explanation of the purpose, procedures 

and any potential risks of the study, as well as given a written informed consent letter, which they 

read then signed prior to commencing data collection (see Appendix B). Participants were 

compensated $10.00 for their time commitment and participation in the study. This study was 

approved for ethics under the Queen’s University Health Science Research Ethics Board (PHE-

066-66): the approval letter can be found in Appendix C. 

4.2.2 Instrumentation 

Data collection took place on a Sports Art Fitness 6300 treadmill (Sports Art Fitness, 

Woodinville, WA), in the Biomechanics and Ergonomics Lab (Figure 4.1). Kinematic data for 

this study were collected using a Vicon 512 Motion Capture System (Oxford Metrics Group, 

UK). Six cameras were positioned in a semi-circle surrounding the treadmill (Dingwell & Marin, 

2006). The global coordinate system (GCS) in the laboratory was defined using the Vicon static 

L-frame calibration tool. The L-frame was aligned so that the y-axis ran lengthwise to the 

treadmill (the direction of travel was defined as positive), x-axis ran perpendicular to the 

treadmill and the z-axis ran superior-inferior. All kinematic data were captured at 120 Hz  (Miller 

et al., 2008) using Vicon Workstation software (Oxford Metrics Group, UK) and were stored on a 

password protected desktop computer in the Biomechanics Laboratory. 
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Four retro-reflective markers (25mm diameter) were fixed to the end corners of the 

treadmill, these markers remained on the treadmill for the entire duration of the trials and were 

used to define a treadmill coordinate system (TCS) which was used to define the motion of the 

segments being tracked.  The orientation of the TCS can be seen in Figure 4.1. A single marker 

was affixed to the posterior aspect of each heel.  

 

 

 

 

 

 

 

 

 

Figure 4.1. An example the experimental lab setup, the blue arrows represent the treadmill coordinate system (TCS). 

 

 To track the motion of the box being carried, three retro-reflective markers were affixed 

to the two superior corners of the edge furthest from the participant and the other centered and 

approximately midway down the box (Figure 4.1). Two rigid triads of 3 retro-reflective markers 

were affixed to participants’ pelvis and the thorax via nylon and elastic straps.  The superior edge 

of the straps fixing the triads to the trunk and pelvis were aligned approximately 13mm below the 

participants’ armpits and at the level of ASIS, respectively (LaFiandra et al., 2003). The triads 
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were moved anterior when executing the posterior carries, and moved posterior when the anterior 

carries were executed to ensure that neither the MAD nor the box obstructed the markers from 

camera view.  Each time the markers were moved, an anatomical reference trial was taken. 

4.2.3 The Mover’s Assistive Device 

Participants were fitted with the Mover’s Assistive Device before each assisted condition 

by researchers to ensure consistency across all participants and trials. For the anterior carriage 

trials the MAD was fitted so the bottom edge of the plastic backing of the shelf was placed flush 

with the ASISs, and the thoracic strap was placed at the bottom of the sternum. All other straps 

were tightened so that the shelf did not move once loaded. For the posterior carriage trials, the 

MAD was fitted so the bottom edge of the plastic back of the shelf reached just below the 

superior edge of the sacrum (right above where the pelvis triad fin began to protrude), and the 

thoracic strap was place at the level of T10. As in the anterior carriage trials, all straps were 

tightened to ensure no movement of the shelf when loaded with the box (Kudryk, 2008). 

4.3 Experimental Protocol 

4.3.1 Preparation 

Upon arrival at the laboratory, participants were explained the study and asked to read 

and sign the informed consent form. Then, participants’ height, weight and age were recorded. 

Participants were then required to perform a warm up on the treadmill at their calculated 

preferred walking speed (PWS). To determine PWS, participants began walking slowly on the 

treadmill; the speed of the belt was gradually increased until participants stated that the speed was 

faster than what they would typically prefer to walk at if they were carrying a loaded box. This 

speed was recorded and then slightly increased before beginning to decrease the speed gradually. 

Participants were asked to inform researchers when the speed became slower than what they 
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would prefer to walk at during load carriage, and again this speed was recorded. This procedure 

was repeated until a total of 3 ‘faster than preferred’ and 3 ‘slower than preferred’ walking speeds 

were recorded; then the average of all 6 values was recorded as participants PWS (Dingwell & 

Marin, 2006a; Kang & Dingwell, 2008). Warm up consisted of walking on the treadmill for 1 

minute under each of the conditions at the PWS. During warm up participants carried a box 

weighing 5kg for both the anterior and posterior carriages. 

4.3.2 Experimental Conditions  

Before beginning the experimental trials an anatomical reference trial was performed. 

Participants stood on the treadmill with their feet shoulder width apart and their toes pointing 

directly in front of them with their arms at their sides (Miller et al., 2008). Researchers instructed 

participants to stand as straight as possible and anatomical calibration was captured for 2 seconds. 

Participants then completed trials under 4 different experimental conditions: (1) unassisted 

anterior carriage (UAC), (2) unassisted posterior carriage (UPC), (3) assisted anterior carriage 

(AAC), and (4) assisted posterior carriage (APC). All trials were randomized for all participants 

using a random number generator function, ‘randperm’ in Matlab® (The Mathworks, Natick, MA, 

USA). Experimental trials consisted of participants walking on the treadmill at their calculated 

PWS for a total of 55 right-foot strides under each condition. Total trial time varied across 

subjects depending on PWS; however, the average trial time lasted between 60-90 seconds. 

Participants were required to perform two trials without carrying a box; in one trial the markers 

were positioned anterior to the trunk and pelvis, and in the other trial the markers were positioned 

posterior to the trunk and pelvis. These trials were used to ensure no differences in movement 

were introduced with the new marker positions. Throughout the load carriage trials, participants 

carried a load equivalent to 15% of their body mass, to standardize in proportion to body size, in a 

standard 2 cubic foot cardboard moving box (46 x 38 x 32cm) which is the average size box 
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during a move (Kudryk, 2008). To minimize changes in shape of box, Styrofoam inserts were 

used to increase stiffness of box as well as to prevent the weights inside the box from moving. 

 The method of carriage was standardized across all participants to control for any biases 

in results and followed guidelines described by Kudryk (2008). During anterior carriage trials, 

participants were instructed to hold the box naturally at waist level, minimizing interference with 

leg movement, and to grip the box at the two bottom corners farthest from the body and pull the 

box toward the trunk (Figure 4.2A). During the posterior carriage trials participants were 

instructed to hold the box at a height so the bottom edge of the box was flush with the top of the 

sacrum. They were instructed to hold the box’s furthest vertical edge at approximately the middle 

with their right hand (Figure 4.2B), and hold the closest same-side corner with their left hand 

(Figure 4.2C). For the conditions with the MAD, participants were instructed to hold the box the 

same manner as for unassisted trials; however, the box was to rest on the shelf of the MAD 

(Kudryk, 2008).  

 

 
Figure 4.2. Example of the (A) assisted anterior carriage (AAC) technique, (B) assisted posterior carriage (APC) right 
hand position, and (C) APC left hand position. 
 
 
 
 
 

A" B" C"



 67 

4.3.3 Subjective Questionnaires 

After each of the four load carriage conditions, participants were asked to rate their 

physical discomfort for a variety of areas of the body on a scale of 1 to 10 where 1 was 

representative of negligible discomfort and 10 was representative of extreme discomfort. Areas 

included in the questionnaire were; (1) hands,  (2) arms, (3) shoulders, (4) upper/middle back, and 

(5) lower back. Participants were informed that this discomfort was to be an overall discomfort 

for each area that could pertain to joint discomfort as well as muscular discomfort. Furthermore, 

and the end of the session, participants were asked to rate their order of preference of load 

carriage technique assuming they were moving objects between a house and a truck for a 

prolonged period of time.  

4.4 Data Processing and Reduction 

4.4.1 Segment Angle Calculations 

Custom Matlab® software (The Mathworks, Natick, MA, USA) was developed and used to 

analyze all kinematic data. All data were first normalized to smooth over any missing data points 

when markers went out of view (Plawinski, 2008); next all data were dual-pass filtered using a 2nd 

order low-pass Butterworth filter with cutoff frequencies determined using a residual analysis 

(Winter, 2009).  These cut-off frequencies varied from 6.2 Hz to 8.3 Hz.  Marker local coordinate 

systems (LCS) were defined so that the axes corresponded to the three planes of motion, sagittal 

(flexion-extension), transverse (internal-external rotation), and frontal (abduction-adduction) for 

the trunk, pelvis and the box. Transformation matrices were defined between the marker LCS’s 

and the TCS by multiplying the inverse of the marker LCS by the TCS for each segment (Winter, 

2009). Segment angle biases were extracted for the trunk, pelvis and the box using a three-

dimensional Euler rotation sequence (flexion-extension, abduction-adduction, internal-external 

rotation) (Deluzio & Astephen, 2007). Segment angles at each instant in time were calculated for 
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all trials using the aforementioned method. Segment angle biases were subtracted at each instant 

in time; all angles were unwrapped then finally converted from radians to degrees. For the 

purposes of this investigation only transverse plane angles were entered into further analyses 

(Graham et al., 2011). 

Segment angular velocities were calculated using the first order central differences 

method from the angular positions (Winter, 2009). All segment angles and velocities were then 

divided into individual gait cycles defined by successive right foot heel strikes (Miller et al., 

2008). Timing of the right foot heel strike was calculated using a velocity-based algorithm 

designed specifically for treadmill gait (Zeni et al., 2008).  Heel strikes were defined as the point 

in which the heel marker changed from a positive velocity (during the swing phase) to a negative 

velocity (stance phase) in the primary axis of travel. This algorithm has been proven to find the 

heel strike within 1 frame of the actual event 94% of the time (Zeni et al., 2008). Time series of 

angular positions and velocities were then interpolated to 101 data points, each point representing 

1% of the gait cycle (Pollard et al., 2005). The first two, and last one gait cycles were removed 

and not entered into CRP analyses to ensure steady state movement. 

4.4.2 Relative Phase Calculations 

All angular positions (θ) and velocities (ω) were then normalized from -1 (minimum) to 1 

(maximum) at each time frame (i) to account for amplitude and frequency differences between 

segments using the following equations (Miller et al., 2008): 

(1)    

(2)    
€ 

θ i,norm = 2*
θ i −min(θ )

max(θ ) −min(θ )
−1

€ 

ω i,norm =
ω i

max[max(ω ),max(−ω)]
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Equations 1 and 2 ensure the midpoint of the angular position, and the point of zero 

velocity are both at the origin of the phase plane plot. This method accounts for frequency 

differences in velocities between joints (Miller et al., 2008; Peters et al., 2003). Phase plane plots 

were created by plotting the normalized angular positions (horizontal axis) against the normalized 

angular velocities (vertical axis) (Peters et al., 2003). Phase angles ( ) were calculated for each 

time frame of the gait cycle using the four-quadrant inverse tangent function in Matlab® (atan2), 

resulting in a range of -180 and 180 degrees, and defined as the angle from the right horizontal 

axis (Seay, Van Emmerik, et al., 2011). Continuous relative phase (CRP) angles were calculated 

between the trunk-pelvis and the box-trunk by subtracting the absolute phase angle of the distal 

segment from the absolute phase angle of the proximal segment: 

(3)     

To eliminate discontinuities in the final CRP angle, any value greater than 180° from 360°, 

resulting in a CRP angle in the range of 0-180°, where 0° represents an in-phase coordination and 

180° represents an anti-phase coordination (Seay, Van Emmerik, et al., 2011). Variability of CRP 

angles (vCRP) was determined by calculating the ensemble average of all strides for each 

condition, and taking the standard deviation of the CRP measurements for each percent of each 

stride across all strides, for each condition and subject (Stergiou, Jensen, et al., 2001).  

4.4.3 Statistical Analyses 

 Trunk and pelvis ROMs were entered into paired t-tests to determine if there were 

differences between marker positions. All experimental mean ROMs, mean CRPs, and mean 

vCRP, and mean perceived discomfort ratings values were entered into separate two-way 

repeated-measures analysis of variance (ANOVA) with 2 factors: device (MAD/no MAD) and 

technique (AC/PC). A p-value less than 0.05 was considered to be a statistically significant 

difference. 

φ

€ 

CRPi = abs(φi prox −φidist )
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4.5 Results 

Statistical analyses used in this study were performed using SPSS 20.0 (SPSS 

Corporation, Chicago, IL, USA). A summary of the characteristics for age, anthropometric 

measures, mass, and preferred walking speed (PWS) can be see in Table 4.1. No significant 

differences in ROM were found across the anterior and posterior technique marker positions thus 

making comparisons between the techniques possible.  

Table 4.1. Average and standard deviation (SD) characteristics for age, height, mass, and preferred walking speed for 
all participants (n=13). 

 Average Standard Deviation 
Age (yrs) 23.9 2.2 

Height (cm) 180.2 8.8 

Leg Length (cm) 97.8 4.1 

Mass (kg) 81.7 9.7 

Mass of Box Lifted (kg) 12.2 1.5 

Preferred Walking Speed (m/s) 1.2 0.2 

 

4.5.1 Mean Continuous Relative Phase 

The average mean CRP and standard deviations of all conditions can be seen in Figure 

4.3.  Figure 4.4 is an example taken from an exemplar subject shows the ensemble average of the 

gait cycle under each condition.  No significant effects of device, technique or any interactions 

were found on the mean box-trunk transverse CRP curves. Technique (AC and PC) had no 

significant effect on the mean transverse plane trunk-pelvis CRP curve; however, a significant 

effect of device was found as well as a significant device*technique interaction. The MAD was 

found to cause a more in-phase relationship between the trunk and the pelvis when compared to 

the unassisted conditions.  
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Figure 4.3. Average Mean CRP (standard deviations) for the assisted anterior carriage (AAC), unassisted anterior 
carriage (UAC), assisted posterior carriage (APC), and unassisted posterior carriage (UPC) are displayed for the box-
trunk (B-T) and the trunk-pelvis (T-P) pairings. 
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Figure 4.4. Example from one subject of the transverse trunk-pelvis CRP curves for each condition. The black dotted 
lines represent the variability throughout the gait cycle. 

 

 

4.5.2 Continuous Relative Phase Variability 

Average (and standard deviations) CRP variability for all subjects for each condition can 

be seen in Figure 4.5. No significant effects (p<0.05) of device or technique were found on the 

variability of the CRP curve between the trunk-pelvis. While there was also no significant effect 

of device on the CRP variability between the box-trunk, there was a significant effect of 

technique. The anterior carriage techniques exhibited a lower variability, and therefore a more 

stable coordination pattern when compared to the posterior carriage conditions.  
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Figure 4.5. Average CRP Variability (standard deviations) for the assisted anterior carriage (AAC), unassisted anterior 
carriage (UAC), assisted posterior carriage (APC), and the unassisted posterior carriage (UPC) for the box-trunk (B-T) 
and the trunk-pelvis (T-P) pairings. 

4.5.3 Range of Motion 

Mean (and standard deviation) segment ROMs as well as ANOVA results can be seen in 

Table 4.2. ANOVA results highlighted in orange represent significant differences. Wearing the 

MAD significantly decreased the transverse range of motion of the pelvis and the box, but had no 

effect on the trunk ROM. The anterior carriage exhibited a significantly increased trunk and box 

ROM compared to the posterior carriage. Significant interactions of the device and technique 

were found for the trunk ROM.  
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Table 4.2. Mean (standard deviation) range of motion and Analysis of Variance (ANOVA) results for the pelvis, trunk 
and box in the transverse plane. Significant differences (p<0.05) are highlighted in orange. 

Segment 

Transverse Plane Range of Motion ANOVA Results 

p-value Unassisted Assisted 

Anterior Posterior Anterior Posterior Device Technique Interaction 

Pelvis 6.69    
(2.14) 

7.65    
(7.83) 

5.26      
(1.30) 

3.89     
(1.30) 

0.032 0.869 0.370 

Trunk 6.75    
(1.17) 

5.60    
(1.24) 

7.61    
(1.78) 

4.82     
(0.96) 

0.867 0.001 0.001 

Box 7.26    
(2.77) 

5.46    
(1.19) 

6.65     
(2.00) 

4.80    
(0.98) 

0.020 0.003 0.928 

 

4.5.4 Subjective Findings 

The average (and standard deviation) of participants’ perceived discomfort for each trial 

is exhibited in Figure 4.6. ANOVA results indicated the MAD significantly decreased the ratings 

of perceived discomfort in the hands, arms and shoulders as well as in the lower back. No 

significant difference in perceived discomfort was found in the upper back between assisted and 

unassisted conditions. The AC technique was found to reduce perceived discomfort in the right 

hand, right arm, and right shoulder but increased the perceived discomfort in the lower back. No 

significant differences in perceived discomfort were found across technique in the left hand, left 

arm left shoulder and upper back. At the end of the testing session subjects were asked to rank 

their order of load carriage technique preference. When asked which of the four conditions they 

would choose, most participants ranked their first choice as the AAC condition, followed by the 

UAC, APC, and finally the UPC condition (Table 4.3).  
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Table. 4.3. Percentage of participants who ranked each condition as either 1st, 
2nd, 3rd or 4th choice for preferred technique. The column on the right indicates 
which conditions were ranked 1st through 4th overall.

 

4.6 Discussion 

The primary objective of this investigation was to quantify differences in intersegment 

coordination between the trunk-pelvis and the box-trunk during two different hand-held load 

carriage techniques. A secondary aim of the investigation was to quantify differences in 

intersegment coordination with and without the use of an on-body assistive device designed 

specifically for professional movers. Measures of mean continuous relative phase angles, 

variability of coordination, segment range of motion, and perceived ratings of discomfort were 

compared across all independent variables.  

4.6.1 Technique Effects 

 It was hypothesized the posterior load carriage technique would exhibit a more in-phase 

and a more stable coordination pattern than that of the anterior load carriage technique. Previous 

studies regarding manual handling techniques had found that expert handlers tended to adopt 

safer lifting techniques and postures than those of novices (Authier et al., 1996). This difference 

between novice and experts was also observed in a field study of professional movers in 

Kingston, ON, CA, where expert movers preferred to use the posterior hand-held carriage 

technique over the anterior technique where the opposite preference was observed for novice 

movers (Kudryk, 2008). Unlike unloaded gait where it has been suggested the goal of movement 

is to counter-balance torques between the upper and lower body (Stokes et al., 1989), the goal of 
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load carriage is to decrease the rotational torque experienced on the upper body (LaFiandra et al., 

2002; LaFiandra et al., 2003; Sharpe et al., 2008). Increases in upper body torque are caused by 

an increase in moment of inertia of the load. By minimizing the upper body torque, less muscular 

activity is required to control the angular momentum of the load and the risk of injury due to high 

rotational loads could potentially be reduced (LaFiandra et al., 2002). The present experiment did 

not find any significant differences on the mean trunk-pelvis CRP, however both techniques 

exhibited a mean trunk-pelvis CRP between 60.42 and 96.16 degrees indicating both techniques 

demonstrated coordination that was closer to being an in-phase movement in which 0 degrees 

CRP indicates perfectly in-phase movement and 180 degrees CRP indicates completely anti-

phase movement.  

Interpretations of transverse plane trunk coordination and kinetic differences during load 

carriage have lead researchers to suggest the goal of load carriage movement is not only to 

minimize the magnitude of upper body torque but also to maintain a stable coordination pattern 

(LaFiandra et al., 2002; LaFiandra et al., 2003; Sharpe et al., 2008). While no differences in CRP 

variability were seen across technique between the trunk-pelvis, the anterior carriage displayed a 

significantly decreased vCRP between the box-trunk. This decreased variability in the anterior 

carriage may be a result of an increased force exerted by the arms in increase friction to ensure 

the box did not slip. Despite a familiarization trial, the unfamiliar hand positioning in the 

posterior carriage may have reduced the grip necessary to secure the load tightly to the trunk and 

thus increased the variability of the box-trunk CRP.  

 No significant differences were found in ratings of perceived discomfort for the left hand, 

arm, shoulder and the upper back between techniques. The increased ratings of perceived 

discomfort in the right hand, arm and shoulder during the posterior carriage are likely attributable 

to the standardized arm position participants were required to assume. The right arm was 

extended directly posterior and near the end range of motion for most participants, and was a 
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likely cause for the increased perceived discomfort. However it is important to take note that, 

despite the unfamiliarity of the technique, the posterior technique exhibited a significantly lower 

perceived rating of the discomfort in the lower back, the site of pain that was reported to be the 

most severe amongst professional movers (Kudryk, 2008). The posterior technique seems to be 

beneficial in improving low back comfort; however, the increase in right arm discomfort and non-

neutral postures still needs to be considered and investigated further for potential risk factors for 

injury that may be introduced with this technique.   

4.6.2 Device Effects 

An important aspect of carrying loads is to reduce the torque experienced at the thorax as 

well as maintain a stable coordination pattern, particularly between the pelvis and thorax 

(LaFiandra et al., 2002; Sharpe et al., 2008). In this study the effects of hand-held load carriage 

were compared with and without the use of an on-body assistive device on the transverse plane 

coordination between the trunk-pelvis and the box-trunk segments. When using the MAD, 

participants exhibited significantly more in-phase transverse plane coordination. Synchronous 

coordination between the trunk and pelvis is a mechanism to decrease the transmission of torque 

to the upper body, thereby decreasing the muscular effort required to control the angular 

momentum of the load (LaFiandra et al., 2002; LaFiandra et al., 2003). The pelvis ROM was 

significantly decreased with the use of the MAD and the trunk ROM was not altered. The 

transverse ROM of the box was also decreased when using the MAD.  

 Coordination was evaluated between the box-trunk in this study because previous studies 

had shown that the box motion helped control the angular momentum of the upper body (Sharpe 

et al., 2008). The use of a hip belt when carrying a heavily loaded backpack exhibited a more 

anti-phase coordination between the box and trunk when compared to a backpack with no hip belt 

(Sharpe et al., 2008). The backpack slowed and reversed directions before the trunk, via the direct 
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connection to the pelvis and was considered to be helpful in the control of rotational torque 

experienced at the trunk (Sharpe et al., 2008). The present study found no differences in the box-

trunk mean CRP between assisted and unassisted conditions. It is likely the connection between 

the loaded box and the MAD was not secured strongly enough by the hands; therefore the hip belt 

did not affect the coordination between the box and trunk. This means the reduction in upper 

body torque during hand-held load carriage with the MAD occurs exclusively through in-phase 

trunk-pelvis coordination.  

The effectiveness of an assistive device cannot be truly verified without gauging users’ 

subjective evaluations. When asked to rate their perceived discomfort participants, reported that 

the MAD reduced discomfort in all body areas examined, except for the upper back, where no 

significant differences were found between the assisted and unassisted conditions. A field 

questionnaire of 30 professional movers conducted in 2008 reported the back, shoulders, and 

hands as the most common locations as well as the most severe locations of pain (Kudryk, 2008). 

The reduction in perceived discomfort in these areas, as well as in the arms, is a promising sign 

for the reduction of injuries experienced when movers use the MAD as an assistive device while 

on the job.  

4.6.3 Limitations 

When interpreting the results of this study it is important to recognize the limitation that 

all participants were inexperienced with manual materials handling tasks because of a lack of 

availability of professional movers as volunteers. Although researchers ensured all participants 

received time to become familiar with both carriage techniques and the MAD, it may not have 

been enough time to feel completely comfortable with the task and may have affected their 

movement patterns. Since experienced movers prefer to use the PC technique while on the job 

(Kudryk, 2008), it is believed that a more in-phase trunk-pelvis coordination and a decreased 
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variability of the coordination would be observed if future studies were able to recruit 

professional movers. Coordination is a speed dependent variable (Dingwell & Marin, 2006b), and 

in order to test for true differences across conditions it was necessary for all data collection to 

occur on a treadmill to control for speed. However, there is a difference in coordination between 

treadmill and overground walking (Dingwell et al., 2001); therefore, the findings from this 

coordination study may not entirely transferrable to professional movers in the field.  

4.6.4 Conclusions 

The present study was designed to compare the transverse plane intersegment 

coordination between trunk-pelvis and the box-trunk during two different hand-held load carriage 

techniques as well as with and without the assistance of the MAD. While no differences in 

coordination were seen between conditions, all exhibited an in-phase trunk-pelvis coordination, 

which is believed to be a mechanism to decrease upper body torque. More research is still 

required in the examination of safe carriage practices across different hand-held load carriage 

techniques. 

The MAD demonstrated a more in-phase trunk-pelvis coordination, thus minimized the 

angular displacement between the two segments and decreased the magnitude of upper body 

torque (LaFiandra et al., 2002; LaFiandra et al., 2003) and is thought to benefit the low back 

through helping to control the load carried. The reported decreases in participants’ ratings of 

perceived discomfort in the upper extremities and low back further support the use of the MAD 

during hand-held load carriage. Moreover, when asked to rate their preferred technique, the 

majority of participants reported they would use the assisted techniques before the unassisted 

techniques. Further research is still needed to better design the assistive device to suit the needs of 

movers in the fields. 
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Chapter 5: General Discussion 

5.1 Overview of Findings 

The overall objectives of the present studies were to evaluate coordination differences 

between 1) two hand-held techniques (AC/PC) and 2) assisted and unassisted carriages (MAD/no 

MAD). The first study aimed to compare lower-extremity interjoint coordination differences 

across all conditions and the second study aimed to determine trunk intersegment coordination 

relationships with the pelvis and the load, as well as subjective ratings of perceived discomfort. 

The overall rational for this body of work was to further investigate the advantages that the 

Mover’s Assistive Device may provide to movers during a hand-held load carriage task through 

these evaluations of coordination. 

Both studies took place in a laboratory setting and all subjects were males and were 

inexperienced with manual material handling. This setup allowed for a controlled environment 

and controlled task which was crucial for determining differences across conditions and is often 

difficult to control in the field. Chapter 3 examined differences in lower extremity interjoint 

coordination patterns as well as variability of interjoint coordination between anterior and 

posterior carriage techniques and between assisted and unassisted carriages. Interjoint 

coordination was defined as the continuous relative phase angle between the trunk-hip, hip-knee 

and the knee-ankle in all three planes of motion, and the variability of coordination was defined 

as the standard deviation of the CRP angle at each time point across all strides. Findings from this 

study indicated the AC technique exhibited a more in-phase coordination as well as a decreased 

variability of coordination between the trunk-hip and the hip-knee than exhibited in the PC 

technique. This finding did not support the hypothesis, as expert movers prefer to use the 

posterior carriage technique and, based on a previous manual handling technique comparisons 

between expert and novice handlers, it was suggested that expert handlers tend to adopt safer 



 85 

handling strategies than novices. Therefore, it is thought that the use of only inexperienced 

handlers in this study may have introduced a bias into the results, as most participants were fairly 

uncomfortable with the PC technique. Findings relating to the assistive device showed the MAD 

exhibited a decreased variability of coordination in both AC and PC techniques between the 

trunk-hip and the hip-knee. This finding is interpreted as being beneficial, as it has been 

suggested that during load carriage and obstacle crossing requires a stable movement pattern. 

Hence, decreased variability of coordination is advantageous in the lower extremities when 

stabilizing the body while carrying a heavy load, particularly when crossing obstacles, an event 

often encountered in the field by movers. 

The second study in this body of work examined differences in trunk coordination 

between the trunk-pelvis and the box-trunk during AC and PC hand-held load carriage with and 

without the help of the MAD. No differences in coordination were found across conditions; 

however, mean trunk-pelvis CRPs showed the trunk and pelvis were moving close to in-phase, 

which is believed to be a mechanism to reduce upper body torque (LaFiandra et al., 2002). The 

posterior carriages exhibited a significantly smaller transverse trunk and box range of motion, 

which are also believed to be mechanisms to control the load being carried. The MAD exhibited a 

more in-phase trunk-pelvis coordination as well as a decreased pelvis and box transverse plane 

ROM than the unassisted conditions. The kinematics seen in the assisted conditions are all 

described by past researchers as mechanisms to gain control over the load while also minimizing 

the risk of injury to the back (LaFiandra et al., 2002; Sharpe et al., 2008). Furthermore, when 

participants were asked to rate their perceived discomfort for various body areas, all discomfort 

ratings were decreased with the use of the MAD except for the upper back where no significant 

differences were reported.  

With the knowledge and testing done to date on hand-held load carriage technique 

differences, results are still conflicting as to which is the safer of the two techniques. 
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Electromyography comparisons have found the posterior technique more beneficial in the 

reduction of erector spinae muscular activity and consequently leading to a reduction in 

compressive forces at the spine (Kudryk, 2008). Not only was a reduction in erector spinae 

muscular activity seen but also a decrease in activity in the trapezius, and anterior deltoid muscles 

when carrying a box weighing 20% of a person’s body weight (Kudryk, 2008). Intersegment 

coordination analyses of the trunk with respect to the pelvis and the load did not find any 

differences in mean CRP or the variability of the coordination; however, transverse segment 

ROM’s indicated a decreased trunk and load ROM which is viewed as a mechanism for control 

over the load and, therefore, are in agreement with electromyographic results from Kudryk 

(2008), where is it concluded that the posterior carriage technique exhibits more beneficial 

kinematics with the goal of minimizing low back injury. However, contrary to the results from 

Chapter 4 and the work by Kudryk (2008), the examination of lower-extremity interjoint 

coordination in Chapter 3 are not in support of the posterior technique, in fact, results indicate the 

anterior technique provides a much more sturdy support for people carrying loads. This was 

exhibited with a more in-phase coordination pattern and the decreased variability of coordination 

between the trunk-hip and the hip-knee in most planes of motion. Considering the conflicting 

results with respect to techniques it is still too early to conclude if one technique is truly 

beneficial over another, and more research would be required to make such conclusions.  

With respect to device testing, it is crucial to examine different aspects that an on-body 

assistive device may have on a user, not only from an electromyography standpoint but also from 

a kinematic standpoint.  In particular, coordination has been reported as a means to decrease joint 

stress and injury risk (Burgess-Limerick et al., 1995). Findings from both Chapters 3 and 4 

concur with each other as well as with findings from Kudryk’s electromyography work (2008). In 

Chapter 3, users of the MAD exhibited a decreased variability of coordination in the lower-

extremities; furthermore, users of the MAD also exhibited a more in-phase trunk-pelvis 
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coordination and decreases in pelvis and box transverse ROM’s. A more in-phase coordination 

between the trunk and pelvis has been observed in load carriage with heavy backpacks and rifle 

load carriage.  These techniques are seen as a mechanism to reduce the magnitude of upper body 

torque and therefore a mechanism to reduce the muscular activity of the trunk when balancing 

angular momentum of the pelvis (LaFiandra et al., 2002), furthermore it has been suggested that 

this can also be achieved through a stable coordination pattern, defined by a reduced variability of 

the CRP angles (Sharpe et al., 2008). This increased stability of the coordination patterns among 

the lower extremities is said to be essential when carrying a load and traversing difficult terrain 

often encountered on the job by professional movers (Lu et al., 2008; Stergiou, Scholten, et al., 

2001). 

5.2 Limitations 

When interpreting the results of this body of work it is important to consider the 

associated limitations. First, although researchers attempted to recruit professional movers for 

participation in these studies, there was not enough interest to come into the laboratory on their 

own time. Therefore all participants in these studies were inexperienced with manual materials 

handling (MMH) tasks. This limitation is important to consider when interpreting results because, 

although all participants were given a warm-up and familiarization trial for all conditions, the 

timing of this warm-up was limited and many participants still felt uncomfortable with the 

posterior carriage conditions. Even if professional movers did not prefer the posterior carriage, 

their experience in the field would have made them more comfortable than the inexperienced 

participants in these studies. The unfamiliarity of the techniques may have caused participants to 

alter their movement patterns as a coping mechanism. Since all participants were inexperienced, 

the differences found across technique and device conditions are still valid; however, they may 

not be easily transferrable to patterns exhibited by experienced movers.  
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Another limitation regarding the transferability of these results includes the testing 

environment. All data collection was performed in a laboratory setting and all load carriage tasks 

were performed on a treadmill. In a study comparing overground and treadmill kinematic 

variability, it was concluded that the use of a treadmill may produce misleading results where 

kinematic variability at the lower extremity in particular is decreased compared to overground 

walking (Wheat et al., 2005). However, since it has been shown that coordination and 

coordination variability change dependent on speed, it was necessary to use the treadmill in this 

study to maintain a constant walking speed across all trials (Heiderscheit, 2000; Seay, Van 

Emmerik, et al., 2011). Since this study was designed to examine differences in coordination 

across all four test conditions but within participants, the use of the treadmill is warranted as it 

still allows for differences to be detected.  However, it should be made clear that these 

coordination changes may differ when load carriage is performed overground in a real-world 

setting. 

5.3 Major Contributions 

This study is the first of its kind to quantify coordination differences across anterior and 

posterior hand-held load carriage, two popular techniques utilized by professional movers. 

Although it is still too early to tell which technique is more beneficial, it has raised awareness that 

more research is needed to determine whether the anterior or posterior technique is more 

beneficial for users in the promotion of safe carriage techniques. With respect to the MAD, this 

research demonstrates the importance of detailed experiments to ensure that on-body assistive 

devices will not lead to future musculoskeletal injury. The MAD is deemed to be effective at 

reducing shoulder and grip efforts and reducing perceived effort (Kudryk, 2008). Coordination 

analyses have now shown it to decrease variability of coordination among lower-extremities, a 

factor that is believed to help control movement. In addition, a more in-phase trunk-pelvis 

coordination is interpreted as a mechanism to reduce upper body torques during load carriage 
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(LaFiandra et al., 2002). Finally this research has helped to prepare the MAD for more testing in 

industry. Not only can the MAD be used in the professional moving industry, for which it was 

originally designed for, but also has limitless applications to any industry where an off-body 

ergonomic lifting aid is impractical for transferring and handling boxes or sturdy objects.   

5.4 Future Research 

The studies in this body of work have begun to explore a new method for examining 

carriage techniques. But coordination is not the only new approach to analyzing load carriage 

technique and assistive devices like the MAD.   With respect to low back health, kinetic analyses 

should be used to determine forces acting at the spine across techniques. And stability analyses 

could be used in further comparisons of techniques as well as testing the effectiveness of the 

MAD. With respect to coordination research, future work should recruit a large number of 

professional movers and classify them as novice or expert movers. If a sufficiently long testing 

area were developed,  so that movers could maintain a constant overground walking speed, this 

would eliminate the problem of treadmill transferability issues.  In addition, the recruitment of 

novice and experts could create an opportunity to not only compare how mover’s adapt their 

coordination to the different techniques and assistive devices, but also it would allow researchers 

to compare the differences between novice and expert movers. Finally, although studies have 

analyzed differences in load carriage coordination strategies and assumptions have been made as 

to what is a safer coordination pattern, a detailed investigation is still required to link specific 

coordination patterns to injury risks.   



 90 

5.5 References 

Burgess-Limerick, R., Abernethy, B., & Neal, R. J. (1995). Self-selected manual lifting 
technique: Functional consequences of the interjoint coordination. Human Factors, 37(2), 395-
411. 

Heiderscheit, B. C. (2000). Movement variability as a clinical measure for locomotion. Journal of 
Applied Biomechanics, 16, 8. 

Kudryk, I. A. (2008). A biomechanical analysis of a specialized load carriage technique and the 
development of an assistive load carriage device. Queen's University, Kingston. 

LaFiandra, M., Holt, K. G., Wagenaar, R. C., & Obusek, J. P. (2002). Transverse plane kinetics 
during treadmill walking with and without a load. Clinical Biomechanics, 17, 116-122. 

Lu, T., Yen, H., & Chen, H. (2008). Comparisons of the inter-joint coordination between leading 
and trailing limbs when crossing obstacles of different heights. Gait & Posture, 27, 309-315. 

Seay, J. F., Van Emmerik, R. E. A., & Hamill, J. (2011). Low back pain status affects pelvis-
trunk coordination and variability during walking and running. Clinical Biomechanics, 26(6), 
572-578. 

Sharpe, S. R., Holt, K. G., Saltzman, E., & Wagenaar, R. C. (2008). Effects of a hip belt on 
transverse plane trunk coordination and stability during load carriage. Journal of Biomechanics, 
41(5), 968-976. 

Stergiou, N., Scholten, S. D., Jensen, J. L., & Blanke, D. (2001). Intralimb coordination following 
obstacle clearance during running: the effect of obstacle height. Gait & Posture, 13, 210-220. 

Wheat, J. S., Baltzopoulos, V., Milner, C. E., Bartlett, R. M., & Tsaopoulos, D. (2005). 
Coordination variabilty during overground, treadmill and treadmill-on-demand running. Paper 
presented at the International Society of Biomechanics, Beijing, China. 

 

 

 

 

 



 91 

Appendix A 
 

Letter of Information  

and Consent Form 

Interjoint Coordination Variability during Hand-Held Load Carriage Tasks: 
Effectiveness of a Mover’s Assistive Device 

 

Dear Participant, 

This letter is an invitation to participate in a research study on the exploration of 
coordination variability between joints while performing hand-held load carriage tasks, which is 
being run by Masters student Catherine Smallman of Queen’s University. Please read about the 
study and if interested in participating, you will be asked to sign two copies of a consent form. 
Please feel free to ask questions at any time.  

Males between the ages of 17 and 30 are being invited to participate in this study. You 
will be excluded if you are experiencing any back pain or injuries to your extremities. The data 
collection will take place at the Biomechanics and Ergonomics Lab (room 300) at the School of 
Kinesiology and Health Studies at Queen’s University (28 Division Street, Kingston, ON). The 
Queen’s University Health Sciences and Affiliated Teaching Hospitals Research Ethics Board 
have reviewed this study for ethical compliance.  

Background to the Study: 

In 2008, Queen’s researchers developed a “Mover’s Assistive Device” (MAD) though a 
grant awarded by the Workplace Safety and Insurance Board (WSIB) of Ontario. Professional 
movers had a chance to wear a prototype of a Mover’s Assist Device on the job.  At that time, 
mover’s reported that they liked the prototype and, based on a lab study, we demonstrated its 
effectiveness at reducing hand-grip, and back and shoulder forces. Researchers would now like to 
assess changes in interjoint coordination variability when wearing the Mover’s Assistive Device 
as a means of beginning to address previously identified concerns of poor environmental 
conditions 

Purpose of the Study:  

There are two major goals of this study. First, determine which load carriage technique 
(in front or behind the trunk) will exhibit an interjoint coordination pattern more similar to an 
unloaded walking trial. Second, determine if the use of the MAD for each load carriage technique 
will exhibit coordination patterns more similar to the unloaded gait pattern.  
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Overview of the Study: 

Before starting: You will be asked to wear tight fitted t-shirt and shorts for the testing 
session. After the testing procedures have been explained to you, you will read this letter of 
information and sign the consent form. The research team will then collect some physical 
measurements, which will later be used for data analysis. These measurements will include height 
and weight. (~10 minutes). 

Warm-up and Familiarization: You will then warm-up on a treadmill, beginning at a very 
slow speed. The researchers will then determine your preferred walking speed by gradually 
increasing the speed of the treadmill until you state it is faster than preferred, researchers will 
then gradually decrease the speed until you state it is slower than preferred. This will be repeated 
3 times, and the speeds averaged, to determine your preferred walking speed. You will then walk 
on the treadmill at your preferred walking speed carrying a box weighing 20% of your body mass 
under the 4 load carriage conditions you will be required to do during testing. You will walk for 
approximately 2 minutes each condition. (~20 minutes). 

Instrumentation: Next you will be outfitted with round reflective markers that will be used 
to track your motion throughout the trials. Triads of markers will be placed on the right side of 
your trunk, side of your right thigh, calf, and foot; these will be attached to you with elastic 
strapping. A fourth triad will be on a fin and will be attached to the lowest part of your back with 
tape and strapping. Single markers will be attached to your right heel, inside and outside of the 
right ankle, inside and outside of the right knee, and the front and back of your right and left hip 
bones. (~20 minutes). 

Data Collection: In order to calculate your natural standing joint angles, we will take a 1-
second trial that you will stand in an upright neutral standing posture. Once the trial is complete, 
all of the single markers (except for the heel) will be removed, leaving only the triad markers. 
Next in random order, you will perform 5 trials of walking on a treadmill at your preferred 
walking speed. The conditions will be (1) walking without any load, with your arms crossed in 
front of your chest; (2) carrying a box weighing 20% of your body weight in front of your body; 
(3) carrying a box weighing 20% of your body weight behind your body; (4) carrying the box in 
front of your body, with the help of the MAD; and (5) carrying the box behind your body, with 
the help of the MAD. All trials will be a total of 55 steps. (~40 minutes). 

Risks and Benefits of Participation: 

The researchers recognize that heavy manual materials handling does increase risk for 
musculoskeletal injury. However, you will not be performing the load carriage tasks for a long 
period of time, and will be provided adequate rest between trials. You may experience some 
delayed onset muscle soreness. If this occurs, please massage the muscles yourself or call the 
research team for further advice. Please let us know if soreness persists past four days or is 
unexpectedly painful, in this case we will ask you to see your physician. Furthermore, it is 
possible that skin irritation may occur from medical tape used to adhere the reflective markers to 
your skin. If skin irritation persists overnight, we would like you to contact us for assistance.  

 There are no direct individual benefits, however, you will be part of a research project 
that is developing a new ergonomic aid for the benefit of the whole Moving Industry.  

Voluntary Participation and Withdrawal: 
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Your participation is voluntary and you will be given adequate time to decide whether 
you wish to participate in this study. You may decline to participate or are free to withdraw from 
the trial at any time without reason, without penalty or loss of benefits to which you are otherwise 
entitled. Your decision to decline to participate or withdraw will not affect the standard of care 
you receive or your relationship with your investigator(s). By signing this consent form, you do 
not waive your legal rights nor release the investigators and sponsors from their legal and 
professional responsibilities. 

Payment for the Study: 

 You will be paid $25.00 for participating in the study. You will receive cash immediately 
after completing the testing session. 

Contacts Information: 

If you have questions or concerns are or are dissatisfied with any aspect of this study, 
please contact Catherine Smallman (9cs68@queensu.ca) at 613-533-6000 x 79019 or her 
supervisor, Dr. Joan Stevenson (joan.stevenson@queensu.ca) at 613-533-6288   If I have ethical 
concerns, please contact Dr. Albert Clark, Chair of the Queen’s University Health Sciences and 
Affiliated Hospitals Research Ethics Board (clarkaf@queenus.ca) at 613-533-6081. 
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Consent Form 

 

Interjoint Coordination Variability during Hand-Held Load Carriage Tasks: 
Effectiveness of a Mover’s Assistive Device 

Subject Statement and Signature: 

 As a volunteer participant, I have read and understand the consent form for this study. 
The purposes and procedures have been explained to me. I have had the opportunity to ask 
questions that have been answered to my satisfaction. I have been given sufficient time to 
consider the above information and may withdraw if I choose to do so. I understand that my 
participation is in confidence and that only the researchers will view my data. I am voluntarily 
signing this consent form below. I will receive a copy of this consent form for future reference. 

By signing this consent form, I am indicating that I agree to participate in this Movers 
Ergonomic Aid study.  

 

____________________________ 

 Participant Name 

 

___________________________    ______________________ 

 Participant Signature              Date  

By signing this consent form, I confirm that I have carefully explained the nature of the above 
research study to the subject. I certify that, to the best of my knowledge, the subject understands 
clearly the nature of the study and the demands, benefits and risks involved to participants in the 
study. 

________________________           ________________________            ____________ 

       Researcher Name           Researcher Signature                               Date 

Request for Permission to use Photograph for Scientific Purposes 

We would like to request permission to have photos or videos be taken of you during data 
collection. These will be used only for the purposes of use in a scientific conference or in a 
research paper. Faces will be blurred on all photos used.  

Please initial here if you are willing to permit photos to be taken.    ______________ 
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Appendix B 

Letter of Information and Consent Form 

Pelvis-Trunk Coordination during Hand-Held Load Carriage Tasks: Effectiveness of a 
Mover’s Assistive Device 

Dear Participant, 

This letter is an invitation to participate in a research study on the exploration of 
coordination the trunk and pelvis segments during hand-held load carriage tasks, which is being 
run by Masters student Catherine Smallman of Queen’s University. Please read about the study 
and if interested in participating, you will be asked to sign two copies of a consent form. Please 
feel free to ask questions at any time.  

Males between the ages of 18 and 30 are being invited to participate in this study. You 
will be excluded if you are experiencing any back pain or injuries to your extremities. The data 
collection will take place at the Biomechanics and Ergonomics Lab (room 300) at the School of 
Kinesiology and Health Studies at Queen’s University (28 Division Street, Kingston, ON). The 
Queen’s University Health Sciences and Affiliated Teaching Hospitals Research Ethics Board 
have reviewed this study for ethical compliance.  

Background to the Study: 

In 2008, Queen’s researchers developed a “Mover’s Assistive Device” (MAD) though a 
grant awarded by the Workplace Safety and Insurance Board (WSIB) of Ontario. Professional 
movers had a chance to wear a prototype of a Mover’s Assist Device on the job.  At that time, 
mover’s reported that they liked the prototype and, based on a lab study, we demonstrated its 
effectiveness at reducing hand-grip, and back and shoulder forces. Researchers would now like to 
assess changes in interjoint coordination variability when wearing the Mover’s Assistive Device 
as a means of beginning to address previously identified concerns of poor environmental 
conditions.  

Purpose of the Study:  

The purpose of this study is to quantify differences in coordination between your trunk 
and pelvis during load carriage when: 1) carrying a load anteriorly and posteriorly; and 2) 
wearing and not wearing the MAD.  

Overview of the Study: 

Before starting: You will be asked to wear tight fitted t-shirt and shorts for the testing 
session. After the testing procedures have been explained to you, you will read this letter of 
information and sign the consent form. The research team will then collect some physical 
measurements, which will later be used for data analysis. These measurements will include 
height, weight, and leg length (~10 minutes). 
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Warm-up and Familiarization: You will then warm-up on a treadmill, beginning at a 
very slow speed. The researchers will then determine your preferred walking speed by gradually 
increasing the speed of the treadmill until you state it is faster than preferred, researchers will 
then gradually decrease the speed until you state it is slower than preferred. This will be repeated 
3 times, and the speeds will be averaged, to determine your preferred walking speed. You will 
then walk on the treadmill at your preferred walking speed carrying a box weighing 20% of your 
body mass under the 4 load carriage conditions you will be required to do during testing. You will 
walk for approximately 2 minutes each condition (~15 minutes). 

Instrumentation: Next you will be outfitted with round reflective markers that will be 
used to track your motion throughout the trials. Triads of markers will be affixed to your trunk 
and pelvis with Velcro strapping. Single markers will be attached to both of heels of your shoes 
with tape (~5 minutes). 

Data Collection: In order to calculate your natural standing joint angles, we will take a 
1-second trial that you will stand in an upright neutral standing posture. Next in random order, 
you will perform 5 trials of walking on a treadmill at your preferred walking speed. The 
conditions will be (1) walking without any load; (2) carrying a box weighing 15% of your body 
weight in front of your body; (3) carrying a box weighing 15% of your body weight behind your 
body; (4) carrying the box in front of your body, with the help of the MAD; and (5) carrying the 
box behind your body, with the help of the MAD. All trials will be a total of 55 steps. After each 
condition you will be asked a few questions regarding any areas of physical discomfort during the 
load carriage (~20 minutes). 

Risks and Benefits of Participation: 

The researchers recognize that heavy manual materials handling does increase risk for 
musculoskeletal injury. However, you will not be performing the load carriage tasks for a long 
period of time, and will be provided adequate rest between trials. You may experience some 
delayed onset muscle soreness. If this occurs, please massage the muscles yourself or call the 
research team for further advice. Please let us know if soreness persists past four days or is 
unexpectedly painful, in this case we will ask you to see your physician.  

 There are no direct individual benefits, however, you will be part of a research project 
that is developing a new ergonomic aid for the benefit of the whole Moving Industry.  

Voluntary Participation and Withdrawal: 
Your participation is voluntary and you will be given adequate time to decide whether 

you wish to participate in this study. You may decline to participate or are free to withdraw from 
the trial at any time without reason, without penalty or loss of benefits to which you are otherwise 
entitled. Your decision to decline to participate or withdraw will not affect the standard of care 
you receive or your relationship with your investigator(s). By signing this consent form, you do 
not waive your legal rights nor release the investigators and sponsors from their legal and 
professional responsibilities. 

Payment for the Study: 

You will be paid $10.00 for participating in the study. You will receive cash immediately after 
completing the testing session. 
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Contact Information: 

If you have questions or concerns are or are dissatisfied with any aspect of this study, please 
contact Catherine Smallman (9cs68@queensu.ca) at 613-533-6000 x 79019 or her supervisor, Dr. 
Joan Stevenson (joan.stevenson@queensu.ca) at 613-533-6288   If I have ethical concerns, please 
contact Dr. Albert Clark, Chair of the Queen’s University Health Sciences and Affiliated 
Hospitals Research Ethics Board (clarkaf@queenus.ca) at 613-533-6081. 
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Consent Form 

Interjoint Coordination Variability during Hand-Held Load Carriage Tasks: 
Effectiveness of a Mover’s Assistive Device 

Subject Statement and Signature: 

 As a volunteer participant, I have read and understand the consent form for this study. 
The purposes and procedures have been explained to me. I have had the opportunity to ask 
questions that have been answered to my satisfaction. I have been given sufficient time to 
consider the above information and may withdraw if I choose to do so. I understand that my 
participation is in confidence and that only the researchers will view my data. I am voluntarily 
signing this consent form below. I will receive a copy of this consent form for future reference. 

By signing this consent form, I am indicating that I agree to participate in this Movers 
Ergonomic Aid study.  

 

____________________________ 

 Participant Name 

___________________________    ______________________ 

 Participant Signature              Date  

 

By signing this consent form, I confirm that I have carefully explained the nature of the above 
research study to the subject. I certify that, to the best of my knowledge, the subject understands 
clearly the nature of the study and the demands, benefits and risks involved to participants in the 
study. 

________________________           ________________________            ____________ 

       Researcher Name                  Researcher Signature                        Date 

 

Request for Permission to use Photograph for Scientific Purposes 

We would like to request permission to have photos or videos be taken of you during data 
collection. These will be used only for the purposes of use in a scientific conference or in a 
research paper. Faces will be blurred on all photos used.  

 

Please initial here if you are willing to permit photos to be taken.    ______________ 
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Appendix C 

 

 

 

 

 

 

 

 

Amendment Acknowledgment/Approval Letter 
 
December 13, 2011 
 
Dr. Joan Stevenson 
School of Kinesiology & Health Studies 
Queen's University 
 
File #: 6006183 PHE-066-06 Development of a Mover's Pack: A Specialized Backpack For 
The Moving Industry 
 
Dear Dr. Stevenson 
 
I am writing to acknowledge receipt of the following: 

x Notification that recruitment will no longer involve movers from local moving companies

x Notification that males 18-30 years of age from the University population will now be 
recruited 

x Provision of a copy of the revised consent form 

I have reviewed these amendments and the revised information/consent form and hereby give my 
approval.  Receipt of these amendments will be reported to the Health Sciences Research Ethics 
Board. 
 
Yours sincerely, 

 
Albert Clark, Ph.D. 
Chair 
Research Ethics Board 

  

  

 
 


