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Abstract 

Little is known about upper extremity (UE) biomechanics during activities of 

daily living (ADLs). UE tasks of 15 young adults and 10 pediatric participants were 

captured using an eight-camera motion analysis system. In total, the data from 15 young 

adult and 15 pediatric subjects was used. Significant differences were found between 

groups in the kinematic joint angles for the drinking, eating, hair brushing, head, back 

pocket, and rolling pin tasks. Significant differences were found between the dominant 

and non-dominant arms in the kinematic joint angles for the drink task. Because of the 

differences in UE kinematics between pediatric and young adult age groups shown in this 

study, it can be concluded that it is important to research tightly bound age groups for UE 

Activities of Daily Living tasks. Different strategies were used by the pediatric and young 

adult groups for the UE tasks leading to differences in the kinematic joint angles. 
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1.0 Introduction 

Little is known about the biomechanics of the upper extremity (UE) during 

activities of daily living (ADLs). Of the UE studies conducted, most have focused on 

pediatric populations and older adults, while young adults ( ages 18 to 24 years) have not 

been well documented. Establishing a database of UE movement patterns in young adults 

( also known as young adults) is important as it will allow researchers to increase their 

understanding of UE movement in this population as well as changes in UE movement 

that occur as a function of age. Knowledge of typical UE movement in this age group 

will also be useful for the identification of movement deviations in clinical populations of 

the same age (ie. Cerebral Palsy) and comparative data for pre- and post-treatment. The 

availability of normative data can help facilitate a greater understanding of movement 

deviations in clinical populations and allow clinicians to develop more effective 

treatment plans to improve the patient's UE movement and functional capacity. 

Compared to the extensive research that has been conducted on lower extremity 

movements during gait, research on UE movement has lagged behind. Because of the 

wide diversity in axis designation and rotational sequence, research on shoulder 

kinematics is particularly difficult to evaluate and compare (Rab, Petuskey, & Bagley, 

2002). The UE demonstrates a high degree of freedom and multiple tasks are typically 

measured to appreciate the natural motion of the limb (Morrow, Lin, Kenton, & 

Kaufman, 2006). Across studies, the number and type ofUE tasks studied has varied 

substantially. Data analysis is also challenging for UE biomechanics. Unlike gait, UE 



movements are mainly non-cyclic and as a result, it can be difficult to identify the 

beginning and end of a task. It is difficult for physicians to visually assess the effects of 

impairment on the performance of daily functional tasks as this implies evaluating 

complex multi-joint movements in three dimensions (Williams, Schmidt, Disselhorst

Klug, & Rau, 2006). A challenge in applying marker sets to the UE is to keep all the 

markers in view, something that is easier to accomplish with the LE (Yang, Zhang, 

Huang, & Jin, 2002). The complex nature ofUE movement has resulted in a lack of 

standardized protocols and a limited understanding of UE movement patterns across age 

groups. 

2 

Despite the challenges associated with this area of research, several studies have 

attempted to develop typical (normative) or control databases ofUE movement during 

ADLs. The UE studies that have been performed have each shown limitations. For 

example, Petuskey et al. (2007) created a pediatric UE kinematic database but used only a 

portion of the available data for the movements studied. During the beginning and end of 

the task, Petuskey et al. (2007) found a large standard deviation between subjects and 

only used joint angles observed at the point of task achievement. This method does not 

provide information on how the task was completed. Studies examining UE motion in 

adults while performing ADL tasks have also been used to develop control (previously 

known as normative) databases (Garcia-Alsina, Garcia Almazan, Moranta Mesquida, & 

Pleguezuelos Cobo, 2005; Magermans, Chadwick, Veeger, & van der Helm, 2005; 

Messier, Bourbonnais, Desrosiers, & Roy, 2006; Micera, Carpaneto, Posteraro, Cenciotti, 

Popovic, & Dario, 2005; Murgia, Kyberd, Chappell, & Light, 2004; Murphy, 
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Sunnerhagen, Johnels, & Willen, 2006; Murray & Johnson, 2004; Veeger, Magermans, 

Nagels, Chadwick, & vanderHelm, 2006). Only Garcia-Alsina et al. (2005) and Murray 

et al. (2004) did separate a comparative grouping of young adults, while many other 

studies excluded young adults altogether. If other researchers intend to compare their 

results to these databases, they will only be able to do so with limited data or non-specific 

age groups; therefore, the current databases are not sufficient for clinical studies 

involving treatment plans. 

As UE research has tended to focus on pediatric or adult groups, little is known 

about UE movement in young adults or age-related changes in UE kinematics. To date, 

most studies have either pooled adult and young adult data (Garcia-Alsina et al., 2005; 

Murray & Johnson, 2004) or focused solely on adults (Magermans et al., 2005; Micera et 

al., 2005; Messier et al., 2006; Murgia et al., 2004; Murphy et al., 2006; Veeger et al., 

2006). This may be because the researchers wanted to limit their range to avoid growth 

patterns of the pediatric group. Saying this, the young adult group may be difficult to 

capture and may have unknown differences from the pediatric or adult age group. Age

related studies of UE have been limited to researching range of motion (Boone & Azen, 

1979), fall tests (Kim & Ashton-Miller, 2003), isometric shoulder strength tests (Hughes, 

Johnson, O'Driscoll, & An, 1999), and electromyography with two dimensional 

biomechanics (Maitra & Junkins, 2004). Although age-related differences have yet to be 

researched in three-dimensional motion capture, the previous research has shown that as 

age increases, the range of motion (Boone & Azen, 1979), and isometric shoulder 
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strength (Hughes et al., 1999) decrease, while reflex response time and voluntary muscle 

response time increases (Kim & Ashton-Miller, 2003; Maitra & Junkins, 2004). A study 

examining UE kinematics in young adults versus children will facilitate an increased 

understanding of changes in movement patterns as a function of age. A three-dimensional 

motion capture study comparing these age groups may provide important information on 

whether age-matched control data is necessary for clinical applications and use up to date 

methods of analysis to gain insight into age-related differences between pediatric group 

and young adults. 

It is important to understand age-related changes in order to give proper treatment 

plans to clinical groups. Defining age-matched groups is important when comparing 

patients to control group data as accurate comparisons may lead to surgical or therapeutic 

improvements. To date, upper extremity studies have used inconsistent lower and upper 

age limits for pediatric and adult age groups, ranging from two (Fehlings et al., 2000) to 

19 years of age (Boone & Azen, 1979); while participants of adult UE studies have 

generally ranged in age from 26 to 88 years (Dennerlein et al., 2007; Garcia-Alsina et al., 

2005; Laursen et al., 2003; Mangermans et al., 2005; Messier et al., 2006; Micera et al., 

2005; Murgia et al., 2004; Murphy et al., 2006; Veeger et al., 2006; Yang et al., 2002). A 

study at the University of New Brunswick (UNB) has shown that children under the age 

of 7 .0 years have difficulty following directions and completing the UE experimental 

protocol. In addition, children younger than 7 .0 years have less experience with the ADL 

tasks used in the experiment (Murphy, Kuruganti, & Chester, 2011). To ensure 

compliance and to reduce between-subject variability, the lower age limit for pediatric 



studies at UNB is currently 7 years of age. Until more is known about age-related 

differences in UE movements during AOL tasks, the definitions of pediatric age groups 

must be tightly bound. This ensures that all children in the group will have attained 

approximately the same neuromaturational level. Groups based on broad age ranges are 

more likely to contain children of varying developmental levels (non-associated 

maturations levels) and therefore, variable movement patterns. 

5 

The purpose of this research was to quantify and compare age-related differences 

in three-dimensional upper extremity kinematics between young adults ( ages 18 through 

24 years) and pediatric group (ages 7 through 9 years) while performing AOLs. Fifteen 

young adults were recruited to establish a database of early adult UE movements, and ten 

pediatric participants were added to an existing pediatric database. In total, the data from 

15 young adult and 15 pediatric subjects was used in this study. A Vicon MCam motion 

capture system was used to capture the three-dimensional movement of the UE joints 

during AOL performance. This database will be used as reference data for future clinical 

studies and treatment planning. This data also increases our understanding of how UE 

motion changes as a function of age. 
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2.0 Literature Review 

Motion capture is useful for improving our understanding of normal and 

pathological motion. This form of recording movement has been used extensively for gait 

analysis, especially in clinical populations such as Cerebral Palsy (CP); (van der Krogt, 

Doorenbosch, Becher, & Harlaar, 2009). Gait analysis quantifies motion and identifies 

deviations in movement patterns. This information can help increase our understanding 

of normal and abnormal movement patterns and the evaluation of treatment effectiveness 

(Chester, Biden, & Tingley, 2005). While the lower extremities have been researched 

extensively in many populations, upper extremity research has lagged behind (Rab et al., 

2002). Much of this can be attributed to the large range of motion and non-cyclical 

pattern that the upper extremity (UE) possesses compared to the lower extremity. 

Like the lower extremity, diseases, disorders, and injuries of the UE can result in 

limited function and reduced quality of life. "Children with brachia} plexus birth palsy, 

bums, cerebral palsy, spinal cord injury and upper limb malformations may have 

diminished ability to perform activities of daily living (AD Ls) due to limited upper 

extremity (UE) motion" (Petuskey et al., 2007; 573), as is also the case with young adults 

and adults. The development of normative databases of UE kinematic data is essential for 

understanding the movement of the upper extremity across the life span. Such databases 

are useful for identifying movement deviations in clinical populations. Once the 

underlying causes of movement deviations are known, more focused treatment plans can 

be formulated. Studies of normative upper extremity kinematics have examined various 

age groups including pediatric groups and older adults; however few have studied young 

adults. There are several factors that may cause upper extremity movement to differ 
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between adults and young adults during ADLs. The progression of human growth begins 

with the head, followed by the hands and feet, then the arms and legs, followed by the 

spinal column {Tanner, 1962). The peak growth rate is different for each person as 

acceleration of growth occurs at different ages; some people in the same age category 

will be finishing a growth spurt, while others have scarcely commenced. As a result, the 

standard deviations of bodily dimensions in adolescents are very large (Pheasant, 2003). 

Studies have shown that growth continues past adolescence into young adulthood (Roche 

& Davila, 1972; Tanner & Whitehouse, 1976). Ten percent of males have been found to 

continue to grow past the age of23.5 years, while 10% of females grew past 21.1 years of 

age (Roche & Davila, 1972). The increase in growth can be seen in sitting height in a 

majority of males after age 18, females after age 17 and some males past 20 years of age 

(Andersson, Hwang, & Green, 1965). Other notable body parts that continue to grow 

well into the 20s are the clavicles and the bones of the spine which directly affect the 

joint angles of the UE in ADLs (Pheasant, 2003). 

An anthropometric study has shown that young adults aged 19 to 25 years had 

increased shoulder to elbow, and elbow to fingertip lengths compared to adults aged 45 to 

65 years. Both the 19 to 25 young adult and 45 to 65 year adult age group had increased 

arm length compared to an older adult group aged 65 to 80 years of age. The adult group 

also showed greater chest depth (Pheasant, 2003). These anthropometric measurements 

may also directly affect the joint angles of the UE during AD Ls. Young adults differ 

from the adult group in other factors as well. Weight steadily increases until the age of 50 

for males and 60 years for females before beginning to decline. Stature also begins to 

decline around 40 years of age (Pheasant, 2003). Range of motion (Boone & Azen, 1979) 
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and UE strength (Hughes et al. 1999) decrease, while reflex response time increases (Kim 

& Ashton-Miller, 2003). 

Similarly, a pediatric group is expected to have different UE kinematics during 

ADL tasks compared to a young adult or adult group. Growth spurts for females 

commence at around nine years of age, while males begin to grow rapidly years later on 

average (Pheasant, 2003). This change in size affects the size of the head, then the hands 

and feet, then the arms and legs, then finally the spinal column (Tanner, 1962). 

According to data in Pheasant (2003), young adults aged 19 to 25 years have larger 

measurements in head length, head breadth, chest depth, shoulder to elbow length, and 

elbow to fingertip length compared to children ages seven to nine years. The length and 

breadth measurements have different proportionality (Pheasant, 2003) since different 

bodily segments have different growth periods (Tanner, 1962). Although young adults 

and pediatric group UE kinematic data have yet to be compared in ADL tasks, significant 

differences are expected based on these anthropometric and physiological factors. The 

lack of UE kinematic data in the two groups warrants a comparative study between the 

two groups and the data is important to future clinical work. 

Due to the numerous changes that occur from young adulthood to adulthood, it is 

important to segregate age groups when initially developing an UE database. Since UE 

kinematic research is a relatively new field, especially in terms of ADLs, it is important 

to gather data in restricted age groups and then compare the data from one group to the 

next to reveal age-related differences in UE motion. Data may then be pooled if no age

related differences exist across age groups. The databases developed as part of this work 

will be used in future clinical applications. Comparisons of clinical data with age-
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matched control group data may be important for identifying deviations in UE motion. 

To establish whether developmental differences are associated with differing UE motions 

during ADLs, a pediatric and young adult group were compared. It was also important to 

gather young adult data as anthropometric and physiological evidence suggest that they 

are different than an adult group, although UE kinematic data in ADLs have yet to be 

researched. 

Much of the adult research conducted on UE motion, with cumulative 

measurement techniques, do not include young adults. Studies have typically included 

subjects from age 26 to age 88 years (Dennerlein et al., 2007; Garcia-Alsina et al., 2005; 

Laursen et al., 2003; Mangerman et al., 2005; Messier et al., 2006; Micera et al., 2005; 

Murgia et al., 2004; Murphy et al., 2006; Veeger et al., 2006; Yang et al., 2002). 

Therefore, a comprehensive account of UE motion in all adults has not been achieved. 

Since each age category has been deemed important to understand, young adult databases 

are needed. 

While research examining changes in UE motion with age (pediatric to adult) is 

limited, neuromuscular and orthopedic changes are well documented. For example, the 

shoulder was found to degenerate with age in adults ( 40 to 83 years of age); (Bonsell et 

al., 2000), upper extremity strength decreased with age (DeGoede & Ashton-Miller, 

2003; Hughes et al., 1999), and rotator cuff tears increased considerably with age 

(Tempelhof et al., 1999). Studies on the range of motion of the shoulder, elbow and wrist 

have also shown age-related changes (Boone & Azen, 1979; Watanabe et al., 1979). 

Boone and Azen (1979) focused on two age groups: children aged 1 to 19 years and 

adults aged 20 to 50 years, while Watanabe et al. ( 1979) had a general age range from 
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neonatal to 80 years old. Range of motion was found to decrease with age (Boone & 

Azen, 1979; Watanabe et al., 1979) as backward extension decreased from 67.5 degrees 

in the young group to 57.3 degrees in the older group, and 108 degrees to 99.6 degrees in 

outward rotation. Watanabe et al. (1979) reported that external rotation decreased with 

age but their specific results could not be deciphered as only the abstract was written in 

English. These authors also found that elbow flexion and supination changed very little 

with age (Watanabe et al., 1979) but the changes that did occur may have been from the 

frequent use of the joint causing wear and tear on the articulations and soft tissue (Boone 

& Azen, 1979). Further UE research using adults must separate young adult data from 

that of older adults as there are many known changes that occur physiologically with 

aging, including range of motion. Also, it is unclear when UE achieves maturity in terms 

of kinematics, thus young adult data should not be grouped with pediatric data. Research 

is needed to establish control group databases that are constrained in terms of the age 

ranges. Then, UE kinematic comparisons can begin across age groups and increase the 

understanding of age-related changes in motion. 

2.1 3D Motion Capture and Gait Analysis 

Interest in motion capture first began around the year 1900 and featured a 

renewed interest in research around the 1970s (Rau, Disselhorst-Klug, & Schmidt, 2000). 

This renewed interest in motion capture stemmed from the technological advancements 

that were made in biomechanical analysis (primarily due to gait in the 1970s) when 3D 

motion analysis began (Whittle, 1995). One of the first clinical applications of three

dimensional (30) motion capture was gait analysis. Gait is an ideal task for analysis 



because of the cyclical pattern of motion. In the 1970's, gait patterns were mainly 

analyzed by optoelectric devices. Although expensive, their accuracy and speed of 

analysis made them the standard tool (Rau et al., 2000). More complex gait variables 

were computed through 30 motion analysis, such as Euler angles and joint kinetics. 

According to Rau et al. (2000), early studies using 30 motion analysis were mainly 

focused on improving imaging techniques and 30 reconstruction algorithms. This 

process of study allowed these methods to eventually be used in gait. 
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Since its advent, 30 motion analysis has been used extensively for treatment 

planning for those with gait difficulties (Rau et al., 2000). The study of human gait 

analysis can be traced to Inman ( 1966), who originated the idea of kinetics in gait. Inman 

( 1966) described gait as gains and losses of potential energy through a step, as well as 

acceleration and deceleration resulting in gains and losses of kinetic energy. The defining 

studies in natural gait led to clinical gait analysis. Clinical gait analysis aims to quantify 

and assess the mechanics of walking; it facilitates the identification of deviations from 

normal movement patterns and provides treatment recommendations (Chester, et al., 

2005). 

Research has shown that normal gait is well defined (Rau et al., 2000); however 

the age of adult-like kinetic gait is controversial (Chester & Wrigley, 2008). According to 

Sutherland, Olshen, Cooper, and Woo ( 1980), a typical gait cycle remains unchanged 

after just four years of age while Chester and Wrigley (2008) stated that differences in 

gait data exist between pediatric age groups with similar walking velocities ( ie. 7-8 and 

9-10 years old) and were attributed to neuromaturational differences. The debate of onset 



of maturation in movement patterns includes the UE. Sufficient examination of 

differences in movement patterns between young adults and children has not been 

completed. Therefore, we currently know little about the changes in UE motion as a 

function of age. 
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Although discrepancies occur in studies regarding the age of execution of mature 

gait, it is agreed that the gait cycle is cyclical, symmetrical, and has a recognizable start 

and endpoints (Inman, Ralston, & Todd, 1981; Perry, 1992; Whittle, 1991). There are 

two main phases in the cycle, the swing and stance phases; where the stance phase 

accompanies about 60% of the cycle and can be divided further into single and double leg 

stance (Rau et al., 2000). The swing can be subdivided into initial swing (leg 

acceleration), mid-swing and terminal swing (leg deceleration); (Inman, 1966). Unlike 

the gait cycle, the beginning and end ofUE motions can be difficult to determine. Arm 

movements are typically not cyclical, thus studies must establish the start and end point 

of a task to make its data replicable. 

2.2 Motion Analysis of the Upper Extremity 

Although lower extremity gait analysis research has been extensively published, 

upper extremity research has lagged behind (Gutierrez-Farewik, Munaretto, & Ponten, 

2006; Hingtgen, McGuire, Wang & Harris, 2006; Rau et al., 2000). This is partly due to 

the greater range of motion of the upper extremity joints compared to the lower 

extremity. The shoulder joint, although it is a ball and socket like the hip joint, is 

shallower allowing for greater range of motion (Mackey, Walt, Lobb, & Stott, 2005). The 
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forearm is able to pronate and supinate much more freely about the elbow than the lower 

leg is about the knee. Because the lower leg has less range of motion than the shoulder, 

the movement of the leg can be analyzed more easily (Rau et al., 2000). In addition, gait 

patterns are known to be cyclic movements with identifiable and reproducible movement 

positions (Inman, Ralston, & Todd, 1981; Perry, 1992; Whittle, 1991). This is not the 

case with the upper extremity. UE tasks often lack reproducible and visible beginning and 

end points (Rau et al., 2000). Further, while lower extremity movement is usually 

quantified using a single task, such as walking or sit-to-stand, a battery of motion tasks 

are often needed to fully appreciate UE motion. 

Compared to the lower extremity, where the external forces of gait can be 

measured by force plates, reaction forces are more difficult to measure in UE tasks. 

Upper extremity movements are generally task-based; thus to increase the realism in 

studies, many tasks require the subject to hold and move an object ( cup, spoon, rolling 

pin). Because it is difficult to measure the external forces that these objects have on the 

hand, the forces are generally assumed to be negligible. To include these forces in a 

study, a number of force sensors and accelerometers would have to be placed on the body 

and object. 

One of the major limitations in upper extremity research is the lack of 

standardization. For example, in lower extremity research, several biomechanical models 

have been developed allowing the calculation of joint angles, joint forces and moments to 

be calculated (Rau et al, 2000). Attempts have been made by researchers to create similar 

standards for UE research (Rab, Petuskey, & Bagley, 2002; Rau et al., 2000; Wu et al., 

2005); however, these techniques have not been readily accepted by other researchers 
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(studies outlined in Section 2.4). Since previous studies have used many different marker 

sets and ADL tasks, repeatability in UE studies has yet to be attained. Standardized 

methods provide the basis for comparability and repeatability of results, which is 

important to the future of this field (Rau et al., 2000). This lack of standardization 

becomes problematic when researchers attempt to create databases. A measurement 

procedure must be made that is both flexible and accurate as it will be used to compare a 

variety of different movement types (Rau et al., 2000). 

2.3 Biomechanical Models of the Upper Extremity 

In past UE research, the biomechanical models utilized have varied in terms of the 

number of rigid segments, joint axis and joint center definitions, marker sets, and 

algorithms used to compute joint rotations. The lack of standardization makes it difficult 

to compare across UE studies. The details of current biomechanical models are outlined 

in the following section. 

2.3.1 Mechanical Models of the Upper Extremity 

Multiple upper extremity studies have used similar algorithms for the computation 

of wrist and elbow joint centres (details shown in Table 2.1). Only one model deviated 

from the method used by most to determine the wrist joint centre (Roux, Bouilland, 

Godillon-Maquinghen, & Bouttens, 2002). The wrist joint centre is typically defined as 

the middle of the distal ulna and radius markers. However, Roux et al. (2002) used a 

sphere-fitting method following a wrist circumduction trial. For the elbow, the joint 

centre was modeled either as an offset of the olecranon process (Hingtgen at al., 2006; 



Rab et al., 2002), or the midpoint between the medial and lateral humeral epicondyles 

(Mackey, Walt, Lobb, & Stott, 2005; Mackey, Walt, & Stott, 2006; Rau et al., 2000; 

Roux et al., 2002; Schmidt, Disselhorst-Klug, Silny, & Rau, 1999; Williams, Schmidt, 

Disselhorst-Klug, & Rau, 2006). In each model, scapular motion was not included as it 

was assumed that all segments were rigid bodies with fixed joint centres. 
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The shoulder joint centre is the most widely debated joint of the upper extremity. 

Most rigid body models compute the shoulder joint centre using a virtual marker ( de 

Leva, 2006, Mackey et al., 2005; Mackey et al., 2006; Rab et al., 2002). Algorithms for 

computing the shoulder joint centre may consist of an offset from two external markers; 

one on the anterior and one on the posterior glenohumeraljoint (Gutierrez-Farewik et al., 

2006; Mackey et al., 2005), calculating the circumference of the shoulder and using the 

radius (Hingtgen et al., 2006), or calculating a marker 10% (Mackey et al., 2006), 10.4% 

( de Leva, 1996) or 17% (Rab et al. 2002) inferiorly from a marker on the superior 

acromion at the acromioclavicular joint (de Leva, 1996; Hingtgen et al., 2006; Mackey et 

al., 2006; Rab et al., 2002). Studies that used cluster marker models also had 

discrepancies in the method of calculating the shoulder joint centre. Shoulder joint 

centres were either calculated by a sphere-fitting method using dynamic trials (Rau et al., 

2000; Roux et al., 2002) or using a translation by a fixed distance of 7 cm inferior to the 

acromion (Schmidt et al., 1999; Williams et al., 2006). 

In many studies, the elbow and wrist were assumed to have two degrees of 

freedom; while the shoulder, a ball and socket joint, had three (Gutierrez-Farewik et al., 

2006; Hingtgen et al., 2006; Mackey et al., 2005; Mackey et al., 2006; Palmieri, 
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Petuskey, Bagley, Takashiba, Greenhalgh, & Rab, 2003; Petuskey et al., 2007; Rab et al., 

2002). 

In addition to varying joint centre calculations, marker sets also differed across 

studies. The marker sets developed by Hingtgen et al. (2006), Mackey et al. (2005), 

Mackey et al. (2006), Rab et al. (2002), Rau et al. (2000), Roux et al. (2002), Schmidt et 

al. (1999), and Williams et al. (2006) are used as base models for both pediatric and adult 

studies (Table 2.1 ). Marker sets are typically anatomy-based or rigid cluster designs. The 

anatomical model uses a marker set made up of individually placed markers, adhered 

directly to the skin at key anatomical landmarks (Hingtgen et al., 2006; Mackey et al., 

2005; Mackey et al., 2006; Rab et al., 2002). Markers sets can vary in terms of the 

number of markers used, marker location, and the numbers of segments formed. Studies 

using markers use roughly the same location for a number of markers; however, marker 

characteristics may differ across studies for example, Mackey et al. (2006) noted that a 

marker on the posterior hand is important to determine wrist rotation, a technique not 

used by Mackey et al. (2005). Some studies use marker wands as part of their anatomical 

marker positioning. Again, not all researchers found wands to be a necessary addition. 

Unlike Mackey et al. (2005) and Mackey et al. (2006), Rab et al. (2002) felt that marker 

wands were cumbersome. Instead, a slightly flexed arm allowed for the calculation of 

humeral rotation. The model by Rab et al. (2002) is commonly used in other UE studies 

(Palmieri et al., 2003; Petuskey et al., 2007). 



Table 2.1 -A Comparison of Research Studies Focusing on Upper Extremity 
Biomechanical Models 

Biomechanical #of Wrist joint Elbow joint Shoulder joint centre Marker 
Model markers centre centre type 
Rab et al. 18 Midpoint Offset from Move marker inferiorly Skin-
(2002) between ulna olecranon from acromioclavicular based 

and radius joint 17% of distance 
between shoulder 
markers 

Mackey et al. 21 Midpoint Midpoint Offsets of two external Skin-
(2005) between ulna between marker positions based 

and radius medial/lateral 
condyles 

Mackey et al. 21 Midpoint Midpoint Marker on superior Skin-
(2006) between ulna between aspect of acromion, based 

and radius medial/lateral 10% offset of arm 
condyles length inferiorly 

Hingtgen et al. 14 Midpoint Offset from Circumference of Skin-
(2006) between ulna olecranon shoulder around based 

and radius acromion/axilla found -
radius defined as 
distance inferiorly 
from acromion 

Schmidt et al. Midpoint Midpoint 7 cm inferior to the Cluster 
(1999) between ulna between acromion marker 

and radius medial/lateral 
condyles 

Rau et al. Midpoint Midpoint evaluation of upper Cluster 
(2000) between ulna between arm movements with 

and radius medial/lateral respect to thorax 
condyle markers using 
markers optimization 

Roux et al. Sphere-fitting Midpoint Sphere-fitting method Cluster 
(2002) method and between and circumduction trial 

circumduction medial/lateral 
trial condyles 

Williams et al. Midpoint Midpoint 7 cm inferior to the Cluster 
(2006) between ulna between acromion marker 

and radius medial/lateral (static) - algorithm for 
condyles cost function found 

*Note JCS= Joint Centre System 

Unlike the researchers who chose to track segments based on bony landmarks, 

some researchers use cluster sets (Rau et al., 2000; Roux et al., 2002; Schmidt et al., 
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Joint 
rotations 
Euler 

JCS~ 

JCS 

Euler 

Cardan 

Euler 

Euler 

Cardan 



18 

1999; Williams et al., 2006). A cluster is a set of three or more markers mounted on a 

rigid platform and is placed on a portion of the body. The markers on a cluster, due to the 

rigid body they are placed on, maintain the set distance from each other throughout a 

movement. Although relative motion does not occur between the markers, the entire 

cluster can shift relative to the underlying skin. If placed too closely to a joint (where 

most skin movement occurs), more error may occur; thus, clusters are placed distal to 

joints to reduce error. Cluster models initially involve anatomical markers to calculate 

joint centres. Some of the anatomical markers are removed following a static and an 

initial dynamic trial (Schmidt et al., 1999; Williams et al., 2006). In some cluster models, 

each segment was defined by three non-collinear markers on a cuff ( cluster); which 

limited relative marker movement (Schmidt et al., 1999; Rau et al., 2000; Williams et al., 

2006). Roux et al. (2002) incorporated only the hand and forearm in their study and used 

the same cuff placement as Schmidt et al. (1999), using three non-collinear markers, but 

instead had 4 marker cluster placed on the arm (instead of 3) to differentiate the arm from 

the forearm. 

2.3 .2 Joint Rotations 

Joint rotations can be computed using several methods including, joint coordinate 

systems (JCS), Euler/Cardan angles, helical axes and quaternions (Rau et al., 2000). JCS 

and Euler/Cardan angles are commonly used in gait analysis (Rau et al., 2000). Used by 

Rau et al. (2000), JCS are a special case of Euler/Cardan angles (Nigg and Herzog, 

1999). Euler/Cardan angles are calculated based on a rotation between the joint 

coordinate systems, also described as a rotation matrix ( an ordered sequence of rotations 
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around three joint axes with twelve possible orders). The order of rotations about the axes 

in the distal segment are typically flexion/extension, abduction/adduction followed lastly 

by rotation about the longitudinal segment (Rau et al, 2000); but orders vary across 

studies. The disadvantage of using Euler/Cardan angles is the possibility of gimbal lock. 

Gimbal lock occurs when two out of three axes align and one rotation has no effect 

(Lepetit & Fua, 2005). During gimbal lock, the resultant angle can jump 180 degrees 

although the movement is small (Rau et al., 2000) allowing for angles to be indeterminate 

(Rab et al, 2002). Some researchers have used Euler to describe joint angles during upper 

extremity movement because it helps describe movement outside the sagittal plane 

(Hingtgen et al., 2006; Rab et al., 2002; Roux et al., 2002). Some authors used Cardan 

angles (Schmidt et al., 1999; Williams et al., 2006). Williams et al. (2006) suggested that 

Cardan angles are ambiguous and do not help facilitate the interpretation of arm motion. 

In a study by Wu et al. (2005), the Standardization and Technology Committee 

(STC) from the ISB published recommendations for the definitions of JCS for the 

shoulder, elbow, wrist and hand. By standardizing these procedures, the ISB aimed to 

manage standard communication among researchers and clinicians. Such standards also 

facilitate comparisons of results across studies. Another apparent advantage is widely 

comprehensive calculations for clinically relevant joint translations (Wu et al., 2005). 

According to Wu et al. (2005), the JCS is sequence independent while Cardan and Euler 

angles are not. A Cardan and Euler sequence become equally independent when the 

sequence is defined. 
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Rab et al. (2002) opposed the viewpoint of the ISB and felt that the arbitrary 

designation of axes was based more on historical use and two-dimensional consistency 

rather than on modem considerations and clinical clarity. Other methods may be used, as 

Rab et al. (2002) described their method as an "easy to use and easy to remember" (Rab 

et al, 2002; p. 116) clinical rotation sequence that is good for presentation and data 

analysis. Rab et al. (2002) suggested that the ISB standards stemmed from a mechanical 

engineering viewpoint and may not parallel the views of investigators from other 

scientific disciplines, although they may be equally effective. Investigators must provide 

meaningful data in an understandable form and researchers must develop a standard 

method of conveying results. "The minimum requirement for reporting should be a clear 

description of axes (preferably with pictures), rotation sequences, and model 

assumptions" (Rab et al., 2002; p. 118) 

2.4 Normal and Clinical Pediatric UE Kinematics 

Like most of the field of upper extremity biomechanics, little work has been done 

in the area of upper extremity movement in pediatric populations. The available research 

has focused mainly on comparing clinical pediatric populations to a control group 

(Chang, Wu, Wu, & Su, 2005; Mackey et al., 2006; Palmieri et al., 2003; Ramos, Latash, 

Hurvitz, & Brown, 1997). Other studies have focused on within-group comparisons to 

examine the consistency of movement in hemiplegic cerebral palsy (Mackey et al., 2005) 

and to create a database of typical movement patterns in a control group (Petuskey et al., 

2007). Additional research has compared two different clinical populations such as 
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individuals receiving bicep and pectoralis major botox injections, versus hand and wrist 

tendon transfer surgery, to a control group (Gutierrez-Farewik et al., 2006). 

Of the available studies, each has a variable sample size with the majority of 

studies analyzing between three to ten subjects (Chang et al., 2005; Mackey et al., 2006; 

Ramos et al., 1997). Other studies, however, have used larger sample sizes of nearly 50 

individuals (Palmieri et al., 2003; Petuskey et al., 2007). Another discrepancy in sample 

characteristics was the age range; the age of children varied from 5 to 18 years of age. 

Given that we know little about the timing of the onset of adult-like or mature UE 

movement patterns, narrower age bands may be warranted. Such age bands would 

improve our understanding of changes in UE kinematics as a function of development 

and would also provide age-matched data for clinical comparison. 

Marker sets used in pediatric upper extremity studies have also differed from each 

other and a distinct standard has yet to be established. For example, studies have used 

marker sets as complex as 26 markers (Gutierrez-Farewik et al., 2006), and as simple as 5 

markers (Chang et al., 2005). Only two papers (Palmieri et al., 2003; Petuskey et al., 

2007) have used the set by Rab et al. (2002). Variable marker sets become an issue when 

comparing results between articles. To facilitate data comparisons across studies, a 

marker set standard must be established. 

Many studies have used similar AOL tasks including hand to the top of the head 

(Mackey et al., 2005; Mackey et al., 2006; Petuskey et al., 2007; Rab et al. (2002), high 



22 

reach above head (Palmieri et al., 2003; Petuskey et al., 2007), forward reach (Chang et 

al., 2005; Gutierrez-Farewik et al., 2006; Mackey et al., 2006; Petuskey et al., 2007; 

Ramos et al., 1997), wave (Petuskey et al., 2007), hand to mouth (Mackey et al., 2005; 

Mackey et al., 2006), hand to back pocket (Palmieri et al., 2003; Petuskey et al., 2007) 

and hand pressing a bar (Ramos et al., 1997). Assuming that similar biomechanical 

models are used, having similar AOL tasks facilitates comparisons across studies; this 

was not the case across studies as not all AOL tasks were similar. However, the proposed 

research has similar tasks to some of the AOL studies including, hand to top of head 

(Mackey et al., 2005; Mackey et al., 2006; Petuskey et al., 2007; Rab et al., 2002) and 

hand to back pocket (Bertels, Schmalz, & Ludwigz, 2009; Palmieri et al., 2003; Petuskey 

et al., 2007). 

Several studies have focused on the between-subject variability associated with 

specific UE tasks. Rab et al. (2002) found that the hand to the top of the head task had a 

maximum standard deviation of 25 degrees for the shoulder external rotation for four 

joint motions in 94 arms demonstrating reproducibility in the movement strategy. 

Mackey et al. (2005) stated that results were similar to those of Rab et al. (2002), 

showing reproducibility at the shoulder and elbow; however, an increase in variability 

was found at the start of the movement as the hand started on the knee. In a subsequent 

study, Mackey et al. (2006) changed the start and end point of the hand to the top of the 

head from the knee to a table top and mentioned an improvement in procedure without 

providing specific comparisons between Mackey et al. (2005) on starting position. Across 

studies, some consistencies were found in UE kinematic results for clinical and/or control 
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groups. Sagittal plane movement was reproducible in cerebral palsy patients for the hand 

to head and hand to mouth tasks (Mackey et al., 2005). Control groups had limited 

variation in a reaching and pressing task (Ramos et al., 1997), while variability of the 

control group data was not reported and could only be assumed to be consistent in high 

reach and hand to back pocket tasks (Palmieri et al., 2003). Although some consistencies 

have been found throughout multiple populations, a lack of sufficient evidence has been 

established to show consistency in choice of UE tasks. Work must be done to find 

consistent measures first in a control population. 

From studying the UE using ADLs, detailed comparisons were made across 

clinical and control groups. Mackey et al. (2006) found that children with hemiplegia 

achieved significantly less supination in a hand to head task (hemiplegic, 49 degrees+/-

39 degrees of supination; control, 77 degrees+/- 22degrees; P .04) and greater trunk 

forward flexion (hemiplegic, 43 degrees+/- 14 degrees; control, 29 degrees+/- 16 

degrees; P .02). Palmieri et al. (2003) found a significant decrease in shoulder extension 

( avg. 13 degrees loss), increase in shoulder abduction ( avg. increase of 7 degrees), and a 

decrease in elbow flexion ( avg. 14 degrees loss) for those with axillary burns versus a 

control group in a hand to back pocket task. Specific results have been attained through 

these ADLs and should be incorporated in an UE AOL study. Differences have been seen 

across several groups meaning a young adult and pediatric group comparison may yield 

useful information. 
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There have been a number of other limitations in the available pediatric UE 

studies with small sample size being a key issue (Chang et al., 2005; Gutierrez-Farewik et 

al., 2006; Mackey et al., 2005; Mackey et al., 2006; Ramos et al., 1997). The age between 

the control ( ages 6 - 12 years) and clinical groups ( ages 10 - 17 years) were not 

consistent (Mackey et al., 2006), hence the need for age-matched groups. The analysis of 

only one (Chang et al., 2005; Gutierrez-Farewik et al., 2006; Ramos et al., 1997) or two 

tasks (Mackey et al., 2005; Palmieri et al., 2003), having a unilateral study (Chang et al., 

2005; Ramos et al., 1997), or the lack of a control group (Gutierrez-Farewik et al., 2006; 

Mackey et al., 2005) also limited some of the studies. These studies do not use a 

standardized approach; with some using their own methods of collecting, analyzing, and 

presenting data (Mackey et al., 2005; Mackey et al., 2006). Future research should use a 

previously established method that may be comparable. A study should analyze a number 

of AOL tasks using an established method and compared across age groups. 

2.5 Normal and Clinical Adult UE Kinematics 

There are various upper extremity studies that have been completed on adults; 

however, the studies have not been limited to specific age groups (ie. young adults), and 

little has been done in terms of ADLs. Due to a large amount of upper extremity injury in 

late adulthood, numerous studies have investigated the problem of falling forward with 

an outstretched arm (Chiu & Robinovitch, 1998; Chou, Chou, Lin, Su, Lou, Lin et al., 

2001; DeGoede & Ashton-Miller, 2002; DeGoede & Ashton-Miller, 2003; Hall, 

Middlebrook, & Dickerson, 2010; Hsiao & Robinovitch, 1997; Kim & Ashton-Miller, 

2003; Magermans et al., 2005; Troy & Grabiner, 2007). Other adult studies have 



involved household activities such as cleaning (Laursen, S0gaard, & Sj0gaard, 2003), 

keystrokes of a computer (Baker, Cham, Cidboy, Cook, & Redfern, 2007; Dennerlein, 

Kingma, Visser, & van Dieen, 2007; Kasten, Rettig, Loew, Wolf, & Raiss, 2009) and 

piano playing (Furuya, Aoki, Nakahara, & Kinoshita, 2007). Many adult studies have 

focused on physical activity involving the rotator cuff, such as golf swings (Teu, Kim, 

Fuss, & Tan, 2006), tennis serves (Chiang, Nien, Chiang, & Shiang, 2007), and softball 

and baseball pitching (Werner, Guido, McNeice, Richardson, Delude, & Stewart, 2005; 

Werner, Jones, Guido, & Brunet, 2006). Studies of upper extremity propulsion, such as 

hand bike propulsion (Faupin, Goree, Campillo, Thevenon, & Remy-Neris, 2006) and 

manual wheelchair propulsion (Newsam, Rao, Mulroy, Gronley, Bontrager, & Perry, 

1999; Rao, Bontrager, Gronley, Newsam, & Perry, 1996) have also been conducted. 
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There are several studies that have examined UE motion in adults while 

performing ADLs (Bennett, Marchetti, Iovine, & Castiello, 1995; de los Reyes Guzman, 

Gil-Agudo, Penasco-Martin, Solis-Mozos, Arna-Espinosa, & Perez-Rizo, 2010; Gronley, 

Newsam, Mulroy, Rao, Perry, & Helm, 2000; Magermans et al., 2005; Maitra & Junkins, 

2004; Messier, Bourbonnais, Desrosiers, & Roy, 2006; Micera, Carpaneto, Posteraro, 

Cenciotti, Popovic, & Dario, 2005; Murgia, Kyberd, Chappell, & Light, 2004; Murphy, 

Sunnerhagen, Johnels, & Willen, 2006; Murphy, Willen, & Sunnerhagen, 2011; Murray 

& Johnson, 2004; van Andel, Wolterbeek, Doorenbosch, Harlaar, & Veeger, 2006; 

Veeger, Magermans, Nagels, Chadwick, & vanderHelm, 2006; Wu, Chen, Tang, Lin, & 

Huang, 2007; Yang, Zhang, Huang, & Jin, 2002). However, the methods (marker sets, 

choosing to measure the UE as cyclic or non-cyclic) and subject characteristics varied 
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substantially across studies. The mean age of the previous AOL studies ranged from 28 to 

75.3 years with studies choosing to not research young adults. Studies suggest that young 

adults were not ignored for any specific reason other than a lack of interest in the group. 

Many researchers have not isolated young adults, but instead incorporated them into the 

adult population ignoring any possible differences between young adults and adults 

(Baker et al., 2007; Chiu et al., 1998; Hsiao et al., 1998; Kim, Ashton-Miller, 2003; Senk 

et al., 2006; van Andel et al., 2006). Multiple studies (Chen, Chang, & Hsu, 2007; 

Garcia-Alsina at al., 2005; Stokdijk, Eilers, Nagels, & Rozing, 2003; Senk & Cheze, 

2006; Stokdijk, Nagels, & Rozing, 2000) have examined general upper extremity 

movement rather than movement during certain upper extremity tasks. For example, 

Senk and Cheze (2006) studied 15 types of glenohumeral movements and categorized 

them into five groupings ( flexion, extension, abduction, circumduction and horizontal 

flexion). Therefore, it can be difficult to relate their findings to ADLs. 

It is important to measure young adults separately from the adult population as 

evidence shows that there are age-related changes in UE motion (Bonsell et al., 2000; 

Boone & Azen, 1979; DeGoede & Ashton-Miller, 2003; Hughes et al., 1999; Kim et al., 

2003; Maitra et al., 2004; Tempelhof et al., 1999). During a fall test, older adult males 

(mean age 66.4 years) showed a significantly increased peak impact force, slower braking 

time, and the age effect was also noticed in elbow and wrist joint angles compared to 

young males (mean age 24.1 years) (Kim et al., 2003). Although a fall test differs from 

and AOL study, age-related changes are noted in different age groups. A cup AOL task 

(Maitra et al., 2004) showed that older adults (ages 70- 78 years) demonstrated slower 



movements and made more movement corrections compared to a younger population 

( ages 22 - 23 years). Physical characteristics have also been found to change with age; 

the shoulder degenerates with age (Bonsell et al., 2000), upper extremity strength 

decreases with age (DeGoede & Ashton-Miller, 2003; Hughes et al., 1999), and rotator 

cuff tears increase considerably with age (Tempelhof et al., 1999). There is evidence to 

show that young adults need to be studied as there is a good possibility that they differ 

from both adult and pediatric age-groups. It is unclear why the current UE research has 

chosen to not include young adults, as age-related differences have been found. Thus, a 

study that examines young adults across the full age span ( 18 - 24 years) is needed. 

2.6 Age-Related Differences 
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Age-related studies are of great importance as they are able to show what may 

happen to a portion of the body biomechanically or physiologically over time. For 

example, research may provide insight to whether these age related changes occur due to 

decay, lack of flexibility or because of muscle activation. 

There is very little literature in terms of the UE comparing young adults ( ages 18 

to 24 years) with adults. Much of the adult research of the upper extremity does not 

include these ages, and instead ranges from a lower limit of 26 to 88 years (Dennerlein et 

al., 2007; Garcia-Alsina et al., 2005; Laursen et al., 2003; Mangerman et al., 2005; 

Messier et al., 2006; Micera et al., 2005; Murgia et al., 2004; Murphy et al., 2006; Veeger 

et al., 2006; Yang et al., 2002). Some adult UE research does include the young adult 

population, but also pools data from adults and/or older adults. Studies that have included 
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young adults do not include a separate range of ages for the young adults (Baker et al., 

2007; Chen et al., 2007; Chiu et al., 1998; Chou et al., 2001; Hsiao et al., 1998; Kim, 

Ashton-Miller, 2003; Senk et al., 2006; van Andel et al., 2006). In addition, justification 

for the age ranges studied was not provided. 

Some authors managed to find age-related changes among age groups, focusing 

on two larger groups, but finding interesting values among smaller groups as well. Boone 

and Azen ( 1979) focused on two age groups: children ages 1 to 19 and adults 20 to 50 

years. Range of motion was found to significantly decrease with age in external rotation 

(decrease of 8.4 degrees), backward extension (decrease of 10.2 degrees), internal 

rotation ( decrease of 3 .4 degrees), forward flexion ( decrease of 3 .4 degrees), and 

horizontal extension (decrease of3.6 degrees); (Boone & Azen, 1979). Boone and Azen 

(1979) managed to make further age-group categories including a pediatric group of ages 

6 to 12, and a young adult group, ages 20 to 29 years for the goniometer test. Petuskey et 

al. (2007) did a study using a pediatric group ages 5 to 18 years old. When splitting the 

group into groups 5 to 8 years, 9 to 12 years and 13 to 18 years old, age-related changes 

were found. Petuskey et al. (2007) found significant differences between two groups of 

children, aged 5 to 8 years and 9 to 12 years, in neck flexion for both the 'hand to top of 

head' and 'hand to back pocket' tasks, between ages 9 to 12 years versus 13 to 18 years 

in neck flexion for both tasks, trunk flexion for hand to back pocket, and elbow flexion 

for the hand to the top of the head, and between ages 5 to 8 years versus 13 to 18 years 

for arm pronation in the hand to the top of the head task. For these specific groups, some 

values on the left UE were found to have more flexibility than the right UE. 
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Although the literature is scarce in terms of comparing specific age groups ( older 

and younger adults), some studies do exist (Griegel-Morris, Larson, Mueller-Klaus, & 

Oatis, 1992; Kim et al., 2003; Maitra et al., 2004). During a fall test, older adults showed 

a significant increase in peak force, braking time, and elbow and wrist joint angles (Kim 

et al., 2003), and a cup ADL task showed that older adults demonstrated slower 

movements and needed more corrections compared to younger adults (Maitra et al., 

2004). Griegel-Morris et al. (1992), however, showed that there was no significant 

difference between age-groups for the incidence of shoulder, cervical and thoracic 

abnormalities. The limited research comparing a young adult population with an adult 

population showed differences (Kim et al., 2003; Maitra et al., 2004) and warrants more 

research in the young adult population. As discussed, age-related changes in motion are 

known to occur with an increase in age. 

Upper Extremity biomechanical research is also limited in terms of the number of 

studies that compared children with young adults. However, in many UE studies, the 

pediatric lower and upper limit that may determine a child group for young adult 

comparison is not well defined. To date, research has examined children between the 

ages of 5 and 18 years (Chang et al., 2005; Davis et al., 2009; Gutierrez-Farewik et al., 

2006; Mackey et al., 2005; Mackey et al., 2006; Mackey et al., 2008; Palmieri et al., 

2003; Petuskey et al., 2007; Ramos et al., 1997), with some studies considering children 

to be as old as 19 years of age (Desailly et al., 2008; Rab et al., 2002; Werner et al., 

2005). Few studies include children below the age of 5 years, as it is usually an issue of 
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cooperation, but some studies include children as young as 2.5 years (Fehlings et al., 

2000). Like adult studies, pediatric studies tend not to provide justification on the upper 

and lower limit of their age range. A lower and upper age limit of a pediatric group must 

be defined to make comparisons with young adults. 

It is important to understand how motion changes with development. A 

comparison of a pediatric control with a young adult control group will allow 

understanding of what the acceptable age ranges are for comparison with clinical groups. 

There seems to be a lack of comparative data involving the young adult population. A 

challenging aspect of this research is determining the ages for comparison. Many 

research papers include ages seventeen (Mackey et al., 2006; Mackey et al., 2008), 

eighteen (Palmieri et al., 2003; Petuskey et al., 2007; Davis et al., 2009), or nineteen 

(Boone & Azen, 1979; Desailly et al., 2008; Rab et al., 2002; Werner et al., 2005) as part 

of the child population. Using the median of these ages (eighteen), this should be the 

lower limit of inclusion for a young adult category as it has been claimed as a definite 

end to childhood by multiple researchers (Davis et al., 2009; Palmieri et al., 2003; 

Petuskey et al., 2007) and is the legalized "adult age" in Canada. Boone and Azen (1979) 

defined a child category using ages six to twelve years, a grouping inclusive of 7 

pediatric years. As stated earlier, Petuskey et al. (2007) completed a study using a 

pediatric group, ages 5 to 18 years old. When this group was divided into subgroups ( 5 to 

8 years, 9 to 12 years and 13 to 18 years old), age-related changes in 5 AOL tasks for 

multiple measurements ( elbow flexion, neck flexion, trunk flexion, wrist radial, and arm 

pronation) were found. Research varies in terms of the lower age limits used. Petuskey et 

al. (2007) showed that using a larger pediatric age range will lead to higher variability 
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within the group. A study using a control population of ages 7 to 9 years has been 

underway at the University ofNew Brunswick since 2008 (Murphy et al., 2011). This age 

category would be sufficient to compare to a young adult control population starting at 

age 18 to 24 years. A comparison between the groups would allow insight into key 

differences between pediatric and young adult populations. 

2.7 Assessment Test 

Various upper extremity assessment tests have been used and developed for 

clinical settings. Many tests strictly look at the time it takes for a subject to complete a 

task. 

The Fugl-Meyer Assessment (FMA) is an observer-initiated test examining motor 

impairment where for example, a physical therapist administers the test on a patient and 

then rates their motor ability (reflexes) and balance in the upper and lower extremities 

while sitting and standing based on criteria. Additionally, sensation, position sense, and 

range of motion are also tested. With an observer, the FMA eliminates some subjective 

bias, but it is difficult for an observer to judge sensation. A similar test to this is the 

Frenchay Arm Test in which five tasks are evaluated (stabilizing a ruler, grasping a 

cylinder, picking up a glass half full of water, removing and replacing a clothes peg, and 

combing hair) and each are given a pass or fail score; this test however, neglects to assess 

quality of movement and performance time (Heller et al. 1987). 
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The Motor Activity Log (MAL), unlike the FMA, is a self-reported measure of 

functional ability. Subjects rate themselves on how well they complete activities of daily 

living through a semi-structured interview. For clinical assessments, MAL is not used 

because the probing of scores might lead to some bias (U swatte et al. 2005). Two types of 

tests are similar in terms of patient involvement: the Action Research Arm Test (ARA T) 

and the Wolf Motor Function Test. The patient criteria for these tests are for example, 

someone who has suffered from a stroke or a traumatic brain injury. The ARA T is a non

interview performance test that assesses the ability to perform gross movements, 

grasping, moving and releasing objects of different masses and sizes. Also a non

interview test, the Wolf Motor Function Test examines the effect of constraint-induced 

movement therapy by assessing task-movement time, quality of movement and functional 

ability. These non-interview tests are beneficial in that there is a set scoring standard. 

Their downfall is that the tests do not take into account personal comfort on gripping and 

motor tasks. 

The following tests are similar to the Wolf Motor Function Test as the three use 

task performance time. The Jebsen-Taylor Hand Function Test examines performance 

time as an indicator of functional ability, but does not include quality of movement; 

focusing on hand function over seven ADLs. The Test Evaluant les Membres superieurs 

des Personnes Agees (TEMP A) is a similar idea, as it uses performance time as an index 

of functional ability with nine unilateral and bilateral UE AOL tasks. 
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These tests allow for an examination of motor impairment and the level of 

functional ability in which a subject can use their upper extremities; however, as Wu et 

al. (2007) states, these measures have particular aspects that are left to the subjective 

view of the rater. Most of the tests judge the ability to complete or not complete a task, 

while motion analysis shows how a subject completes a task. The time it takes for one to 

complete a task is not the best method for judgement as it does not provide information 

on how the task was completed. From motion analysis data, we can determine the pattern 

of motion used by a control group to complete tasks and identify any deviations and/or 

compensatory strategies used by clinical groups. Therefore, traditional clinical 

assessments do provide useful information but are not a complete method of motion 

assessment with a focus on performance and less on the actual outcome. 

2.8 Purpose 

The purpose of this research was to quantify and compare age-related differences 

in three-dimensional upper extremity kinematics between young adults ( ages 18 through 

24 years) and pediatric group (ages 7 through 9 years) while performing ADLs. Fifteen 

young adults were recruited to establish a database of early adult UE movements, and ten 

pediatric participants were added to an existing pediatric database. In total, the data from 

15 young adult and 15 pediatric subjects was used in this study. A Vicon MCam motion 

capture system was used to capture the three-dimensional movement of the UE joints 

during AOL performance. This database will be used as reference data for future clinical 

studies and treatment planning. This data also increases our understanding of how UE 

motion changes as a function of age. 
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2.9 Hypotheses 

It was hypothesized that there will be a difference between young adult and 

pediatric group kinematic data due to familiarity size differences. Because of past age

related research, it was hypothesized that young adults would demonstrate less range of 

motion in the shoulder, elbow and wrist compared to the pediatric group. It was also 

hypothesized that there will be a difference between the dominant and non-dominant arm 

kinematic data because of familiarity with the tasks. 
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3.0 Methods 

3.1 Participants 

Young adults and children with no history ofUE extremity disorders were 

recruited to participate in the study. Prior to participating in the study, each participant or 

guardian was questioned about the participant's past UE medical history. Any history of 

UE disorders, major lacerations, major burns or fractures disqualified the volunteers from 

partaking in the study. The participants were informed of the study requirements and 

were asked to provide written consent (or assent from the guardians). The age ranges 

were 18 to 24 years for the young adult group (Mean: 20.2 [5 Male, 10 Female]) and 7 to 

9 years for the pediatric group (Mean: 8.3 [5 Male, 10 Female]); both sexes were 

included in the study. Fifteen participants were recruited from each age group (the data 

from five pediatric participants have already been collected through Tieman Murphy's 

study). Participants were recruited by e-mails, phone calls, school and swim team 

newsletters, and finally, word of mouth. An explanatory letter and consent form were 

provided to each participant along with a consultation before the data collection session. 

This consultation involved a review of the experimental procedure and a question period 

which allowed participants to submit any questions or concerns they had prior to the 

study. 
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3.2 Instrumentation 

The study measured upper extremity movement using a three dimensional motion 

capture system. The following sections provide a detailed description of the equipment 

used during the experimental protocol. 

3.2.1 Motion Capture Analysis 

The Motion Analysis Lab at the University of New Brunswick had an 8-camera 

Vicon MCam system (Oxford Metrics Group Ltd) and a capture area of22 by 20 feet. 

Six of the eight cameras were wall mounted while the remaining two, shown as camera 

'3' and '7' in Figure 1, sat on tripods. These cameras were able to pivot in all directions 

and angles due to the ball joint at the base of each camera. Retro-reflective 25 mm and 

14mm spheres or markers were placed on the body in key anatomical locations. These 

markers were then tracked by the cameras during movement. The markers were adhered 

to the body using double sided tape, Velcro, and button up straps to create the marker set 

for the experiment. The camera system had the ability to capture data up to 250 Hz. For 

the low acceleration UE tasks, a 60 Hz capture rate was sufficient. The lab also included 

a digital video camera that was used to record each of the tasks. 
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Figure 3.1 - Vicon Camera Set-up in the Present Study 

The Vicon cameras emitted infrared light from strobes located around the camera 

lens, which was reflected from the markers placed on the participant. The reflected light 

was captured by the camera lens and was tracked during the participant' s movement. The 

cameras were calibrated before each session. A static calibration was performed using an 

L-frame marker set with markers placed 0.24 and 0.5 metres apart; the L-frame comer 

acted as the three dimensional global origin for the session. For the second part of the 

calibration, a large wand (Dynacal) was used with two large reflective markers spaced 

0.5m apart. The wand was moved in a circular motion throughout the measurement 

volume and was used to perform a dynamic calibration where the cameras asses the 

distance of the reflective markers, through which the Vi con system error was calculated. 
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After the equipment calibration was completed, markers were placed on the 

participant. The markers were placed on key anatomical landmarks that are replicable. 

The same anatomical positions were used on each participant to maintain consistency 

from participant to participant. The retro-reflective markers were also be placed by the 

same person each time to maintain consistency. It was important that the markers be 

placed in the intended position as to minimize error. The cameras tracked the centroid of 

the markers and the two dimensional images from each camera were used to reconstruct 

the 30 locations of the markers. To reconstruct the 30 location, each marker had to be 

visible by at least two cameras during every instant. 

To permit auto-labelling of markers, a static capture of the participant wearing 

markers was needed. The experimenter labelled the markers (Table 3.1) manually in the 

Vicon Workstation using the static capture image. Once the static capture markers were 

labelled, their position relative to other markers were saved and applied to the dynamic 

captures. This facilitated the automatic labelling of markers in subsequent marker trials. 

The static capture was also needed for the computation of the virtual joint centre for the 

hand segment. During the static capture, the participant was directed to have their hands 

flat on the table which allowed for an easy assessment for the hand segment. 

After the trials were collected, the .c3d files were exported from Vicon 

Workstation to Matlab (.mat) where angles were calculated. 



3.2.2 Marker Set 

Table 3 .1 provides the marker set ( anatomical landmarks) and marker acronyms 

that were used in Vicon Workstation. The marker set that was used in this study was 

modified from Rab et al. (2002) (Figure 3.2). 

Table 3.1-Marker Set and Corresponding Anatomical Locations Used 

Anatomical Acronym Anatomical Acronym 
Landmark Landmark 
Left temple LHED Right lateral elbow RLELB 

Right temple RHED Left medial elbow LMELB 
Forehead FRED Left lateral elbow LLELB 

C7 of spine NECK Right medial wrist RMWR 
Right shoulder RSHO Right lateral wrist RLWR 
Left shoulder LSHO Left medial wrist LMWR 

Right humerus RHUM Left lateral wrist LLWR 
Left Humerus LHUM Left posterior hand LHND 

Right medial elbow RMELB Right posterior hand RHND 

3.2.2.1 Head 
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Three markers were placed on the head: one on the front of the head and one on 

each of the right and left temporal lobes. The temporal lobes were easily palpated and the 

front marker was placed in the centre of the forehead. To minimize marker movement 

due to sweat, the three markers were attached to a band to keep the markers in place and 

to maintain consistency. 
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3.2.2.2 Thorax 

Three markers were placed on the thorax or upper body. The first marker was 

placed upon C7 of the spine (posterior aspect of neck) and was easily palpable. The other 

two markers were placed at an equidistant position from the neck on each portion of the 

trapezius muscle. The positioning was halfway between the acromion process of the 

rotator cuff and the base of the neck. 

3.2.2.3 Arm 

Three markers were placed on each arm (total of 6 markers): one on the palpable 

position of the acromion process and one marker on each of the lateral and medial 

condyles of the distal humerus. These markers showed movement of the humerus and 

elbow. 

3.2.2.4 Forearm/Hand 

Three markers were placed on both the left and right wrist/hand (total of 6 

markers). One marker was placed on each of the distal condyles of the ulna and radius to 

represent the lateral and medial wrist. The remaining marker was placed on the top or 

posterior side of the hand, centred on the third metatarsal. 
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,... 

Figure 3.2-An Illustration of the Marker Set Configuration (Modified from Rab et al., 
(2002)) Used in the Present Study 

3.2.3 Accuracy and Reliability ofIBME's Vicon Motion Capture System 

The accuracy and reliability of the Vicon system at the University of New 

Brunswick was dependent on the comfort and expertise of the operator, consistency of 

marker placement, soft-tissue artefact, the measurement volume, the position of the 

cameras and the sampling frequency used for a given task. Standardized calibration 

techniques were performed before each session to test the camera error. 

3.2.3.1 Tests ofKnown Distance 

As previously stated, the Vicon required the use of a dynamic calibration wand 

with the centroid of two markers spaced 0.5m (500 mm) apart as measured by measuring 

tape from centroid to centroid. To measure marker distance during a dynamic trial the 
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wands were used separately with eight cameras at a sampling frequency of 60 Hz. First, a 

static capture was taken by placing the wand (L-frame, previously discussed) in the 

middle of the room. After the static capture, a dynamic capture was taken involving a 

translation movement. For this test, the tester walked from one side of the lab to the other 

through the centre of the room and at a normal pace while holding the wand in the 

sagittal plane. Next, the tester followed the same walking path and pace and rotating the 

wand in a circular motion in the sagittal plane. All three trials were repeated twice more 

in the frontal and transverse planes. Calculations of distance for each frame were made 

using Microsoft Excel and the formula: 

The mean distance was calculated across frames for each trial. Based on the known 

distance between markers on the wand, the mean error, and the standard deviation of the 

error was calculated for the trials. The calculated numbers are provided in Table 3.2. 

Examination of the mean error and maximum error, the results show that as the task 

becomes more complex (static being the simplest, dynamic rotation being the most 

complex), the error increases because the rotary motion of the wand makes it more 

difficult for the Vicon to track the markers. However, this is not always the case. As 

shown in Table 3 .2, transverse translation trials had a higher error than the transverse 

rotation trial, which was unexpected because of the less complexity. Including the static 

trial, it can be seen that the Vicon, more times than not, underestimates the length of the 

wand (five of seven means are less than 500mm). 
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Table 3.2- Static and Dynamic Measurements of Wand 

Calibration Mean Mean Error St. Dev. Max Abs. 
Wand Distance (mm) Error (mm) Error (mm) 

(mm) 
Known 
Distance= 
500mm 
STATIC 500.03 0.04 0.03 0.12 
DYNAMIC Sagittal 
(Translation) 499.63 0.39 0.15 0.74 

Frontal 499.4 0.64 0.49 2.48 
Transverse 499.58 0.54 0.33 1.5 

DYNAMIC Sagittal 
(Rotation) 499.67 0.62 0.88 7.89 

Frontal 499.59 0.85 0.91 4.70 
Transverse 500.22 0.47 0.44 2.18 

3.2.3.2 Tests ofKnown Angle 

As previously mentioned, the Vi con uses a calibration L-frame that incorporates 

an angle of90 degrees measured by a goniometer. For the test of known angle, the same 

protocol was used as for the test of known distance. The two arms of the L-frame formed 

vectors, referred to as Vector A and Vector B. Using the markers on the L-frame, the 

mean angle was calculated by first calculating the length of each vector by subtracting 

three dimensional x, y and z components from each other: 

Length = ~vax2 + vay2 + vaz2 



where "v" represents a vector and "a" represents Vector A. After Vector A and B are 

calculated, the dot product was calculated as the next step to finding the angle: 
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where A and B represent each vector and the remainder represents the x, y and z points of 

each. Using the information from the previous formulas, the angle between them (L

frame angle) was calculated by means of: 

Vector angle= acos (dot(A,B) I (Length A * Length B)) * 180 I 1C 

When calculated for each frame, the mean angle may be calculated by adding the 

angles and dividing by the number of frames. By obtaining the mean angle, the mean 

error, standard deviation and maximum error can be calculated and shown in Table 3.3. 

For the known angle test, an opposite pattern was observed compared to the earlier 

patterns the known length. For example, the mean error seemed to decrease with an 

increase in complexity (with an exception to frontal rotation), as the mean error for the 

static capture was the largest error found. The mean angle was overestimated in every 

case, compared to tests of known length which underestimated most of the mean 

distances. The overestimation may be due to human error in the measurement in the L

frame or an angle over estimation by the Vicon system. For the rotation action, the 

standard deviation of the error was similar for all three measurements. This is likely 

because of the variability in the action. 
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Table 3.3 - Static and Dynamic Measurements of Markers Placed on a Tire Iron 

L-Frame Mean Angle Mean Error St. Dev. Max Abs. 
(de2) (de2) Error (dee) Error (de2) 

Known 
Angle= 90° 
STATIC 90.5 0.5 0.01 0.52 
DYNAMIC 
(Translation) Sagittal 90.43 0.43 0.2 0.75 

Frontal 90.46 0.46 0.10 0.66 
Transverse 90.44 0.44 0.16 0.92 

DYNAMIC 
(Rotation) Sagittal 90.42 0.42 0.17 0.82 

Frontal 90.48 0.48 0.15 0.78 
Transverse 90.31 0.35 0.14 0.98 

3.2.4 Limitations of Motion Capture 

Like all equipment, the Vicon system is subjected to multiple types of error. The 

first comes from human error by the placement of markers. Markers were placed on the 

skin over top of pre-determined bony landmarks. The experimenter may not have 

palpated the position correctly or consistently place the markers from participant to 

participant, which means that the angles or lengths of each participant may have 

experienced some irregularities or error. Another form of error may have come from the 

Vicon cameras when tracking the reflective markers. At times multiple smaller markers 

may have been placed in a similar location and instead of being read as multiple smaller 

markers, the camera may have read them as one larger marker which may have caused 

errors in the data. At times, the markers may have been lost by the cameras because of 

the movement of clothing or a poor choice for location of the marker. Another type of 

error may have occurred from skin movement of the participant. The markers were 
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placed upon bony landmarks by the experimenter however there were certain positions, 

especially near a joint, that the marker may have moved because of skin movement. The 

Vicon system would not compensate for the skin movement error because there was no 

way for the system to differentiate between movement of the skin versus the underlying 

bone. Choice of placement was a factor when regarding error. It was crucial that the 

experimenter attempted to place the marker directly on the bony landmark to limit error 

from soft tissue artefact. 

3.2.5 Equipment Integration 

The Vicon MCam motion capture system had the ability to incorporate multiple 

devices through its analog-to-digital board (up to 64 channels). Once the data was 

collected in the lab's Vicon workstation it was exported to Matlab for analysis. A digital 

video camera was also used with the Vicon motion capture system. 

3.3 Experimental Procedure 

3.3.1 Tasks 

Activities of daily living (ADL) are considered essential for an independent and 

functional life. Eight ADL tasks were performed by the participants and are outlined in 

Table 3.4. The tasks encompass unilateral and bilateral movements as well as standing 

and sitting tasks. The tasks also required differing movements in terms of the required 

joints and the plane of motion involved. Trials were completed for both the dominant 

and non-dominant arms during a unilateral task to compare dominant and non-dominant 

arms. Three trials were required for task or three for each arm in the unilateral tasks. An 
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established normative ( control group) database using these tasks will allow for future 

comparisons using clinical populations. The tasks were decided based on a list of 

important AOL tasks created by two Occupational Therapists from the Stan Cassidy 

Clinic in Fredericton, New Brunswick in conjunction with Dr. Victoria Chester from the 

University of New Brunswick. 

Table 3.4-A Summary of the AOL Tasks, Ann Data, Position, and Joints Assessed in 

the Present Study 

ADLTask Data Capture Position Joints Assessed 
Hair brushing Unilateral Seated Shoulder/elbow/wrist 
Drinking from a cup Unilateral Seated Elbow 
Eating with a spoon Unilateral Seated Shoulder/elbow 
Back pocket Unilateral Seated Shoulder/wrist 
Rolling pin Bilateral Seated Shoulder/elbow 
Item on shelf Bilateral Standing Shoulder/elbow 
Supination/Pronation Bilateral Seated Wrist 
Placing two hands Bilateral Seated Shoulder/elbow 
on top of head 

The participant's hands and arms had a set and consistent start position for all 

ADLs. Seated tasks required the participants to start with their elbows bent at 90 degrees 

while their knees were bent at 90 degrees for the entirety of the task. For the starting 

position, the participant's hands were placed on the table shoulder width apart then the 

table was adjusted by a crank to raise or lower the table dependent on the participant's 

height to obtain an elbow angle of 90 degrees. Also, their seat was adjusted by placing 

flat planks of wood under it to obtain a 90 degree bend in the knees. The details of each 

task were as follows. 
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The first task was to brush one's hair. The task did not involve an actual comb or 

brush but was a simulated task using one hand. The participant was seated for the entire 

task and started with both hands placed on the table in front of them with their hands 

roughly in line with the shoulder on the same side. When notified that the trial had begun, 

the participant lifted one hand to their head and brushed from the front of the head to the 

back (where the head meets the neck). After this motion, they returned their hand to the 

starting position. The participant was monitored and asked to not move their head 

forward and to keep their head upright during the task. The motion involved a large 

amount of shoulder flexion and elbow flexion, and it included wrist movement as well. 

Both arms were tested. 

The drinking task was also tested unilaterally from a seated position. Again, the 

participant placed their hand on the table for the start of the task like the first task. A cup 

was placed on the table in front of their hand. When instructed that the task had begun the 

participant reached for the cup, took a sip of water, placed the cup back on the table, and 

returned their hand to the start position. The participant was asked to keep their back in 

an upright position and to not lean forward towards the cup. Both arms were tested. 

The eating task was unilateral and tested from a seated position. The participant 

placed their hand in starting position like the other tasks. A spoon and bowl was placed in 

front of them. The bowl was placed in a medial position some distance anterior to their 

thorax ( varies based on anthropometrics) and the spoon close to their hand starting 

position. When instructed, the participant reached for the spoon, put the spoon in the 

bowl to take two separate spoonfuls of pudding ( completing the full spoon motion twice). 



After this, they returned the spoon to the table and their hand to the start position. Both 

arms were tested. 
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Although eating and drinking were similar tasks in that they involve bringing an 

object from the table to the mouth, several angular differences exist between the two 

tasks during elbow flexion, shoulder, trunk, and wrist movement. Due to the differences 

in the task movements and the purpose of the AD Ls, they were both essential to test. 

The back-pocket task was a unilateral task tested from a seated position. This task 

simulated toileting or perineal care. The participant placed their hands on the table in the 

same starting position similar position to the previous tasks. When instructed, they lifted 

their hand and reached around their back to clasp a marker wand placed at the centre of 

the sacrum by the means of a Velcro strap used for this task only. The participant then 

returned their hand to the start position. Both arms were tested. This task required 

shoulder rotation, elbow flexion and wrist movement. 

The rolling pin task was a bilateral seated movement. The participant placed both 

hands on the table in starting position, and when instructed they reached for the rolling 

pin in front of them with both hands and rolled the pin back and forth three times 

simulating that they were flattening play or pie dough. During these movements, they 

were instructed to keep their back straight. After rolling the pin three times, they returned 

their hands to the start position. This task required shoulder movement and elbow 

flexion/ extension. 
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The supination/pronation task was a bilateral and seated movement. The 

participant had both hands placed in starting position on the table for the start of the task. 

When instructed, they lifted their arms, supinated their arms and hands simulating as if 

they were about to receive change, then pronated their arms and hands, and finally 

returned the hands to the starting position. This task required wrist movement and some 

elbow rotation. 

The placement of two hands on the head was a bilateral and seated task. The 

participant had both hands placed at the starting position on the table for the start of the 

task. When instructed, they lifted their hands and placed them on the top of their head so 

they could both touch the head (not one on top of the other) and then returned their hands 

to the starting position. This simulated the participant washing their hair and required 

elbow flexion and shoulder movement. 

The placement of an object on a shelf was a standing task and bilateral movement. 

The participant lifted a small box (22.5 cm x 16 cm x 7.5 cm) from the table onto the 

shelf which will simulate putting a book away. The shelf was placed so it was touching 

the table situated next to the participant on the participant's right hand side. The shelf was 

adjusted to match the height of the participants shoulder while in starting position. The 

participant began by standing facing the front of the room with their fingers touching the 

table. When instructed, the participant reached for the box which was placed directly in 

front and between both hands (much like the bowl). The participant placed the box on the 

shelf by turning and without moving either foot. The participant returned their hands to 



the starting position. This movement will require wrist, elbow flexion and shoulder 

movement. 
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During the seated tasks, the participant sat on an adjustable crate and precautions 

were taken so that the participant's knees are bent at 90 degrees. The table was also 

adjustable and changed depending on the height of the participant so that their hands and 

arms were able to comfortably perform each AOL task. For seated tasks, starting position 

for the elbow was 90 degrees, and 180 degrees for standing tasks. The start of each task 

required the participant's finger tips to touch the table. Pictures of the setup for the tasks 

may be seen in Figures 3.3 - 3.6. 

3.3.2 Testing Procedure 

When the participant arrived at the Institute of Biomedical Engineering they or their 

guardian were directed to the testing area and asked to read and sign the informed 

consent form. The participants or guardians were asked questions regarding their upper 

extremity medical history to determine whether they qualified for the study. Testing 

equipment and procedures were explained to each participant. The participant was able to 

ask any questions they had before the study began. After this consultation, the participant 

changed into minimal clothing ( e.g. tank top) to allow markers to be adhered directly on 

the skin. Participant data was then acquired including height, weight, age, dominant hand, 

and hand thickness. Hand thickness was used later as part of an algorithm to calculate 

hand joint centre (described in section 3.4.3). Then marker placement occurred after 

which the participant sat for a static capture (See section 3.3.1 for procedure). Dynamic 

trials required the participant to complete three trials of each AOL (8 tasks for a total of 
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Figure 3.3 - Frontal View of Starting Position for Seated Tasks in this Study 

Figure 3.4 - Sagittal View of Starting Position for Seated Tasks in this Study 
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Figure 3.5 - Frontal View of Starting Position for the Standing Task in this Study 

Figure 3.6 - Sagittal View of Starting Position for the Standing Task in this Study 
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36 dynamic trials; 4 bilateral AOL tasks for a total of 12 trials, 4 unilateral tasks for a 

total of 24 trials). Verbal instructions and visual demonstration on how to perform each 

task were provided. Laboratory assistants were recruited to help ensure protocol was 

followed ( ex. knees bent at 90 degrees, arms directly in starting position etc.). The order 

of the tasks were selected randomly before each session except the shelf task which was 

the final assessment for each session because of significant set-up time required. 

3.4 Data Analysis 

The following section discusses how the kinematic data obtained from the Vicon 

motion capture system was analyzed. Data was exported from the Vicon Workstation as 

binary (* .c3d) files and transferred into Matlab and was used in a custom code. 

3.4.1 Trial Selection 

The participants performed three successful trials for each of the 8 AOL tasks. A 

successful trial was defined as one that contained full marker visibility. Marker visibility 

was assessed using the Vicon software during the data collection. To select the single 

trial to be used for analysis, the average cycle time for each set of three trials was 

computed. The single trial that most closely approximates the mean cycle time was 

selected for analysis by the Matlab code. 

3.4.2 Data Filtering 

Vicon Workstation collected raw data containing noise that was filtered to reduce 

error in the results. The purpose of filtering was to eliminate unwanted noise by 



attenuating the frequency content of a signal that was above or below the desired target 

( cutoff) frequencies. The original kinematic data was filtered using a 2°d order low-pass 

Butterworth filter with a cutoff frequency of 6 Hz. 

3.4.3 Joint Centre Location 

Markers were placed on bony landmarks and then moved to virtual joint centre 

locations when appropriate. 

The elbow and wrist joint centres were calculated by the formula: 

JCL =(MED+LAT)/2 

"MED" and "LAT" represent the locations of the medial and lateral epicondyle 

markers on the elbow and the medial and lateral wrist. 
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The method presented by de Leva's (1996) was used to estimate the shoulder joint 

centre. The shoulder joint centre was calculated using the length from the marker on the 

acromion process to the marker on the lateral elbow, and moving the marker inferiorly by 

10.4% of the arm length. The formula used to calculate the shoulder centre is: 

Length = JCLELB + JCLAcR 

JCL = 0.104 x Length 

The hand marker was not actually placed on a joint but on the distal end of the 3rd 

metacarpal on the dorsal side. Since the centroid of the marker lies above the hand 

segment, the hand marker was moved inside the hand to a point representing half of the 

hand thickness. Hand thickness was measured using callipers. The joint centre was 

calculated using the formula: 



JCL = [mark+l/2(hnd +dia)] 

"mark" was the location of the marker on the skin, "hnd" equals the thickness of the 

hand, and "dia" represents the width of the marker and its base (25mm + 2mm). 

3.4.4 Embedded Coordinate Systems 
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Absolute and relative angles were calculated for all segments using embedded 

coordinate systems. Cartesian coordinate systems were then created at the joint centres. 

Each segment in the model was assumed to be rigid and represented by three non

collinear points and had a right-handed orthogonal (vector) coordinate system. The 

coordinate systems consisted of an x-axis pointing positively forward (anterior), they

axis pointing positively to the left (medial-lateral) and the z-axis pointing positively 

upward (superior). Each embedded coordinate system was based on the global coordinate 

system. In this study, angular kinematics of the trunk, shoulder, elbow, and wrist were 

determined. 

3.4.4.1 Trunk 

The three markers used to define the trunk segment were C7 (posterior neck), 

RSHO (half the distance between the base of the neck and the acromion process marker 

on the right side), and LSHO (same as RSHO, but left side). A virtual marker was 

created at the midpoint of the RSHO and LSHO markers, representing the origin of the 

embedded coordinate system of the trunk. The origin was calculated by: 

y
0 
= 1/2(LSHO+RSHO)-rc1 



The y-axis vector was calculated to coordinate outwards to the left side of the 

body. In the case of the trunk, it was created by the LSHO and RSHO markers: 

ry = rLSHO-rRSHO 

Next ry was normalized to create the unit vector ty: 
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The x-axis vector was calculated to coordinate outwards to the front of the body. 

In this case, the trunk x-axis will be modeled using the Gram-Schmidt orthogonalization 

procedure: 

Like earlier, rx was normalized to create the unit vector tx: 

The z-axis vector was calculated by a cross product of ty and tx and was calculated 

to coordinate upwards: 

Using the embedded coordinate system for the trunk, orientation was determined. 

3.4.4.2 Humerus 

The humerus was defined by three markers, HUM (marker on the acromion 

process of the scapula), MELB (medial epicondyle of the distal humerus), and LELB 

(lateral epicondyle of the distal humerus). The system of embedded coordinate systems 



used was in accordance with ISB recommendations (Wu et al., 2005). A coordinate 

system for the humerus was calculated in a similar fashion to the trunk. The origin was 

located at the glenohumeral joint (HUM). The z-axis vector pointing upward was 

calculated by subtracting the midpoint of the elbow joint from the HUM marker. This 

was characterized by: 

rz = rsHo-rELB 

rz was normalized: 

58 

The y-axis vector was perpendicular to the z-axis vector. Unlike Wu et al. (2005), 

this project recognized all y-axis vectors to be pointing out the left: 

ry = rLELB -(rMELB + rLELB) 

The x-axis vector pointing forward was calculated by a cross product between the 

y-axis (MELB and LELB) and the z-axis (HUM and mid-point of the elbow): 

hx = ryx rz 

lryx rzl 
From these two unit vectors, the hy unit vector was calculated as a cross product 

of the hx and hz unit vectors: 

3.4.4.3 Forearm 

The markers used to describe the forearm segment were the medial elbow (MEL), lateral 

elbow (LEL), medial wrist (MWR), and lateral wrist (LWR). The origin was at the mid-
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point of the elbow. The mid-point of the wrist was calculated to identify the eventual unit 

vectors: 

WRS =ll2(MWR+LWR) 

The z-axis vector pointing upward was calculated by subtracting the midpoint of 

the wrist joint from the midpoint of the elbow joint. This was characterized by: 

Yz = YELB-rWRS 

Like earlier r2 may be normalized and the unit vector was calculated: 

The y-axis vector was perpendicular to the z-axis vector. This project recognized 

all y-axis vectors to be pointing out the left: 

ry = rLELB-(rMELB + rLELB) 

The x-axis vector of the forearm was calculated by a cross product as the x unit 

vector was perpendicular (and pointing in the forward direction) to the plane travelling 

from the midpoint of the wrist to the midpoint of the elbow: 

The y unit vector was calculated by a cross product of unit vectors x and z. The y 

unit vector exits the left side of the segment: 

3.4.4.4 Hand 

The hand segment was made up of the MWR (medial wrist marker), LWR (lateral 

wrist marker), and the HND (posterior mid-hand). The HND marker was virtually 



dropped into the hand segment along the vertical axis. The first vector of the hand was 

calculated by subtracting the virtual hand makers from the midpoint of the wrist: 

rz = rwRS-rHND 

The z unit vector was then calculated: 

The y-axis vector of the hand was calculated by: 

ry = rLWR-(rMWR + rlWR) 
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The x unit vector was calculated by a cross product calculation between the rz axis 

(pointing upward to the wrist mid-point) and ry (pointing to the left of the body): 

The y unit vector was then be calculated by a cross product of unit vectors tx and 

tz: 

3.4.5 Mechanical Model of Body Segments 

Link segment modeling was used to represent body motion. This model had the 

following assumptions: 1) all segments are rigid and do not deform under load, 2) all 

segments have a fixed mass, centre of mass, and mass moment inertia, 3) the lengths of 

segments are fixed, and 4) all joints are frictionless and spherical with no clearance. 

The biomechanical model included eight segments and eight joints. The eight 

segments included right and left hand, right and left forearm, right and left upper arm, 

trunk, and head. The eight joints included the right and left wrist, right and left elbow, 



right and left shoulder, C7 joint midway between the shoulder markers, and the virtual 

joint created from the head markers. 
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The wrist joint allowed for two rotations: flexion-extension and abduction

adduction. The elbow joint also allowed for two rotations; however, these are flexion

extension and pronation-supination. The shoulder joint allowed for three rotations: 

flexion-extension, abduction-adduction, and medial-lateral rotation. The trunk also 

allowed for three rotations; tilt, obliquity, and internal-external rotation. The head 

allowed for three rotations similar to the shoulder: flexion-extension, lateral flexion, and 

medial-lateral rotation. 

This study' s biomechanical model had 8 segments, as discussed, and 20 degrees 

of freedom (DOF). All segments were known to have 2 or 3 DOF; however some 

segments are previously modeled to have 6 DOF. Six DOF systems were not used in this 

study since displacements could not be measured due to the sharing of markers between 

different segments. 

3.4.6 Kinematic Data 

Kinematics refers to the description of data without reference to the underlying 

causes of motion. Kinematic variables that were analyzed in this study are temporal

spatial, joint angles, linear-angular accelerations and velocities. 

3.4.6.1 Temporal-Spatial Variables 

Temporal-spatial variables were analyzed for all tasks but this section will only 

describe the eating task as an example. The eating task was divided into six phases 
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defined by the following time markers: when the participant had their hands in starting 

position on the table, when the participant grasped the spoon, when the participant put the 

spoon in the bowl, when the participant brought the spoon to their mouth, when the 

participant placed the spoon on the table, and when the participant returned their hand to 

the starting position on the table. The time from when the spoon was brought to the 

mouth, the time the spoon left the mouth and was placed on the table were calculated as 

two phases, and the overall task time were calculated. Similar temporal-spatial variables 

were attributed to the other 8 tasks. The temporal-spatial variables that were analyzed for 

each of the eight tasks are shown in Table 3.5. 

3.4. 6.2 Euler Angles 

Euler angles were used in this research project, although multiple options for 

calculating joint angles and orientation between two segments in three dimensional 

spaces exist. The rotation matrix was represented by three independent angles when using 

Euler angles. The Euler angles resulted from an ordered sequence of rotations about the 

axes (i,j, k) ofa Cartesian coordinate system (xi, yl, zl). The original Cartesian 

coordinate system was used to obtain a second coordinate system (x2, y2, z2), that was 

relative to the first. The joint angles therefore represent the relative orientation and the 

embedded coordinate systems (Section 4.4). The rotation sequence, y-x-z, was used to 

solve angles for flexion-extension, adduction-abduction, and internal-external rotation. 
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The sequence was used to limit the possibility of gimbal lock, which occurred when the 

second rotation equals +I- pi/2. The relationship between two embedded coordinate 

systems was related by a three independent angle parametric representation: 

Table 3.5 - Temporal-Spatial Variables Analyzed for the Eight AOL Tasks in this Study 

Task Phase Temporal-Spatial Variable 
Drink 1 From the time the cup was grasped to the time 

the cup reached the peak of drinking 
2 From the peak of drinking to cup return 

Eat 1 From when to spoon was lifted from the bowl to 
peak eating 

2 From peak eating to the spoon return to the bowl 
Hair 1 From when the hand was placed on the forehead 

to when the hand reached the top of the head 
2 From when the hand touched the top of the head 

to the end of contact at the C7 marker 
Head 1 When the hands lifted from the table to when the 

hands settled on the head 
2 From when the hands settled on the head to when 

the hands returned to the table 
Pocket NIA When the hand lifted from the table to when the 

hand grabbed the back pocket marker 
Rolling 1 From full extension of the arms to flexion 

2 From flexion to return of the rolling pin in 
extension 

Supination/Pronation 1 From the peak lift position to the supination of 
the arms 

2 From the supination of the arms to the pronation 
of the arms 

Shelf NIA From when the box was lifted to when the box 
was placed on the shelf 
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For rotation about the x, y, z axes of a Cartesian coordinate system, the parametric 

rotation matrices were: 

Rx<B) = [001 oo~ 0, 
-sin (}x 

0 l sin() 

cos(): 

[

cos()Y O -sin()Yl 
R/B)= o 1 o 

sin (} Y O cos (} Y 

The rotations were shown as a parametric rotation matrix: 

Or rather: 



The sine and cosine of each angle was calculated by using the Rzyx matrix for: 

sin() = R23 
x cos()Y 

cos() = R33 

X COS (}y 

sin() = R12 
z cos()Y 

cos() = R33 
z cos (}y 

3.5 Statistical Analysis 

The purpose of the study was to examine age-related differences in upper 

extremity kinematics during the performance of ADLs. Statistical analyses aimed to 

identify differences in UE kinematics between the pediatric group ( ages 7 to 9) and a 

young adult group (ages 18 to 24) in the ADL tasks. 

3.5.1 Variables 

The independent variables in the study were the tasks (n = 7; while data 

processing, it was discovered that the shelf task was unable to be used as there were too 
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many gaps in the data and was therefore excluded from the statistical analysis), group, 

and arm. The dependent variables were the joint angles (DOF = 20); minimum, 

maximum and range were chosen for each task accordingly (n). 

3.5.2 Analyses of Kinematic Variables 
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Temporal-spatial data provided information on time and distance aspects of a 

task. Eight tasks were recorded; however the shelf task was excluded from data 

processing due to the gaps in the data that were unable to be filled. This section describes 

the eating task in detail as an example. The eating task was subdivided into two phases: 

1) the spoon was raised from the bowl to the mouth until the peak movement in the 

mouth, and 2) the spoon was removed from the mouth and placed back on the table. The 

total cycle time and the percentage of time spent in each phase were calculated for both 

the dominant and non-dominant arms. Similar calculations were completed for each of 

the seven tasks. 

Kinematic analysis of the upper extremity resulted in a large amount of data from 

multiple trials, tasks, and dominant/non-dominant arm conditions. This data was then 

summarized in a meaningful manner for researchers and clinicians. For the present study, 

parameterization techniques were used. This refers to the extraction of parameters such as 

maximum, minimum and range of angles from kinematic waveforms (See Table 4.n.3 [n 

= 1-7]). 
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Each trial was normalized to a percent cycle to facilitate comparison of data 

across trials and participants. A number of two-way analysis of variance (ANOVA) were 

used to test for mean differences in kinematic data across age group and arm conditions 

and also the interactions that may have occurred between the kinematic data, age group, 

and arm conditions. To compensate for multiple tests, a Bonferroni adjustment was used. 

The alpha level of significance (p<0.05) was adjusted by dividing by the number of tests used 

(N), resulting in a modified alpha level. 

Since AOL tasks are non-cyclic and the arm has a high degree of freedom with 

infinite number of trajectories to accomplish the AOL task, the assumption was made to 

treat the arm of the participant as an independent variable. By using this ANOVA it 

allowed for the examination of the inter- and intra-individual differences (pairwise 

comparisons) for each interval. Other measures, like the Repeated Measures ANOV A, 

would treat the arms of each individual (dominant and non-dominant) dependently of 

each other. This decision is important, as it may have affected the results and a different 

result may have occurred with the Repeated Measures ANOV A. Future analysis of this 

data will investigate to see if the arm should be treated independent or dependently of 

each other. 

3.5.3 Sources of Variability 

As participants performed the trials more than once, a learning effect may have 

occurred as they improved their movement in later trials (three trials total per task). This 

may have continued across tasks as the participant became more comfortable in the 

laboratory environment; however, not much of a learning effect is expected as these are 



ADL tasks. The tasks were movements that each young adult has experienced more so, 

thus personal habits may have caused variability in the trials. The calibration at the 

beginning of each session affected Vicon error. Average standard deviation and 

coefficient of variation was used to measure variability. 
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4.0 Results 

This chapter will focus on the results of the statistical analyses performed using 

the kinematic and temporal-spatial variables (shown in Table 3.5) for each task. Each 

task has been separated into sections 4.1 through 4.7. The coefficient of variation (COV), 

average mean and average standard deviation were calculated for the previously decided 

cycle. The minimum, maximum, and range of the angles for the wrist, elbow, shoulder, 

head, and trunk were measured during the performance of each task for each group and 

arm for the entire waveform using the Vicon motion capture system. Detailed statistical 

analyses are reported in each section; while an overview of statistically significant results 

are shown in Table 4.0.1 and Table 4.0.2. The mean graphical representations (sections 

4.n.3) had inconsistencies in the beginning and end of the cycle. These were also found 

within the individual participant's cycle data and may be related to marker movement, 

how the participants performed the tasks or where the data was cut to create the cycle for 

each task as they were run through the custom code. 

T bl 4 0 1 s· 'fi J . A 1 £ All T k £ h G C d'. a e .. - 1gm 1cant omt ng es or as s or t e roup on 1tlon 
Main Effects of the Group Condition for Drink Task 
Joint Angle Phase F-ratio YA Mean Paed Mean 
mean range of elbow rotation 1 (F( l ,56)=82.687, p (M = 35.08° ± 2.2°) (M = 63.04° ± 2.2°) 

$ .0042) 
mean maximum shoulder 1 (F(l,56)=9.038,p (M= 66.18° ± 2.8°) (M = 54.07° ± 2.8°) 
flexion $ .0042) 
mean maximum shoulder 2 (F(l,56)=12.032, p (M = 65.90° ± 2.6°) (M = 52.96° ± 2.6°) 
flexion < .0042) 

Main Effects of the Group Condition for Eatin2 Task 
JointAn1de Phase F-ratio YA Mean Paed Mean 
mean maximum elbow 1 (F( l ,55)=28.186, p (M = 128.22° ± (M= 116.51°± 1.6°) 
flexion <.0031) 1.60) 

mean range of shoulder 1 (F( 1,55)= 11.294, p (M = 13.98° ± 1.2°) (M= 19.84° ± 1.2°) 
rotation $ .0031) 
mean maximum elbow 2 (F( l ,55)=26.995, p (M = 126.89° ± (M= 115.04° ± 1.6°) 
flexion $ .0031) 1.60) 

mean maximum elbow 2 (F(l,55)=10.632, p (M = 45.93° ± 2.2°) (M= 35.47° ± 2.3°) 
flexion :S .0031) 
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Table 4.0.1 - continued 

Main Effects of the Group Condition for Hair Brushin2 Task 
Joint Ane:le Phase F-ratio YA Mean Paed Mean 
mean maximum elbow 1 (F{l,55)=19.270, p (M= 121.90° ± (M= 115.28° ± 1.1 °) 
flexion < .0028) 1.1 °) 
mean range of shoulder 2 (F{l,55)=11.072, p (M= 23.15° ± 1.6°) (M = 30.85° ± 1.6°) 
flexion < .0042) 

Main Effects of the Group Condition for Head Task 
JointAne:le Phase F-ratio YA Mean PaedMean 
mean minimum external 1 (F(l,54)=19.120,p (M= -117.06° ± (M= -130.75° ± 
elbow rotation < .0042) 2.2°) 2.2°) 
mean minimum external 2 (F(l,54)=19.204, p (M= -114.87° ± (M= -129.34° ± 
elbow rotation < .0042) 2.40) 2.30) 

Main Effects of the Group Condition for Pocket Task 
Joint Ansde F-ratio YA Mean Paed Mean 
mean maximum shoulder (F(l,54)=8.97,p ~ .0063) (M = -6.42° ± .8°) (M = -2.89° ± .8°) 
abduction 
mean range shoulder rotation (F(l,54)=8.156,p ~ (M = 58.48° ± 2.5°) (M = 48.26° ± 2.6°) 

.0063) 

Main Effects of the Group Condition for Rolline: Task 
JointAne:le Phase F-ratio YA Mean Paed Mean 
mean maximum elbow 1 (F(l,54)=17.513, p (M= 103.99° ± (M= 93.74° ± 1.7°) 
flexion < .0042) 1.80) 

mean range of elbow flexion 1 (F{l,54)=18.867, p (M = 74.84° ± 2.8°) (M= 57.68° ± 2.7°) 
< .0042) 

mean maximum elbow 2 (F(l,54)=16.548, p (M= 103.94° ± (M= 94.12° ± 1.7°) 
flexion ~ .0042) 1.7°) 
mean range of elbow flexion 2 (F(l,54)=45.692, p (M= 74.61 ° ± 2.1 °) (M = 54.99° ± 2.0°) 

~ .0042) 
mean range of elbow rotation 2 (F(l,54)=13.066, p (M= 20.87° ± 1.4°) (M= 13.77° ± 1.4°) 

< .0042) 

Table 4.0.2 - Significant Joint Angles for All Tasks for the Arm Condition 

Main Effects of the Arm Condition for Drink Task 
Joint Ansde Phase F-ratio Dom Mean Non-Dom Mean 
mean range of elbow rotation 1 (F{l,56)=68.945, p (M= 61.82° ± 2.2°) (M = 36.3° ± 2.2°) 

~ .0042) 

4.1 Drink Task 

4.1.1 Temporal-Spatial Variables 

The drink task was divided into two phases: raising the cup to the mouth (phase 1) 

and returning the cup back to the table (phase 2). The phases were divided by the 
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maximum z component of the hand marker. The mean cycle time was computed for each 

of the pediatric and young adult groups across both the dominant and non-dominant arms 

for the drink task during each phase. The time to complete the task for each arm and 

group condition was similar (Table 4.1.1 ). 

Table 4.1.1 - Mean ± 1 SD Cycle Time for the Group and Arm in the Drink Task 

Group(Arm) Mean SD %in %in SD 
(Seconds) (Seconds) phase 1 phase 2 (%) 

Pediatric (Dominant) 3.71 .80 54.23 45.77 4.88 

Pediatric (Non-Dominant) 3.64 .60 51.52 47.48 6.20 

Young Adult (Dominant) 3.67 .38 52.46 47.54 2.56 

Young Adult (Non-Dominant) 3.65 .33 51.95 48.05 2.81 

4.1.2.1 Coefficient of Variation 

The coefficient of variation (COY) was calculated to analyze the variability in 

joint angle data between age groups (Table 4.1.2). A set of waveform patterns with COY 

values lower than approximately 60% are considered to have low variability, while 

values 80 to 200% are considered to have high variability (Winter, 1984 ). There are 

times, however, when COY is high because the average mean value of the waveform is 

close to zero. High COY values can be caused by high variability or a low mean 

therefore, it is important to consult the average standard deviation data. The COV, 

average mean, and average standard deviation were used together to reduce the large 

volumes of data. As shown in Table 4.1.2, the drink task angles chosen for statistical 

testing were all under 60% COY, thus classified as low variability. 
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Based on the average standard deviation, average mean, and COV data, four joint 

angles were retained for analysis: 1) elbow flexion, 2) elbow rotation, 3) shoulder flexion, 

and 4) shoulder abduction. 

4.1.2.2 Parameterization 

Parameters (maximum elbow flexion, range of elbow flexion, range of elbow 

rotation, maximum shoulder flexion, range of shoulder flexion, and range of shoulder 

abduction) were extracted from the joint angle waveforms (Table 4.1.3.1, Table 4.1.3.2). 

These parameters or variables were determined for each individual for each group (young 

adult, pediatric), arm ( dominant, non-dominant), and phase (phase 1: lift of cup to 

consumption peak, phase 2: cup return to table). The remaining variables from Table 

4.1.2 were eliminated from further calculation. 

A series of two-way ANOV As were performed to test the effects of two 

independent variables, group (young adults, pediatric) and arm ( dominant, non-

dominant ), on 12 dependent variables. The dependent variables were the key parameters 

extracted from the various joint angle waveforms for the drinking task (Table 4.1.3.1, 

Table 4.1.3.2). To compensate for multiple tests, a Bonferroni adjustment was used. The 

alpha level of significance (p<0.05) was adjusted by dividing by the number of tests used 

(N=l2), resulting in an alpha level ofp<0.0042 per test. 

Dependent variables (DV s) were normally distributed for the groups formed by 

the combination of the levels of group and arm, as assessed by the Shapiro-Wilk test 

except for one DV in the pediatric group (mean range of elbow rotation in phase 1 ), eight 

DVs in the young adult group (mean range of elbow flexion in phase 1, mean range of 
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elbow rotation in phases 1 and 2, mean range of shoulder flexion in phases 1 and 2, mean 

range of shoulder abduction in phases 1 and 2, and mean maximum elbow flexion 

Table 4.1.2 -Average Mean, Average Standard Deviation and Coefficient of Variation 

for Joint Angles in the Drink Task (Pediatric - Paed, Young Adult - YA) 

Arm Variable Avg Avg COV% Variable Avg Avg COV% 
Mean SD Mean SD 

Paed Dominant 35.98 20.17 56.18 110.02 10.27 9.92 

Paed Non- Dominant 
Wrist 

31.65 21.96 69.51 
Elbow 

109.44 9.38 9.17 
Flexion Flexion 

YA Dominant 19.67 10.14 51.62 111.64 5.88 5.72 

YA Non-Dominant 19.96 11.09 55.99 112.2 6.65 6.14 

Paed Dominant 9.56 7.41 77.98 40.23 14.31 36.66 

Paed Non- Dominant Wrist 
4.49 6.63 148.67 

Shoulder 
43.24 13.82 32.52 

Abduction Flexion 

YA Dominant Adduction 11.36 5.02 44.76 51.93 13.94 27.04 

YA Non-Dominant 9.49 6.88 72.61 50.51 11.45 22.91 

Paed Dominant -89.24 9.91 11.27 Shoulder -25.26 8.18 32.60 

Paed Non- Dominant 
Elbow 

-82.05 17.27 21.66 
Abduction 

-20.46 9.20 45.44 
Rotation Adduction 

YA Dominant -77.70 16.24 21.49 -19.41 8.82 47.12 

YA Non-Dominant -77.11 12.47 16.20 -16.38 6.35 39.26 

Paed Dominant Shoulder 25.08 12.29 49.57 0.21 6.52 273.20 

Paed Non- Dominant 
Rotation 

23.12 10.90 47.50 
Trunk 

1.38 4.60 165.80 Rotation 

YA Dominant 25.97 8.41 32.64 -0.92 3.82 207.90 

YA Non-Dominant 24.24 9.91 42.27 1.38 4.22 208.21 

Paed Dominant 2.03 8.40 412.48 Head Tilt 12.50 9.16 74.86 

Paed Non- Dominant 
Trunk 

1.92 7.81 408.59 11.09 9.07 85.52 
Tilt 

YA Dominant -0.98 6.14 627.46 7.70 6.45 83.95 

YA Non-Dominant -1.82 6.90 380.99 6.50 7.13 109.71 

Paed Dominant Trunk 0.15 3.92 693.56 Head -0.91 4.21 449.13 

Paed Non- Dominant 
Obliquity 

0.04 4.07 1538.54 
Obliquity 

0.32 3.69 751.18 

YA Dominant 0.02 2.58 901.11 -0.87 3.07 345.86 

YA Non-Dominant 2.33 2.63 113.o3 0.66 2.87 379.60 

Paed Dominant Head -4.69 8.90 191.38 

Paed Non- Dominant 
Rotation 

1.94 7.41 384.40 

YA Dominant -6.24 4.31 69.29 

YA Non-Dominant 3.47 4.78 139.50 



Table 4.1.3.1 - Mean± 1 SD Joint Angles for Pediatric and Young Adult Groups in the 

Drink Task 

Group Variable Mean Angle SD 
ffieerees) (Deerees) 

Maximum 
Pediatric Elbow 134.54 6.20 

Young Adult 
Flexion 

135.22 3.40 Phase 1 

Pediatric 
Range 

84.27 5.99 Elbow 

Young Adult 
Flexion 83.85 6.70 Phase 1 

Pediatric 
*Range 

63.04 25.06 Elbow 

Young Adult 
Rotation 

35.08 12.01 Phase 1 
*Maximum 

Pediatric Shoulder 54.07 16.98 

Young Adult 
Flexion 

66.18 13.54 Phase 1 

Pediatric 
Range 

32.25 11.84 Shoulder 

Young Adult 
Flexion 39.31 11.91 Phase 1 

Pediatric 
Range 

15.46 6.93 Shoulder 

Young Adult 
Abduction 12.3 6.96 Phase 1 
Maximum 

Pediatric Elbow 134.11 6.39 

Young Adult 
Flexion 135.28 3.49 Phase2 

Pediatric 
Range 

68.89 7.82 Elbow 

Young Adult 
Flexion 70.78 7.36 Phase2 

Pediatric 
Range 

17.59 6.53 Elbow 

Young Adult 
Rotation 

20.24 8.35 Phase2 
*Maximum 

Pediatric Shoulder 52.96 15.17 

Young Adult 
Flexion 

65.90 13.24 Phase 2 

Pediatric 
Range 

22.20 9.08 Shoulder 

Young Adult 
Flexion 28.21 12.20 Phase 2 

Pediatric 
Range 

9.23 4.2 Shoulder 

Young Adult 
Abduction 7.77 4.94 Phase 2 

*Significant difference (P<0.0042) 
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Table 4.1.3.2 - Mean± 1 SD Joint Angles for Dominant and Non-dominant Arms in the 

Drink Task 

Arm Variable Mean Angle SD 
<De2rees) (Dee;rees) 

Maximum 
Dominant Elbow 135.38 4.98 

Non-dominant 
Flexion 

134.38 5.0 Phase 1 

Dominant 
Range 

84.33 5.78 Elbow 

Non-dominant 
Flexion 

83.79 6.89 Phase 1 

Dominant 
*Range 

61.82 25.71 Elbow 

Non-dominant 
Rotation 

36.3 13.37 Phase 1 
Maximum 

Dominant Shoulder 60.57 18.51 

Non-dominant 
Flexion 

59.68 14.31 Phase 1 

Dominant 
Range 

37.01 14.72 Shoulder 

Non-dominant 
Flexion 

34.55 9.38 Phase 1 

Dominant 
Range 

15.87 7.74 Shoulder 

Non-dominant 
Abduction 

11.88 5.78 Phase 1 
Maximum 

Dominant Elbow 135.2 5.03 

Non-dominant 
Flexion 

134.2 5.29 Phase2 

Dominant 
Range 

69.64 8.13 Elbow 

Non-dominant 
Flexion 

70.04 7.13 Phase2 

Dominant 
Range 

20.40 7.8 Elbow 

Non-dominant 
Rotation 

17.43 7.11 Phase2 
Maximum 

Dominant Shoulder 59.48 17.14 

Non-dominant 
Flexion 

59.38 14.08 
Phase 2 

Dominant 
Range 

26.63 12.23 Shoulder 

Non-dominant 
Flexion 

23.79 9.82 
Phase2 

Dominant 
Range 

9.04 5.39 Shoulder 

Non-dominant 
Abduction 

7.96 3.68 Phase2 
*Significant difference (P<0.0042) 

in phase 2), six DVs in the dominant arm (mean range of elbow rotation in phases 1 and 

2, mean range of shoulder flexion in phases 1 and 2, and mean range of shoulder 

abduction in phases 1 and 2), and three DVs in the non-dominant arm (mean range of 
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elbow flexion in phase 1, mean range of elbow rotation in phase 1, and mean range of 

shoulder abduction in phase 2); (p<0.05). There was homogeneity of variance between 

groups as assessed by Levene's test for equality of error variances; however, a violation 

of the homogeneity of variance assumption occurred for mean maximum elbow flexion 

for phases 1 and 2, mean range of elbow rotation for phase 1, and mean range of shoulder 

flexion for phase 1. Parametric tests such as the two-way ANOV A are considered to be 

robust to violations of the assumptions of normality and homoscedasticity (Erceg-Hum & 

Mirosevich, 2008). 

The two-way ANOV As revealed three main effects of group and one main effect 

of arm shown in Table 4.1.4. There were no significant interactions for the group and arm 

for any of the DV s. 

Table 4.1.4 - Main Effects of the Group and Arm Condition in the Drink Task 

Main Effects of the Group Condition 
JointAnsde Phase F-ratio YA Mean PaedMean 
Mean range of elbow rotation 1 (F(l,56)=82.687, p (M = 35.08° ± 2.2°) (M= 63.04° ± 2.2°) 

~ .0042) 
mean maximum shoulder 1 (F( 1,56)=9 .038, p (M = 66.18° ± 2.8°) (M = 54.07° ± 2.8°) 
tlexion ~ .0042) 
mean maximum shoulder 2 (F(l,56)=12.032, p (M= 65.90° ± 2.6°) (M = 52.96° ± 2.6°) 
tlexion ~ .0042) 

Main Effects of the Arm Condition 
Joint An2le Phase F-ratio Dom Mean Non-Dom Mean 
Mean range of elbow rotation 1 (F( 1,56)=68. 945, p (M= 61.82° ± 2.2°) (M = 36.3° ± 2.2°) 

~ .0042) 

Because of the violation in the homogeneity of variance and the Shapiro-Wilk 

normality tests, a Mann-Whitney U non-parametric test was conducted to test the 

robustness of the two-way ANOV As for each group and arm condition. The non

parametric test revealed that the pediatric group (Mean Rank= 39.6) had a significantly 
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larger mean range of external elbow rotation angle for phase 1 than the young adult group 

(Mean Rank= 21.4); (U = 177, P = .000). The test also revealed that the young adult 

group (Mean Rank= 37.5) had a significantly larger mean maximum shoulder flexion 

angle for phase 1 than the pediatric group (Mean Rank= 23.5); (U = 240, P = .002). The 

test also revealed that the young adult group (Mean Rank= 38.23) had a significantly 

larger mean maximum shoulder flexion angle for phase 2 than the pediatric group (Mean 

Rank= 22. 77); ( U = 218, P = .001 ). The non-parametric test for arm revealed that the 

dominant arm (Mean Rank= 39.07) had a significantly larger mean range of external 

elbow rotation during phase 1 than the non-dominant arm (Mean Rank= 21.93); (U = 

193, P = .000). All significant non-parametric tests for group and arm condition were 

adjusted top :::; .0042. The results for the non-parametric tests were the same as the two

way ANOV As. 

4.1.3 Graphical Results of Joint Angles 

Graphs of the mean three dimensional joint angles ± 1 SD are illustrated for 

pediatric and young adult (Fig. 4.1.1 ), dominant and non-dominant mean elbow rotation 

internal/external (Fig. 4.1.2), and mean shoulder flexion/extension (Fig. 4.1.3). 

Elbow rotation ( +) internal and (-) external 

The elbow internal and external rotation patterns appear similar for both age 

groups and arms; however, there were significant differences in the mean range of elbow 

rotation angle between the age groups and arm conditions for the drink task. 
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The drink cycle starts at 0% when the participants have closed their hand around 

the cup. At this point, the pediatric group had a maximum external angle in the mean 

elbow rotation waveform of -54.62° and the young adult group had an external angle of 

-52.42°, while the dominant and non-dominant arms had a maximum external angle in 

the mean elbow rotation waveform of -52.7° and -54.33° respectively. The cup was then 

lifted off the table and raised towards the mouth. During this time, the mean elbow 

rotation angle decreased (increased external rotation) as the cup was steadied. For the 

pediatric group, a minimum mean elbow external rotation angle of -93.83° was reached, 

while the young adult group reached a minimum mean elbow external rotation angle for 

phase 1 of -82.26°. The points were reached at 26% and 3 7% of cycle respectively. The 

dominant arm achieved a minimum mean elbow external rotation angle of -91.18° at 29% 

of the cycle time, and the non-dominant arm had a -85.23° minimum mean elbow 

rotation angle at 25%. The cup was tilted to drink its contents; this marked the end of 

phase 1 and the beginning of phase 2 for the drink task as the elbow became less 

externally rotated (pediatric group [-83.59° at 51.29%], young adults [-76.27° at 52.90%], 

dominant [-81.80° at 53.35%], non-dominant [-79.06° at 52.24%]). During phase 1, the 

mean elbow rotation pattern had similar results for the young adult and pediatric group, 

and for the dominant and non-dominant arms; although there is a significant difference 

between groups except for the minimum mean elbow rotation angle for both the group 

and arm conditions. 

The results were similar in phase 1 and phase 2, including the minimum mean 

elbow rotation angle for both the group and arm conditions. At the beginning of phase 2, 

the mean elbow rotation angle decreased (increased externally) as the cup was brought 
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away from the mouth to be returned to the table. The pediatric group reached a minimum 

mean elbow rotation angle for phase 2 of -89 .2° at 69% and the young adult group 

reached a minimum mean elbow rotation angle of -82.66° at 70%; while the dominant 

and non-dominant arms reached a minimum mean elbow rotation angle for phase 2 of 

-89.2° and -82.65° respectively (both at 70% of the cycle). At the end of the cycle, a 

maximum mean elbow rotation angle of -80.42° and -73.84° was reached during phase 2 

for the pediatric group and young adults respectively, while the dominant arm reached 

maximum mean elbow rotation angle of -78.62°and the non-dominant and reached 

maximum mean elbow rotation angle -75.63°. These maximum mean elbow angles for 

phase 2 were reached at 99% of the cycle for both the pediatric and young adult groups, 

and the both the dominant and non-dominant arms as the cup was placed back on the 

table. The range of motion of the mean elbow rotational joint angle for the pediatric and 

young adult groups were 30.24° and 39.21 ° respectively, while the dominant and non

dominant arm were 38.48° and 30.9° respectively. Also, the average standard deviation 

for the pediatric and young adult groups were 14.39° and 14.41 ° respectively, while the 

dominant and non-dominant arm were 14.6° and 15.13° respectively. 
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Shoulder ( +) flexion and(-) extension 

The shoulder flexion and extension patterns appear similar for both age groups; 

however, there were significant differences in mean maximum shoulder flexion angle for 

the age group condition for the drink task. 

The task cycle starts at 0% when the participants closed their hand around the 

cup. At this point, the pediatric group had a mean shoulder flexion angle of 22.35°, while 

the young adult group had a mean angle of 26.87°. After the participant grabbed and 

steadied their possession of the cup, the shoulder angle began to have a smooth 

movement pattern. The cup was then lifted off the table and raised to the mouth. During 

this time, the mean shoulder flexion angle increased. For the pediatric group, a maximum 

mean shoulder flexion angle of 52. 72° was achieved as the cup reached the mouth, while 

the young adult group reached a maximum mean shoulder flexion angle of 65.61 °; both 

at 50% of cycle. The cup was tilted to drink its contents; this marked the end of phase 1 

and the beginning of phase 2 for the drink task (pediatric group [53.38%], young adults 

[ 52.20% ]). During phase 1, the mean shoulder flexion pattern differed significantly for 

the young adult and pediatric group. 

The results were similar in phase 2. At the beginning of phase 2, the mean 

shoulder flexion angle was 52.45° at 54% for the pediatric group, and 65.47° at 53% for 

the young adults. After this point, the mean shoulder flexion decreased as the cup was 

returned to the table. At the end of the cycle, a minimum mean shoulder flexion of33.56° 

and 40.15° was reached for the pediatric and young adult groups respectively. The 

minimum mean shoulder angles were reached at 99% of the cycle for the pediatric group, 

but 82% of the cycle for the young adult group. The range of motion was 30.37° and 
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33.74° for the mean sagittal shoulder joint angle for the pediatric and young adult groups 

respectively. Also, the average standard deviation mean shoulder joint flexion for the 

pediatric and young adult groups was 13.98° and 12.66° respectively. 
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4.2 Eating Task 

4.2.1 Temporal-Spatial Variables 

The eating task was divided into two phases: raising the spoon to the mouth 

(phase 1) and returning the spoon back to the bowl (phase 2). The end of phase 1 and the 

beginning of phase 2 was at the point when the lateral hand marker reached a maximum z 

component. The mean cycle time was computed for each of the pediatric and young adult 

groups across both the dominant and non-dominant arms for the eating task during each 

phase. The time to complete the task for each arm and group condition was similar; 

however, the young adult group had a slightly lower cycle time for both arms (Table 

4.2.1). 

Table 4.2.1 - Mean ± 1 SD Cycle Time for the Group and Arm in the Eating Task 

Group (Arm) Mean SD %in %in SD 
(Seconds) (Seconds) phase 1 phase 2 (%) 

Pediatric (Dominant) 2.71 .99 56.01 43.99 11.78 

Pediatric (Non-Dominant) 2.70 .77 56.9 43.1 11.35 

Young Adult (Dominant) 2.2 .41 58.19 41.81 8.21 

Young Adult (Non-Dominant) 2.18 .42 57.05 42.95 4.97 

4.2.2.1 Coefficient of Variation 

The coefficient of variation (COV) was calculated to analyze the variability in 

joint angle data between age groups (Table 4.2.2). Based on the average standard 

deviation, average mean, and COV data, five joint angles were retained for analysis: 1) 

elbow flexion, 2) elbow rotation, 3) shoulder flexion, 4) shoulder abduction, and 5) 

shoulder rotation. 
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Table 4.2.2 -Average Mean, Average Standard Deviation and Coefficient ofVariation 

for Joint Angles in the Eating Task (Pediatric - Paed, Young Adult - YA) 

Arm Variable Avg Avg COVo/o Variable Avg Avg COVo/o 
Mean SD Mean SD 

Paed Dominant 14.54 30.95 194.49 100.67 12.91 13.08 

Paed Non- Dominant 
Wrist 
Flexion 5.10 34.26 586.71 

Elbow 
Flexion 97.98 12.92 13.29 

YA Dominant 28.43 14.05 49.53 108.50 9.62 9.59 

YA Non-Dominant 20.39 18.09 88.96 105.62 9.88 9.84 

Paed Dominant 6.58 12.31 201.13 50.81 17.40 33.35 

Paed Non- Dominant 
Wrist 

4.25 309.93 
Shoulder 

50.92 Abduction 13.08 Flexion 17.19 33.00 

YA Dominant Adduction 17.80 7.91 44.60 55.58 25.44 46.16 

YA Non-Dominant 19.63 11.47 58.74 53.59 12.83 24.03 

Paed Dominant -93.56 26.57 28.27 Shoulder -35.11 9.66 27.97 

Paed Non- Dominant 
Elbow 

-94.39 28.77 
Abduction 

Rotation 26.93 Adduction -29.93 9.99 33.83 

YA Dominant -110.09 26.36 24.17 -18.15 7.93 43.94 

YA Non-Dominant -112.83 22.44 20.14 -18.77 11.36 60.68 

Paed Dominant Shoulder 29.02 17.40 58.51 2.02 4.97 236.72 

Paed Non- Dominant 
Rotation 

23.89 14.93 63.23 
Trunk 
Rotation -5.57 5.43 97.89 

YA Dominant 25.35 7.46 29.60 2.93 4.22 144.75 

YA Non-Dominant 24.98 12.46 50.40 0.10 5.08 225.08 

Paed Dominant 8.45 10.39 507.33 Head Tilt 12.20 8.32 79.09 

Paed Non- Dominant Trunk 
Tilt 3.87 9.06 237.74 14.38 8.34 58.39 

YA Dominant 4.69 8.58 183.37 14.69 7.91 53.90 

YA Non-Dominant 6.26 9.50 152.88 16.41 8.09 49.45 

Paed Dominant Trunk -2.80 5.17 228.99 Head -0.36 6.10 827.73 

Paed Non- Dominant Obliquity 
2.02 3.75 186.37 

Obliquity 
0.09 6.20 686.17 

YA Dominant -2.68 3.64 136.32 -1.61 4.01 251.96 

YA Non-Dominant 4.69 3.52 75.44 -1.45 4.48 249.43 

Paed Dominant Head -3.42 7.28 171.70 

Paed Non- Dominant 
Rotation 

-1.69 6.06 291.73 

YA Dominant -5.30 4.35 82.54 

YA Non-Dominant 2.80 5.41 183.52 
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4.2.2.2 Parameterization 

Parameters (maximum elbow flexion, range of elbow flexion, minimum elbow 

rotation, range of elbow rotation, maximum shoulder flexion, range of shoulder flexion, 

range of shoulder abduction, and range of shoulder rotation) extracted from each joint 

angle waveform (Table 4.2.3). These parameters or variables were determined for each 

individual for each group (young adult, pediatric), arm ( dominant, non-dominant), and 

phase (phase 1, phase 2). The remaining variables from Table 4.2.2 were eliminated from 

further calculation. 

A series of two-way ANOVAs were performed on 16 dependent variables (see 

Section 4.1.2.2). To compensate for multiple tests, a Bonferroni adjustment was used. 

The alpha level of significance (p<0.05) was adjusted by dividing by the number of tests 

used {N=l6), resulting in an alpha level ofp<0.0031 per test. 

Dependent variables (DVs) were normally distributed for the groups formed by 

the combination of the levels of group and arm, as assessed by the Shapiro-Wilk test 

except for four DVs in the pediatric group (mean minimum elbow rotation in phase 2, 

mean range of elbow rotation in phase 2, mean range of shoulder abduction in phase 2, 

and mean range of shoulder rotation in phase 2), seven DVs in the young adult group 

(mean minimum elbow rotation in phases 1 and 2, mean maximum shoulder flexion in 

phases 1 and 2, mean range of shoulder abduction in phases 1 and 2, and mean range of 

shoulder rotation phase 2), ten DVs in the dominant arm (mean maximum elbow flexion 

in phases 1 and 2, mean range of elbow flexion in phase 1, mean minimum elbow 

rotation in phases 1 and 2, mean maximum shoulder flexion in phases 1 and 2, mean 

range of shoulder abduction in phases 1 and 2, and mean range of shoulder rotation in 



Table 4.2.3 - Mean ± 1 SD Joint Angles for Pediatric and Young Adult Groups in the 

Eating Task 

Group Variable Mean Angle SD 
(Dee:rees) (Dee:rees) 

*Maximum 
Pediatric Elbow Flexion 116.41 11.27 

Young Adult 
Phase 1 

128.22 5.78 

Pediatric 
Range 

51.43 12.80 Elbow Flexioo 

Young Adult 
Phase 1 55.71 12.18 

Minimum 
Pediatric Elbow Rotation Phase 1 -127.44 21.23 

Young Adult -142.02 20.20 

Pediatric 
Range 

64.98 17.29 Elbow Rotation Phase 1 

Young Adult 56.01 21.10 
Maximum 

Pediatric Shoulder Flexion Phase 1 65.21 18.69 

Young Adult 66.59 21.44 

Pediatric 
Range 

31.61 14.67 Shoulder Flexion Phase 1 

Young Adult 27.49 9.29 

Pediatric 
Range 

14.49 6.80 Shoulder Abduction Phase 1 

Young Adult 10.03 6.57 

Pediatric 
*Range 

19.82 7.88 Shoulder Rotation Phase 1 

Young Adult 13.98 5.29 
*Maximum 

Pediatric Elbow Flexion Phase 2 114.92 11.86 

Young Adult 126.89 5.81 

Pediatric 
*Range 

35.32 14.49 Elbow Flexion Phase 2 

Young Adult 45.93 10.84 

Minimum 
Pediatric Elbow Rotation Phase 2 -119.14 24.07 

Young Adult -134.60 19.75 

Pediatric 
Range 

75.53 18.22 Elbow Rotation Phase 2 

Young Adult 75.93 13.68 

Maximum 
Pediatric Shoulder Flexion Phase 2 63.93 18.16 

Young Adult 66.25 21.22 

Pediatric 
Range 

23.91 10.47 Shoulder Flexion Phase 2 

Young Adult 20.84 7.97 

Pediatric 
Range 

9.02 5.61 Shoulder Abduction Phase 2 

Young Adult 7.4 4.61 

Pediatric 
Range 

20.17 11.10 Shoulder Rotation Phase 2 

Young Adult 13.88 7.8 

*Significant difference (P<0.0031) 
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phase 2), and five DVs in the non-dominant arm (mean maximum elbow flexion in phase 

1, mean minimum elbow rotation in phases 1 and 2, mean range of elbow rotation in 

phase 2, and mean range of shoulder abduction in phase 2); (p<0.05). There was 

homogeneity of variance between groups as assessed by Levene's test for equality of 

error variances; however, a violation of the homogeneity of variance assumption occurred 

for mean maximum elbow flexion for phases 1 and 2. 

The two-way ANOV As revealed four main effects of group shown in Table 4.2.4. 

There were no significant main effects for any of the DV s for the arm condition or 

interactions for the group and arm. 

Table 4.2.4 - Main Effects of the Group Condition in the Eating Task 

Main Effects of the Group Condition 
JointAnsde Phase F-ratio YA Mean PaedMean 
mean maximum elbow l (F{l,55)=28.186, p (M= 128.22° ± (M = 116.51 ° ± 1.6°) 
flexion ~ .0031) 1.6°) 
mean range of shoulder 1 (F(l ,55)= 11.294, p (M= 13.98° ± 1.2°) (M= 19.84° ± 1.2°) 
rotation ~ .0031) 
mean maximum elbow 2 (F(l,55)=26.995, p (M= 126.89° ± (M= 115.04° ± 1.6°) 
flexion < .0031) 1.6°) 

mean maximum elbow 2 (F(l,55)=10.632, p (M= 45.93° ± 2.2°) (M = 35.47° ± 2.3°) 
flexion ~ .0031) 

Because of the violation in the homogeneity of variance and the Shapiro-Wilk 

normality tests, a Mann-Whitney U non-parametric test was conducted to test the 

robustness of the two-way ANOV As for each group and arm condition. The non

parametric test for group revealed that the young adult group (Mean Rank= 39.47) had a 

significantly larger mean maximum elbow flexion angle for phase 1 than the pediatric 

group (Mean Rank= 20.21 ); ( U = 151, P = .000). The test also revealed that the pediatric 

group (Mean Rank= 31.34) had a significantly larger mean range of internal shoulder 
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rotation for phase 1 than the young adult group (Mean Rank= 28.7); (U = 237, P = .003). 

The young adult group (Mean Rank= 39.4) had a significantly larger mean maximum 

elbow flexion angle for phase 2 than the pediatric group (Mean Rank= 20.28); (U = 153, 

P = .000). The test also revealed young adult group (Mean Rank= 36. 7) had a 

significantly larger mean range of elbow flexion angle for phase 2 than the pediatric 

group (Mean Rank= 23.07); (U = 234, P = .002). All significant non-parametric tests for 

the group condition were adjusted top::=: .0031. The results for the non-parametric tests 

were the same as the two-way ANOV As. 

4.2.3 Graphical Results of Joint Angles 

Graphs of the mean three dimensional joint angles ± 1 SD are illustrated for 

pediatric and young adult mean elbow flexion/extension (Fig. 4.2.1) and mean shoulder 

rotation intemaVextemal (Fig. 4.2.2) 

Elbow (+)jlexion and(-) extension 

The elbow flexion and extension patterns appear similar for both age groups and 

arm; however, there were significant differences in mean maximum elbow flexion angle 

and mean range of elbow flexion angle between the age group condition for the eating 

task. 

The cycle starts at 0% when the participants' hand began to lift the spoonful of 

pudding from the bowl. At this point, the pediatric group had a minimum mean elbow 

flexion angle of 64.97°, while the young adult group had a mean angle of72.56°. After 

the participant lifted the spoon away from the bowl, the elbow flexion angle began to 
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have a smooth movement pattern. The spoon was then raised to the mouth. During this 

time, the mean elbow flexion angle increased. For the pediatric group, a maximum mean 

elbow flexion angle of 114. 77° was achieved once the spoon reached the mouth at 41 % 

of the cycle, while the young adult group reached a maximum mean elbow flexion angle 

of 127.32° at 46%. The spoon was lifted in the mouth marking the end of phase 1 and the 

beginning of phase 2 for the eating task (pediatric group [56.46%], young adults 

[57.62%]). During phase 1, the mean elbow flexion pattern differed between the young 

adult and pediatric group as there were significantly different results. 

The results were similar in phase 2. At the beginning of phase 2, the mean elbow 

flexion angle was 112.45° at 57% for the pediatric group, and 125.56° at 58% for the 

young adults. After this point, the mean elbow flexion decreased as the spoon was 

returned to the bowl. At the end of the cycle, a minimum mean elbow flexion for phase 2 

of79.6° and 81.17° was reached for the pediatric and young adult groups respectively. 

The minimum mean elbow angles were reached at 99% of the cycle. The range of motion 

was 49.8° and 54.76° for the mean sagittal elbow joint angle for the pediatric and young 

adult groups respectively, and the average standard deviation was 13.01 ° for the pediatric 

and 9.93° for the young adult group. 
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Figure 4.2.1 - Group Mean± 1 SD Elbow Flexion/Extension (+Flexion, -Extension) for Eating Task (A) Pediatric Group, B) Young 

Adult Group), the Blue Line Represents the End of Phase 1 and the Beginning of Phase 2 



Shoulder rotation ( +) internal and (-) external 

The internal and external shoulder rotation patterns appear similar for both age 

groups; however, there were significant differences in the mean range of shoulder 

rotation angle between the age group condition for the eating task. 
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The cycle starts at 0% when the participants' hand began to lift the spoonful of 

pudding from the bowl. At this point, the pediatric group had a minimum mean internal 

shoulder rotation angle of21.92°, while the young adult group had an angle of21.24°. 

The pediatric group then internally rotated to a maximum mean internal shoulder rotation 

angle of 27 .36° for phase 1 at 1 % of the cycle. After the participant lifted the spoon away 

from the bowl, the mean internal shoulder rotation angle began to have a smooth 

movement pattern; the pediatric group's mean internal shoulder rotation angle then 

decreased to a mean angle of22.45° at 14% of the cycle. The spoon was then raised to 

the mouth, while during this time, the mean shoulder rotation angle increased internally. 

For the pediatric group, a mean internal shoulder rotation angle of 26.7° was achieved as 

the arm was elevated and the spoon reached the mouth at 39% of the cycle, while the 

young adult group reached a maximum mean internal shoulder rotation angle of27.74° 

for phase 1 at 43%. The spoon was lifted in the mouth to eating its contents; this marked 

the end of phase 1 and the beginning of phase 2 for the eating task (Pediatric group 

[56.46%], Young Adults [57.62%]). During phase 1, the mean shoulder rotation pattern 

has similar results for the young adult and pediatric group, although there is a significant 

difference between groups. 

The results were similar in phase 2. During phase 2, the mean internal shoulder 

rotation angle decreased as the spoon was moved away from the mouth to a minimum 
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mean internal shoulder rotation angle for phase 2 of 24.59° for the pediatric group and 

22.24° for the young adult group at 64% and 76% respectively. At the end of the cycle, a 

maximum mean internal shoulder rotation angle was achieved as the spoon was placed 

back into the bowl. A mean internal shoulder rotation angle of35.38° was reached for the 

pediatric group while 30.76° was reached for the young adults, both at 100% of the cycle. 

The largest mean difference between the two groups occurred at the end of the cycle. The 

range of motion was 13.46° and 9.52° for the mean internal shoulder rotation joint angle 

for the pediatric and young adult groups respectively, and the average standard deviation 

was 16.27° for the pediatric and 10.12° for the young adult group. 
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Figure 4.2.2 - Group Mean ± 1 SD Shoulder Rotation (+Internal, -External) for Eating Task (A) Pediatric Group, B) Young Adult 

Group), the Blue Line Represents the End of Phase 1 and the Beginning of Phase 2 
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4.3 Hair Brushing Task 

4.3.1 Temporal-Spatial Variables 

The hair brushing task was divided into two phases: moving the hand from the 

forehead to the top of the head (phase 1) and moving the hand from the top of the head to 

the C7 marker (phase 2). The end of phase 1 and the beginning of phase 2 was when the 

hand reached a maximum z component on the head. The mean cycle time was computed 

for each of the pediatric and young adult groups across both the dominant and non

dominant arms for the hair brushing task during each phase. The time to complete the 

task for each arm and group condition was similar; however, the non-dominant arm had a 

slightly lower cycle time for both groups (Table 4.3.1). 

Table 4.3.1 - Mean± 1 SD Cycle Time for the Group and Arm in the Hair Brushing Task 

Group(Arm) Mean SD o/o in o/o in SD 
(Seconds) (Seconds) phase 1 phase 2 (%) 

Pediatric (Dominant) 3.0 .77 52.31 47.69 9.29 

Pediatric (Non-Dominant) 2.46 .6 58.68 41.32 14.54 

Young Adult (Dominant) 2.86 .76 58.66 41.34 8.69 

Young Adult (Non-Dominant) 2.64 .49 58.81 41.19 5.93 

4.3.2.1 Coefficient of Variation 

The coefficient of variation (COV) was calculated to analyze the variability in 

joint angle data between and within age groups (Table 4.3.2). Based on the average 

standard deviation, average mean, and COV data, five joint angles were retained for 

analysis: 1) elbow flexion, 2) elbow rotation, 3) shoulder flexion, 4) shoulder abduction, 

and 5) shoulder rotation. 



Table 4.3.2 -Average Mean, Average Standard Deviation and Coefficient of Variation 

for Joint Angles in the Hair Brushing Task (Pediatric-Paed, Young Adult- YA) 
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Arm Variable Avg Avg COY% Variable Avg Avg COY% 
Mean SD Mean SD 

Paed Dominant 1.13 20.1 441.09 120.26 9.53 8.16 

Paed Non- Dominant 
Wrist 

6.26 
Elbow 

Flexion 22.12 328.04 Flexion 116.88 10.53 9.47 

YA Dominant 4.25 9.68 237.38 125.39 7.08 5.82 

YA Non-Dominant 4.65 11.90 245.86 124.13 6.00 4.94 

Paed Dominant 8.12 5.56 68.77 94.89 13.74 14.97 

Paed Non- Dominant 
Wrist 

4.59 7.32 135.94 
Shoulder 

91.42 18.23 20.04 Abduction Flexion 

YA Dominant Adduction 6.87 5.69 64.74 95.29 18.75 19.87 

YA Non-Dominant 5.01 7.69 104.87 92.02 16.58 18.22 

Paed Dominant -105.55 17.98 17.79 Shoulder -31.41 9.41 30.62 

Paed Non- Dominant Elbow 
Rotation -106.75 19.34 

Abduction 
18.70 Adduction -25.57 8.30 32.04 

YA Dominant -102.00 18.26 18.78 -31.67 9.20 29.35 

YA Non-Dominant -96.76 18.30 19.15 -26.87 7.98 29.86 

Paed Dominant Shoulder 30.30 12.76 42.86 -5.31 7.95 162.74 

Paed Non- Dominant 
Rotation 

24.16 12.59 52.82 
Trunk 

3.84 Rotation 5.80 129.79 

YA Dominant 32.73 9.00 27.75 -5.34 4.09 76.11 

YA Non-Dominant 29.49 9.52 32.71 5.00 4.40 89.83 

Paed Dominant -8.64 10.71 125.94 Head Tilt 13.69 10.32 80.99 

Paed Non- Dominant 
Trunk 

-5.81 10.07 171.l l 11.92 8.42 71.26 Tilt 
YA Dominant -10.76 7.31 68.32 6.88 5.86 86.35 

YA Non-Dominant -10.20 8.35 83.46 5.15 7.64 135.35 

Paed Dominant Trunk -2.54 5.52 213.50 Head -0.15 3.80 171.65 

Paed Non- Dominant Obliquity 
1.84 4.48 201.09 

Obliquity 
-1.32 5.18 223.16 

YA Dominant -2.35 3.08 124.72 2.13 4.71 172.39 

YA Non-Dominant 3.48 3.35 100.49 -2.11 4.78 151.14 

Paed Dominant Head 0.68 8.20 555.40 

Paed Non- Dominant 
Rotation 

-2.62 8.07 241.82 

YA Dominant 0.91 4.07 170.02 

YA Non-Dominant -2.34 4.11 157.50 

4.3.2.2 Parameterization 

Parameters (maximum elbow flexion, range of elbow flexion, minimum elbow 

rotation, range of elbow rotation, maximum shoulder flexion, range of shoulder flexion, 
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minimum shoulder abduction, range of shoulder abduction, and range of shoulder 

rotation) were extracted from the joint angle waveforms (Table 4.3.3). These parameters 

or variables were determined for each individual for each group (young adult, pediatric), 

arm (dominant, non-dominant), and phase. The remaining variables from Table 4.3.2 

were eliminated from further calculation. 

A series of two-way ANOVAs were performed on 18 dependent variables. To 

compensate for multiple tests, a Bonferroni adjustment was used. The alpha level of 

significance (p<0.05) was adjusted by dividing by the number of tests used (N=18), 

resulting in an alpha level ofp<0.0028 per test. 

Dependent variables (DV s) were normally distributed for the groups formed by 

the combination of the levels of group and arm, as assessed by the Shapiro-Wilk test 

except for one DV in the pediatric group (mean minimum elbow rotation in phase 1 ), four 

DVs in the young adult group (mean minimum elbow rotation in phases 1 and 2, mean 

range of elbow rotation in phase 1, and mean range of shoulder rotation in phase 2), one 

DV in the dominant arm (mean range of shoulder rotation in phase 2), and four DVs in 

the non-dominant arm (mean minimum elbow rotation in phases 1 and 2, mean range of 

elbow rotation in phase 1, and mean range of shoulder abduction in phase 2); (p<0.05). 

There was homogeneity of variance between groups as assessed by Levene's test for 

equality of error variances; however, a violation of the homogeneity of variance 

assumption occurred for mean range of elbow flexion for phase 1. 



Table 4.3.3 -Mean± 1 SD Joint Angles for Pediatric and Young Adult Groups in the 

Hair Brushing Task 

Group Variable Mean Angle SD 
IDee:rees) (Deerees) 

*Maximum 
Pediatric Elbow 115.30 6.40 

Young Adult 
Flexion 

121.90 4.95 Phase 1 

Pediatric 
Range 

41.28 13.53 Elbow 

Young Adult 
Flexion 

43.09 8.22 Phase 1 
Minimum 

Pediatric Elbow -144.16 10.16 

Young Adult 
Rotation 

-139.09 16.43 Phase 1 

Pediatric 
Range 

121.30 11.04 Elbow 

Young Adult 
Rotation 

116.69 17.04 Phase 1 
Maximum 

Pediatric Shoulder 108.29 13.81 

Young Adult 
Flexion 

112.26 17.28 Phase 1 

Pediatric 
Range 

98.49 14.41 Shoulder 

Young Adult 
Flexion 

102.21 12.73 Phase 1 
Minimum 

Pediatric Shoulder -34.61 8.44 

Young Adult 
Abduction 

-34.21 8.28 Phase 1 

Pediatric 
Range 

27.29 8.65 Shoulder 

Young Adult 
Abduction 

27.09 7.4 Phase 1 

Pediatric 
Range 

29.87 11.00 Shoulder 

Young Adult 
Rotation 

31.71 10.48 Phase 1 
Maximum 

Pediatric Elbow 154.88 6.35 

Young Adult 
Flexion 

158.43 5.15 Phasel 

Pediatric 
Range 

43.93 7.80 Elbow 

Young Adult 
Flexion 

37.80 7.21 Phasel 
Minimum 

Pediatric Elbow -133.99 10.15 

Young Adult 
Rotation 

-128.48 14.47 Phasel 
*Significant difference (P<0.0028) 
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Table 4.3.3 - continued 

Group Variable Mean Angle SD 
(Dee:rees) (Dee:rees) 

Pediatric 
Range 

50.81 16.77 Elbow 

Young Adult 
Rotation 

60.67 17.38 Phase2 
Maximum 

Pediatric Shoulder 139.04 14.15 

Young Adult 
Flexion 

134.14 17.65 Phase2 

Pediatric 
*Range 

30.93 9.95 Shoulder 

Young Adult Flexion 23.15 8.11 Phase2 
Minimum 

Pediatric Shoulder -38.21 9.54 

Young Adult 
Abduction 

-36.68 9.01 Phase2 

Pediatric 
Range 

10.16 4.367 Shoulder 

Young Adult 
Abduction 

7.68 3.77 Phase2 

Pediatric 
Range 

14.01 6.35 Shoulder 

Young Adult 
Rotation 14.90 7.51 Phase2 

*Significant difference (P<0.0028) 

The two-way ANOV As revealed two main effects of group as shown in Table 

4.3 .4. There were no significant main effects for any of the DV s for the arm condition or 

interactions for the group and arm. 

Table 4.3.4 - Main Effects of the Group Condition in the Hair Brushing Task 

Main Effects of the Group Condition 
JointAn1de Phase F-ratio YA Mean PaedMean 
mean maximum elbow 1 (F(l,55)=19.270, p (M= 121.90° ± (M= 115.28° ± 1.1 °) 
flexion ~ .0028) 1.1 °) 
mean range of shoulder 2 (F(l,55)=11.072, p (M= 23.15° ± 1.6°) (M = 30.85° ± 1.6°) 
flexion ~ .0042) 

Because of the violation in the homogeneity of variance and the Shapiro-Wilk 

normality tests, a Mann-Whitney U non-parametric test was conducted to test the 

robustness of the two-way ANOV As for the group condition. The non-parametric test for 

group revealed that the young adult group (Mean Rank= 38.6) had a significantly larger 
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mean maximum elbow flexion angle for phase 1 than the pediatric group (Mean Rank= 

21.1 ); ( U = 177, P = .000) and the pediatric group (Mean Rank= 36. 72) had a 

significantly larger mean range of shoulder flexion angle for phase 2 than the young adult 

group (Mean Rank= 23.5); (U = 240, P = .003). All significant non-parametric tests for 

the group condition were adjusted top :5 .0028. The results for the non-parametric tests 

were the same as the two-way ANOV As. 

4.3.3 Graphical Results of Joint Angles 

Graphs of the mean three dimensional joint angles ± 1 SD are illustrated for 

pediatric and young adult mean elbow flexion/extension (Fig. 4.3.1) and shoulder 

flexion/extension (Fig. 4.3.2). 

Elbow ( +) flexion and (-) extension 

The elbow flexion and extension patterns appear similar for both age groups; 

however, there were significant differences in mean maximum elbow flexion angles 

between the age groups for the hair brushing task. 

The hair brushing task cycle starts at 0% when the participant's hand was placed 

on the forehead. At this point, the pediatric group had a minimum mean elbow flexion 

angle of 74.18°, while the young adult group had a mean angle of 78.81 °. After the 

participant steadied their hand on their forehead, the mean elbow angle began to have a 

smooth pattern. The hand was then moved to the top of the head brushing through their 

hair from the forehead position. During this time, the mean elbow flexion angle 

increased. A maximum mean elbow flexion angle for phase 1 of 114.82° was achieved at 
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55.50% of the cycle for the pediatric group, and was 122.62° for the young adult group at 

58.74%. These percentages marked the end of phase 1 and the beginning of phase 2 for 

the hair brushing task as the hand reached the top of the head. During phase 1, the mean 

elbow flexion pattern had somewhat similar pattern but the results showed a significant 

difference between the young adult and pediatric groups, shown primarily in the 7 .80° 

difference in the maximum mean elbow flexion angle for phase 1. This was higher for the 

young adult group. 

The results were similar to phase 1 in phase 2. At the beginning of phase 2, the 

minimum mean elbow flexion angle for phase 2 was 115.25° at 56% for the pediatric 

group, and 122.62° at 59% for the young adults. After this point, the mean elbow flexion 

increased as the hand brushed through the hair to the back of the neck. At the end of the 

cycle, a maximum mean elbow flexion of 157.58° and 160.94° was reached for the 

pediatric group and young adults respectively. These mean elbow angles were reached at 

100% of the cycle for the pediatric group and the young adult groups. The range of 

motion was 83.40° and 82.14° for the mean sagittal elbow joint angle for the pediatric 

and young adult groups respectively. Also, the average standard deviation was 10.29° and 

6.62° for the pediatric and young adult groups respectively. 
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Figure 4.3.1 - Group Mean± 1 SD Elbow Flexion/Extension (+Flexion, -Extension) for Hair Brushing Task (A) Pediatric Group, B) 

Young Adult Group), the Blue Line Represents the End of Phase 1 and the Beginning of Phase 2 
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Shoulder ( +) jlexion and (-) extension 

The shoulder flexion and extension patterns appear similar for both age groups; 

however, there were significant differences in mean range of shoulder flexion angle 

between the age groups condition for the hair brushing task. 

The cycle starts at 0% when the participants' hand is placed on the forehead. At 

this point, the pediatric group had a minimum mean shoulder flexion angle of 10.12°, 

while the young adult group had a mean angle of 10.21 °. After the participant steadied 

their hand on their forehead, the mean shoulder angle began to have a continuous 

movement pattern. The hand was then moved to the top of the head, brushing through the 

hair from the forehead position. During this time, the mean shoulder flexion angle 

increased. For the pediatric group, a maximum mean shoulder flexion angle for phase 1 

of 107.54° at 55.50% of the cycle, and 112.96° for the young adult group at 58.74%. 

These percentages marked the end of phase 1 and the beginning of phase 2 for the hair 

brushing task as the hand reached the top of the head. During phase 1, the mean shoulder 

flexion pattern had similar results for the young adult and pediatric group at the start of 

the cycle but towards the end of phase one, a significant difference occurred between 

groups. 

A similar difference was found at the end of phase 1 through the beginning of 

phase 2. At the beginning of phase 2, the minimum mean shoulder flexion angle for 

phase 2 was 108.37° at 56% for the pediatric group, while for the young adults it was 

112.96° at 59%. After this point, the mean shoulder flexion increased as the hand brushed 

through the hair to the back of the neck. At the end of the cycle, a maximum mean 

shoulder flexion of 139.55° and 133.60° was reached for the pediatric group and young 
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adult group respectively. These mean shoulder angles were reached at 100% of the cycle 

for the pediatric group and the young adult groups. The range of motion was 129 .43 ° and 

123.39° for the mean sagittal shoulder joint angle for the pediatric and young adult 

groups respectively. Also, the average standard deviation was 16.14° and 17.51 ° for the 

pediatric and young adult groups respectively. 
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4.4 Head Task 

4.4.1 Temporal-Spatial Variables 

The head task was divided into two phases: raising the hands to the head (phase 1) 

and returning the hands back to the table (phase 2). Phase 1 ended and phase 2 began 

when the hands reached a minimum velocity on the head. The mean cycle time was 

computed for each of the pediatric and young adult groups across both the dominant and 

non-dominant arms for the head task during each phase (Table 4.4.1 ). 

Table 4.4.1 - Mean ± 1 SD Cycle Time for the Group and Arm in the Head Task 

Group(Arm) Mean SD %in %in SD 
(Seconds) (Seconds) phase 1 phase 2 (%) 

Pediatric (Dominant) 3.72 .63 49.77 50.23 7.76 

Pediatric (Non-Dominant) 3.73 .57 52.8 47.2 10.64 

Young Adult (Dominant) 3.73 .72 52.14 47.86 8.29 

Young Adult (Non-Dominant) 3.72 .70 53.66 46.34 7.54 

4.4.2.1 Coefficient of Variation 

The coefficient of variation (COV) was calculated to analyze the variability in 

joint angle data between and within age groups (Table 4.4.2). Based on the average 

standard deviation, average mean, and COV data, four joint angles were retained for 

analysis: 1) elbow flexion, 2) elbow rotation, 3) shoulder flexion, and 4) shoulder 

abduction. 
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Table 4.4.2 - Average Mean, Average Standard Deviation and Coefficient of Variation 

for Joint Angles in the Head Task (Pediatric - Paed, Young Adult - YA) 

Arm Variable Avg Avg COVIYo Variable Avg Avg COY% 
Mean SD Mean SD 

Paed Dominant 24.67 22.42 90.96 110.21 10.85 10.36 

Paed Non- Dominant 
Wrist 

25.23 24.65 98.03 
Elbow 

109.81 9.85 9.38 
Flexion Flexion 

YA Dominant 10.76 9.81 92.71 115.88 7.39 6.55 

YA Non-Dominant 9.18 9.03 103.57 114.77 6.42 5.93 

Paed Dominant 10.47 8.18 78.85 72.18 19.22 28.08 

Paed Non- Dominant 
Wrist 
Abduction 6.85 6.94 102.23 

Shoulder 
71.69 Flexion 21.50 30.90 

YA Dominant Adduction 7.69 6.53 81.31 70.89 17.60 26.40 

YA Non-Dominant 6.25 5.95 95.61 73.16 16.55 23.16 

Paed Dominant -100.3 14.41 15.41 Shoulder -37.37 10.61 28.82 

Paed Non- Dominant Elbow 
-98.81 15.42 16.12 

Abduction 
-35.82 12.24 34.60 

Rotation Adduction 

YA Dominant -87.81 15.13 17.61 -32.22 8.32 25.51 

YA Non-Dominant -86.85 16.44 19.5 -30.44 9.76 33.02 

Paed Dominant Shoulder 32.99 14.62 44.67 0.47 3.35 738.75 

Paed Non- Dominant 
Rotation 

30.91 58.39 
Trunk 

0.25 3.42 1311.28 17.77 Rotation 

YA Dominant 26.41 14.78 58.93 0.03 3.21 926.42 

YA Non-Dominant 27.47 13.64 50.85 -0.07 3.16 1054.90 

Paed Dominant -15.62 8.81 56.62 Head Tilt 8.36 6.65 80.94 

Paed Non- Dominant Trunk 
-15.31 8.45 55.42 8.32 6.65 80.98 

Tilt 

YA Dominant -17.12 8.57 50.49 3.78 4.20 163.61 

YA Non-Dominant -16.74 8.43 50.83 3.85 4.09 160.76 

Paed Dominant Trunk 0.39 3.51 858.72 Head -0.00 2.29 780.54 

Paed Non- Dominant Obliquity 
0.41 3.50 788.49 

Obliquity 
-0.08 2.45 901.65 

YA Dominant 0.96 2.11 199.92 0.42 3.27 519.49 

YA Non-Dominant 0.96 2.10 196.88 0.39 3.27 540.98 

Paed Dominant Head 0.79 4.94 371.80 

Paed Non- Dominant 
Rotation 

1.00 5.18 357.75 

YA Dominant -0.47 4.16 546.33 

YA Non-Dominant -0.58 4.18 485.93 
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4.4.2.2 Parameterization 

Parameters (maximum elbow flexion, range of elbow flexion, minimum elbow 

rotation, range of elbow rotation, maximum shoulder flexion, range of shoulder flexion, 

maximum shoulder abduction, and range of shoulder abduction) were extracted from the 

joint angle waveforms (Table 4.4.3). These parameters or variables were determined for 

each individual for each group (young adult, pediatric), arm (dominant, non-dominant), 

and phase. The remaining variables from Table 4.4.2 were eliminated from further 

calculation. 

A series of two-way ANOV As were performed on 16 dependent variables. To 

compensate for multiple tests, a Bonferroni adjustment was used. The alpha level of 

significance (p<0.05) was adjusted by dividing by the number of tests used (N= 16), 

resulting in an alpha level of p<0.0031 per test. 

Dependent variables (DV s) were normally distributed for the groups formed by 

the combination of the levels of group and arm, as assessed by the Shapiro-Wille test 

except for one DV in the pediatric group (mean range of elbow rotation in phase 1), four 

DVs in the young adult group (mean range of elbow flexion in phase 1, mean range of 

shoulder flexion in phases 1 and 2, and mean range of shoulder abduction in phase 2), 

one DV in the dominant arm (mean range of shoulder abduction in phase 2), and one DV 

in the non-dominant arm (mean range of elbow flexion in phase 1 ); (p<0.05). There was 

homogeneity of variance between groups as assessed by Levene's test for equality of 

error variances. 



Table 4.4.3 - Mean± 1 SD Joint Angles for Pediatric and Young Adult Groups in the 

Head Task 

Group Variable Mean Angle SD 
IDeerees) (Deerees) 

Maximum 
Pediatric Elbow Flexion 124.53 6.54 

Young Adult 
Phase 1 126.77 4.82 

Pediatric 
Range 

56.95 10.59 Elbow Flexion 

Young Adult 
Phase 1 54.21 7.50 

*Minimum 
Pediatric Elbow Rotation Phase 1 -130.75 · 11.01 

Young Adult -117.06 12.57 

Pediatric 
Range 

104.40 18.98 Elbow Rotation Phase 1 

Young Adult 97.30 12.72 
Maximum 

Pediatric Shoulder Flexion Phase 1 105.95 18.69 

Young Adult 107.78 14.92 

Pediatric 
Range 

97.13 21.95 Shoulder Flexion Phase 1 

Young Adult 99.94 12.20 
Minimum 

Pediatric Shoulder Abduction Phase 1 -46.86 11.30 

Young Adult -43.67 11.89 

Pediatric 
Range 

37.37 11.56 Shoulder Abduction Phase 1 

Young Adult 37.05 11.94 
Maximum 

Pediatric Elbow Flexion Phase 2 124.32 6.54 

Young Adult 126.77 4.66 

Pediatric 
Range 

42.67 11.50 Elbow Flexion Phase 2 

Young Adult 35.34 6.89 
*Minimum 

Pediatric Elbow Rotation Phase 2 -129.34 11.40 

Young Adult -114.87 13.41 

Pediatric 
Range 

93.44 14.67 Elbow Rotation Phase 2 

Young Adult 85.75 11.54 
Maximum 

Pediatric Shoulder Flexion Phase 2 102.51 15.83 

Young Adult 108.24 14.53 

Pediatric 
Range 

91.27 20.88 Shoulder Flexion Phase 2 

Young Adult 95.82 12.43 

Minimum 
Pediatric Shoulder Abduction Phase 2 -49.04 11.53 

Young Adult -44.11 10.61 

Pediatric 
Range 

29.98 10.32 Shoulder Abduction Phase 2 

Young Adult 29.1 10.42 

*Significant difference (P<0.0031) 
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The two-way ANOV As revealed two main effects of group as shown by Table 

4.4.4. There were no significant main effects for any of the DVs for the arm condition or 

interactions for the group and arm. 

Table 4.4.4 - Main Effects of the Group Condition in the Head Task 

Main Effects of the Group Condition 
JointAn2le Phase F-ratio YA Mean PaedMean 
mean minimum external 1 (F(l ,54)= 19.120, p (M= -117.06° ± (M= -130.75° ± 
elbow rotation ::: .0042) 2.2°) 2.2°) 
mean minimum external 2 (F(l,54)=19.204, p (M= -114.87° ± (M= -129.34° ± 
elbow rotation ::: .0042) 2.4°) 2.3°) 

Because of the violation in the Shapiro-Wilk normality tests, a Mann-Whitney U 

non-parametric test was conducted to test the robustness of the two-way ANOV As. The 

non-parametric test for group revealed that the young adult group (Mean Rank= 38.29) 

had a significantly larger mean minimum external elbow rotation during phase 1 than the 

pediatric group (Mean Rank= 21.3); (U = 174, P = .000) and the young adult group 

(Mean Rank= 38.36) had a significantly larger mean minimum external elbow rotation 

during phase 2 than the pediatric group (Mean Rank= 21.23); (U = 172, P = .000). All 

significant non-parametric tests for the group condition were adjusted top ~ .0031. The 

results for the non-parametric tests were the same as the two-way ANOV As. 

4.4.3 Graphical Results of Joint Angles 

Graphs of the mean three dimensional joint angles ± 1 SD are illustrated for 

pediatric and young adult mean elbow rotation internal/external (Fig. 4.4.1 ). 
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Elbow rotation ( +) internal and (-) external 

The elbow internal and external rotation patterns appear similar for both age 

groups; however, there were significant differences in the minimum mean elbow rotation 

angle between the age groups condition for the head task. 

The cycle starts at 0% when the participants first moved their hands from starting 

position on the table. At this point, the pediatric group had a maximum mean external 

elbow rotation angle of -26.35°, while the young adult group had a mean angle of 

-19.77°. The hands were then lifted off the table and raised to the head. During this time, 

the mean elbow rotation angle decreased (increased external rotation). For the pediatric 

group, a minimum mean external elbow rotation angle of -126.72° was achieved as the 

hands were placed on the head, while the young adult group reached a minimum mean 

external elbow rotation angle of -114.20°; these mean angles were reached at 50% and 

36% of cycle respectively. The hands settled of either side of the head; this marked the 

end of phase 1 and the beginning of phase 2 for the head task (pediatric group [51.29%], 

young adults [52.90%]). During phase 1, the mean elbow rotation pattern had different 

results for the young adult and pediatric group with respect to the minimum mean angle. 

The results were similar to phase 1 in phase 2. At the beginning of phase 2, the 

mean external elbow rotation angle was -126.68° at 52% for the pediatric group, and 

-112.37° at 53% for the young adults. After this point, the mean external elbow rotation 

angle increased ( decreased external rotation) as the hands rotated internally and returned 

toward the table. At the end of the cycle, a maximum mean external elbow rotation angle 

during phase 2 of -36.01 ° and -29.20° was reached for the pediatric and young adult 

groups respectively. The maximum mean external elbow angles for phase 2 occurred at 
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99% of the cycle for both the pediatric and young adult groups. The range of motion was 

100.36° and 94.44° for the mean elbow rotational joint angle for the pediatric and young 

adult groups respectively. Also, the average standard deviation was 14.89° and 15.62° for 

the pediatric and young adult groups respectively. 
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Figure 4.4.1 - Group Mean ± 1 SD Elbow Rotation (+Internal, -External) for Head Task (A) Pediatric Group, B) Young Adult 

Group), the Blue Line Represents the End of Phase 1 and the Beginning of Phase 2 
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4.5 Pocket Task 

4.5.1 Temporal-Spatial Variables 

The pocket task had one phase, when the hand raised from starting position and 

moved to the rear marker. The mean cycle time was computed for each of the pediatric 

and young adult groups across both the dominant and non-dominant arms for the pocket 

task during each phase. The time to complete the task for each arm and group condition 

was similar; however, the non-dominant arm had a slightly lower cycle time for both 

groups (Table 4.5.1 ). 

Table 4.5.1 - Mean± 1 SD Cycle Time for the Group and Arm in the Pocket Task 

Group (Arm) Mean SD 
(Seconds) (Seconds) 

Pediatric (Dominant) 2.07 .49 

Pediatric (Non-Dominant) 1.68 .42 

Young Adult (Dominant) 2.17 .45 

Young Adult (Non-Dominant) 2.05 .44 

4.5.2.1 Coefficient of Variation 

The coefficient of variation (COV) was calculated to analyze the variability in 

joint angle data between and within age groups (Table 4.5.2). Based on the average 

standard deviation, average mean, and COV data, five joint angles were retained for 

analysis: 1) elbow flexion, 2) elbow rotation, 3) shoulder flexion, 4) shoulder abduction, 

and 5) shoulder rotation. 
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Table 4.5.2 -Average Mean, Average Standard Deviation and Coefficient of Variation 

for Joint Angles in the Pocket Task (Pediatric - Paed, Young Adult - YA) 

Arm Variable Avg Avg SD COVo/o Variable Avg Avg COVo/o 
Mean Mean SD 

Paed Dominant 9.76 25.75 248.14 84.44 11.96 14.31 

Paed Non- Dominant 
Wrist 

25.92 33.47 131.68 
Elbow 

85.16 14.25 
Flexion Flexion 11.49 

YA Dominant 9.79 20.34 205.28 87.13 9.58 11.63 

YA Non-Dominant 8.57 20.24 239.29 86.28 9.35 11.34 

Paed Dominant 5.77 8.92 155.96 -36.31 10.95 29.92 

Paed Non- Dominant 
Wrist 

4.61 235.05 
Shoulder 

Abduction 10.78 Flexion -37.21 12.99 34.44 

YA Dominant Adduction 8.87 8.81 102.98 -36.82 14.63 38.45 

YA Non-Dominant 5.36 7.77 149.00 -31.36 13.09 39.23 

Paed Dominant -72.13 16.15 23.11 Shoulder -13.74 7.59 60.13 

Paed Non- Dominant 
Elbow 

-73.84 31.29 
Abduction 

-13.89 71.43 
Rotation 22.02 Adduction 9.68 

YA Dominant -24.89 15.71 21.13 15.82 6.01 40.62 

YA Non-Dominant -75.79 19.93 27.30 -16.86 7.36 46.68 

Paed Dominant Shoulder 17.07 12.02 65.74 -2.76 8.10 300.09 

Paed Non- Dominant Rotation 
18.42 15.10 81.37 

Trunk 
3.07 264.94 Rotation 7.66 

YA Dominant 22.28 11.73 49.40 -0.06 4.81 912.85 

YA Non-Dominant 28.69 10.65 40.24 1.55 5.20 337.96 

Paed Dominant 1.74 10.84 416.96 Head Tilt 6.74 6.47 96.18 

Paed Non- Dominant 
Trunk 
Tilt 2.47 9.51 277.73 5.92 4.66 113.96 

YA Dominant -4.34 6.99 161.32 0.43 4.46 1035.24 

YA Non-Dominant -2.98 6.40 214.53 0.29 5.09 1653.38 

Paed Dominant Trunk -3.46 4.49 137.93 Head -1.29 4.18 332.51 

Paed Non- Dominant 
Obliquity 

1.24 5.78 393.74 
Obliquity 

0.22 6.08 1182.77 

YA Dominant -3.03 3.19 106.89 -0.30 5.13 1161.98 

YA Non-Dominant 4.55 2.63 57.95 2.43 4.91 203.30 

Paed Dominant Head -1.42 10.57 633.98 

Paed Non- Dominant 
Rotation 

1.94 6.40 331.09 

YA Dominant 0.04 5.13 1182.04 

YA Non-Dominant 0.80 4.46 559.62 



4.5.2.2 Parameterization 

Parameters (range of elbow flexion, minimum elbow rotation, range of elbow 

rotation, minimum shoulder flexion, range of shoulder flexion, maximum shoulder 

abduction, range of shoulder abduction, and range of shoulder rotation) were extracted 

from the joint angle waveforms (Table 4.5.3). 
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A series of two-way ANOV As were performed on eight dependent variables. To 

compensate for multiple tests, a Bonferroni adjustment was used. The alpha level of 

significance (p<0.05) was adjusted by dividing by the number of tests used (N=8), 

resulting in an alpha level ofp<0.0063 per test. 

Table 4.5.3 - Mean± 1 SD Joint Angles for Pediatric and Young Adult Groups in the 

Pocket Task 

Group Variable Mean Angle SD 
ffieorees) (De2rees) 

Pediatric 
Range 

31.9 14.29 Elbow Flexion 

Young Adult 32.3 8.98 

Minimum 
Pediatric Elbow Rotation -108.08 17.39 

Young Adult -106.92 19.29 

Pediatric 
Range 

80.99 19.35 Elbow Rotation 

Young Adult 81.71 19.94 

Minimum 
Pediatric Shoulder Flexion -57.69 9.75 

Young Adult -49.99 12.86 

Pediatric 
Range 

69.71 13.6 Shoulder Flexion 

Young Adult 62.85 9.8 

*Maximum 
Pediatric Shoulder Abduction -2.89 5.16 

Young Adult -6.42 3.69 

Pediatric 
Range 

28.35 10.51 Shoulder Abduction 

Young Adult 25.67 9.61 

Pediatric 
*Range 

48.26 14.21 Shoulder Rotation 

YounizAdult 58.48 12.57 

*Significant difference (P<0.0063) 



118 

Dependent variables (DV s) were normally distributed for the groups formed by 

the combination of the levels of group and arm, as assessed by the Shapiro-Wilk test 

except for one DV in the pediatric group (mean range elbow flexion) and three DVs in 

the dominant arm (mean range elbow flexion, mean range elbow rotation, and mean 

range shoulder abduction); (p<0.05). There was homogeneity of variance between groups 

as assessed by Levene's test for equality of error variances. 

The two-way ANOV As revealed two main effects of group as shown in Table 

4.5.4. There were no significant main effects for any of the DVs for the arm condition or 

interactions for the group and arm. 

Table 4.5.4 - Main Effects of the Group Condition in the Pocket Task 

Main Effects of the Group Condition 
Joint An2le F-ratio YA Mean Paed Mean 
mean maximum shoulder (F(l,54)=8.97,p ~ .0063) (M = -6.42° ± .8°) (M = -2.89° ± .8°) 
abduction 
mean range shoulder rotation (F(l,54)=8.156,p ~ (M = 58.48° ± 2.5°) (M = 48.26° ± 2.6°) 

.0063) 

Because of the violation in the Shapiro-Wilk normality tests, a Mann-Whitney U 

non-parametric test was conducted to test the robustness of the two-way ANOV As for the 

group condition. The non-parametric test for group revealed that the young adult group 

(Mean Rank= 35.61) had a larger mean maximum shoulder abduction angle than the 

pediatric group (Mean Rank= 23.8); (U= 249, P = .008) and the young adult group 

(Mean Rank= 35.21) had a larger mean range shoulder rotation angle than the pediatric 

group (Mean Rank= 23.32); (U = 247, P = .001). The non-parametric test for group 

showed that the mean maximum shoulder abduction and the mean range shoulder rotation 

angle were not significantly different between groups (p ~ .0063). 



4.5.3 Graphical Results of Joint Angles 

Graphs of the mean three dimensional joint angles ± 1 SD are illustrated for 

pediatric and young adult mean shoulder adduction/abduction (Fig. 4.5.1) and mean 

elbow shoulder intemaVextemal (Fig. 4.5.2). 

Shoulder ( +) adduction and (-) abduction 
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The shoulder adduction and patterns appear similar for both age groups; however, 

there were significant differences in the mean maximum shoulder abduction angle 

between the age groups condition for the pocket task. 

The cycle starts at 0% when the participants lifted their hand from starting 

position on the table. At this point, the pediatric group had a mean shoulder abduction 

angle of-10.60°, while the young adult group had a maximum mean shoulder abduction 

angle of -8.23 °. The hand was then abducted away from the body as the arm moved from 

the table towards the edge of the frontal plane. During this time, the mean shoulder 

abduction angle increased (decreased adduction). For the pediatric group, a minimum 

mean shoulder adduction angle of -27.01 ° was achieved as the hands moved towards the 

frontal plane beside their body, while the young adult group reached a minimum mean 

shoulder adduction angle of -29.49°; these angles were reached at 25% and 27% of cycle 

respectively. The shoulders then adducted towards the plane until hand grabbed the 

pocket marker ending the cycle. A maximum mean shoulder abduction angle of -6.18° 

was reached for the pediatric group and a mean shoulder abduction angle of -9. 97° was 

reached for the young adult group. The maximum mean shoulder abduction angle was 

reached at 94% and the mean shoulder adduction angle 99% of the cycle for the pediatric 

and young adult groups respectively. The mean shoulder abduction pattern had similar 
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results for the young adult and pediatric group, although there is a significant difference 

between groups. The range of motion was 20.84° for the pediatric group and 21.26° for 

the young adult group for the mean frontal shoulder joint angle. Also, the average 

standard deviation was 8.69° and 6.75°for the pediatric and young adult groups 

respectively. 
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Figure 4.5.1 - Group Mean± 1 SD Shoulder Adduction/Abduction (+Adduction, -Abduction) for Pocket Task (A) Pediatric Group, 

B) Young Adult Group) 



Shoulder rotation ( +) internal and (-) external 

The internal and external shoulder rotation patterns appear similar for both age 

groups; however, there were significant differences in the mean range of shoulder 

rotation angle between the age groups condition for the pocket task. 
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The cycle starts at 0% when the participants lifted their hand from the starting 

position on the table. At this point, the pediatric group had a mean internal shoulder 

rotation angle of 8.76°, while the young adult group had a mean internal rotation angle of 

8.44 °. After the participant lifted their hands from the table, the mean shoulder rotation 

angle began to have a continuous movement pattern; the pediatric group had a minimum 

mean shoulder rotation angle as the arm externally rotated behind the back to -4.97° at 

25% of the cycle. The young adult group had a similar movement, externally rotating to 

an angle of -6.04° at 22% of the cycle. The shoulder then internally rotated as the 

participants grabbed the pocket marker with the pediatric group reaching a maximum 

mean internal shoulder rotation angle of35.00° at 99% of the cycle and 46.68° for the 

young adult group at 100%. The mean shoulder rotation pattern had similar results for the 

young adult and pediatric group at the beginning of the task but the end of the task was 

significantly different between groups. The range of motion was 39.97° and 52.72° for 

the mean shoulder rotation joint angle for the pediatric and young adult groups 

respectively, while the average standard deviation was 13.60° for the pediatric and 11.62° 

for the young adult group. 
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Figure 4.5.2 - Group Mean± 1 SD Shoulder Rotation (+Internal, -External) for Pocket Task (A) Pediatric Group, B) Young Adult 

Group) 
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4.6 Rolling Task 

4.6.1 Temporal-Spatial Variables 

The rolling pin task was divided into two phases: pulling the rolling pin from the 

point of fully extended arms to fully flexed arms (phase 1) and returning the rolling pin 

from fully flexed arms to extended arms (phase 2). Phase 1 ended and phase 2 began 

when the hand marker had a minimum x component, only one cycle was analyzed The 

mean cycle time was computed for each of the pediatric and young adult groups across 

both the dominant and non-dominant arms for the drink task during each phase (Table 

4.6.1). 

Table 4.6.1 - Mean± 1 SD Cycle Time for the Group and Arm in the Rolling Task 

Group(Arm) Mean SD o/o in o/o in SD 
(Seconds) (Seconds) phase 1 phase 2 (o/o) 

Pediatric (Dominant) 2.06 .53 49.19 50.81 3.86 

Pediatric (Non-Dominant) 2.07 .55 49.03 50.97 4.01 

Young Adult (Dominant) 2.11 .6 49.2 50.8 2.69 

Young Adult (Non-Dominant) 2.1 .58 49.13 50.87 2.54 

4.6.2.1 Coefficient of Variation 

The coefficient of variation (COV) was calculated to analyze the variability in 

joint angle data between and within age groups (Table 4.6.2). Based on the average 

standard deviation, average mean, and COV data, five joint angles were retained for 

analysis: 1) elbow flexion, 2) elbow rotation, 3) shoulder flexion, and 4) shoulder 

abduction. 
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Table 4.6.2 - Average Mean, Average Standard Deviation and Coefficient of Variation 

for Joint Angles in the Rolling Task (Pediatric - Paed, Young Adult - YA) 

Arm Variable Avg Avg COY% Variable Avg Avg COV% 
Mean SD Mean SD 

Paed Dominant 26.76 24.42 91.31 67.48 12.90 19.23 

Paed Non- Dominant 
Wrist 
Flexion 26.81 20.55 76.90 

Elbow 
66.54 Flexion 11.93 18.09 

YA Dominant 8.28 9.66 115.72 72.01 8.06 11.26 

YA Non-Dominant 10.78 9.71 88.45 68.64 7.44 11.15 

Paed Dominant 1.88 7.62 406.65 31.16 14.57 46.98 

Paed Non- Dominant 
Wrist 

-0.01 1212.49 
Shoulder 

31.08 
Abduction 8.73 Flexion 12.52 40.51 

YA Dominant Adduction 3.78 5.96 162.19 35.83 12.27 33.33 

YA Non-Dominant 2.70 5.15 224.59 37.95 12.32 31.58 

Paed Dominant -41.24 11.73 28.46 Shoulder -28.54 8.57 30.86 

Paed Non- Dominant 
Elbow 
Rotation -38.04 11.14 

Abduction 
29.34 Adduction -28.02 8.36 30.39 

YA Dominant -30.84 8.08 26.39 -18.20 7.09 38.66 

YA Non-Dominant -27.87 9.21 33.23 -14.93 6.01 40.25 

Paed Dominant Shoulder 28.98 15.55 53.99 -1.16 2.80 244.15 

Paed Non- Dominant 
Rotation 

26.45 15.77 60.19 
Trunk 
Rotation 

-1.14 2.80 248.04 

YA Dominant 25.81 11.43 44.33 0.55 2.50 334.26 

YA Non-Dominant 28.40 9.91 33.21 0.56 2.49 329.96 

Paed Dominant -0.68 8.49 335.36 Head Tilt 7.03 10.03 142.88 

Paed Non- Dominant 
Trunk 

-0.67 8.51 346.12 7.02 10.02 142.92 
Tilt 

YA Dominant -2.13 4.50 316.05 6.12 7.23 115.31 

YA Non-Dominant -2.12 4.49 318.12 6.00 7.14 116.29 

Paed Dominant Trunk 0.26 3.37 1191.45 Head -0.19 2.37 612.16 

Paed Non- Dominant 
Obliquity 

0.25 3.36 1187.55 
Obliquity 

-0.18 2.36 608.09 

YA Dominant 1.14 2.54 222.26 0.58 3.29 3181.26 

YA Non-Dominant 1.10 2.45 223.44 0.57 3.29 3006.05 

Paed Dominant Head -3.08 4.50 146.38 

Paed Non- Dominant 
Rotation 

-3.06 4.51 147.65 

YA Dominant -1.44 2.11 123.02 

YA Non-Dominant -1.40 2.08 124.9 
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4. 6. 2. 2 Parameterization 

Parameters (maximum elbow flexion, range of elbow flexion, range of elbow 

rotation, minimum shoulder flexion, range of shoulder flexion, range of shoulder 

abduction) were extracted from the joint angle waveforms (Table 4.6.3). These 

parameters or variables were determined for each individual for each group (young adult, 

pediatric), arm (dominant, non-dominant}, and phase. The remaining variables from 

Table 4.6.2 were eliminated from further calculation. 

A series of two-way ANOVAs were performed on 12 dependent variables. To 

compensate for multiple tests, a Bonferroni adjustment was used. The alpha level of 

significance (p<0.05) was adjusted by dividing by the number of tests used (N=l2), 

resulting in an alpha level of p<0.0042 per test. 

Dependent variables (DV s) were normally distributed for the groups formed by 

the combination of the levels of group and arm, as assessed by the Shapiro-Wilk test 

except for two DVs in the pediatric group (mean range of shoulder abduction in phases 1 

and 2), four DVs in the young adult group (mean minimum shoulder flexion in phases 1 

and 2, mean range of shoulder abduction in phase 1, and mean range of shoulder flexion 

in phase 2), three DVs in the dominant arm (mean range of elbow rotation in phase 1, and 

mean range of shoulder abduction in phases 1 and 2), and two DV s in the non-dominant 

arm (mean range of shoulder abduction in phases 1 and 2); (p<0.05). There was 

homogeneity of variance between groups as assessed by Levene's test for equality of 

error variances. 



Table 4.6.3 - Mean± 1 SD Joint Angles for Pediatric and Young Adult Groups in the 

Rolling Task 

Group Variable Mean Angle SD 
(Deerees) (Dee:rees) 

*Maximum 
Pediatric Elbow 93.74 10.57 

Young Adult 
Flexion 103.99 7.65 Phase 1 

Pediatric 
*Range 

57.68 16.88 Elbow 

Young Adult 
Flexion 74.84 12.14 Phase 1 

Pediatric 
Range 

13.73 6.24 Elbow 

Young Adult 
Rotation 19.42 9.14 Phase 1 

Minimum 
Pediatric Shoulder 4.40 13.19 

Young Adult 
Flexion 

11.167 13.96 Phase 1 

Pediatric 
Range 

53.1 13.30 Shoulder 

Young Adult 
Flexion 54.85 13.20 Phase 1 

Pediatric 
Range 

14.95 9.49 Shoulder 

Young Adult 
Abduction 13.38 5.56 Phase 1 
*Maximum 

Pediatric Elbow 94.12 10.37 

Young Adult 
Flexion 103.94 7.60 Phase 2 

Pediatric 
*Range 

54.99 12.09 Elbow 

Young Adult 
Flexion 74.61 9.34 Phase 2 

Pediatric 
*Range 

13.77 6.56 Elbow 

Young Adult 
Rotation 

20.87 8.32 Phase 2 
Minimum 

Pediatric Shoulder 4.25 13.21 

Young Adult 
Flexion 

11.16 13.96 Phase 2 

Pediatric 
Range 

51.82 12.35 Shoulder 

Young Adult 
Flexion 55.88 10.42 Phase 2 

Pediatric 
Range 

13.03 8.76 Shoulder 

Young Adult 
Abduction 12.42 5.57 Phase 2 

*Significant difference {P<0.0042) 
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The two-way ANOV As revealed a main effect of group as shown in Table 4.6.4. 

There were no significant main effects for any of the DV s for the arm condition or 

interactions for the group and arm. 
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Table 4.6.4 - Main Effects of the Group Condition in the Rolling Task 

Main Effects of the Group Condition 
Joint Anele Phase F-ratio YA Mean PaedMean 
mean maximum elbow 1 (F{l,54)=17.513, p (M= 103.99° ± (M= 93.74° ± 1.7°) 
flexion ~ .0042) 1.80) 

mean range of elbow flexion 1 (F(l,54)=18.867, p (M = 74.84° ± 2.8°) (M= 57.68° ± 2.7°) 
~ .0042) 

mean maximum elbow 2 (F{l,54)=16.548, p (M= 103.94° ± (M= 94.12° ± 1.7°) 
flexion < .0042) 1.70) 

mean range of elbow flexion 2 (F{l,54)=45.692, p (M= 74.61 ° ± 2.1 °) (M = 54.99° ± 2.0°) 
~ .0042) 

mean range of elbow rotation 2 (F( 1,54)= 13.066, p (M= 20.87° ± 1.4°) (M= 13.77° ± 1.4°) 
~ .0042) 

Because of the violation in the Shapiro-Wilk normality tests, a Mann-Whitney U 

non-parametric test was conducted to test the robustness of the two-way ANOV As for the 

group condition. The non-parametric test for group revealed that the young adult group 

(Mean Rank= 38.54) had a significantly larger mean maximum elbow flexion angle for 

phase 1 than the pediatric group (Mean Rank= 21.07); (U= 167, P = .000), the young 

adult group (Mean Rank= 38.21) had a significantly larger mean range of elbow flexion 

angle for phase 1 than the pediatric group (Mean Rank= 21.37); (U= 176, P= .000), the 

young adult group (Mean Rank= 38.25) had a significantly larger mean maximum elbow 

flexion angle for phase 2 than the pediatric group (Mean Rank= 21.33); (U = 175, P = 

.000), the young adult group (Mean Rank= 41.5) had a significantly larger mean range of 

elbow flexion angle for phase 2 than the pediatric group (Mean Rank= 18.3); (U= 84, P 

= .000), and the young adult group (Mean Rank= 36.75) had a significantly larger mean 

range of elbow rotation angle for phase 2 than the pediatric group (Mean Rank= 22.73); 

(U = 217, P = .002). All significant non-parametric tests for the group condition were 

adjusted top:::: .0031. The results for the non-parametric tests were the same as the two

way ANOVAs. 



4.6.3 Graphical Results of Joint Angles 

Graphs of the mean three dimensional joint angles± 1 SD are illustrated for 

pediatric and young adult mean elbow flexion/extension (Fig. 4.6.1 ), and mean elbow 

rotation internal/external (Fig. 4.6.2). 

Elbow ( +) flexion and (-) extension 

129 

The elbow flexion and extension patterns appear similar for both age groups; 

however, there were significant differences in the mean maximum elbow flexion angle 

and mean range of elbow flexion angle between the age groups condition for the rolling 

pin task. 

The cycle starts at 0% when the participants began to pull the rolling pin towards 

them. At this point, the pediatric group had a mean elbow flexion angle of36.38°, while 

the young adult group had a mean angle of29.38°. After the participant steadied their 

pull of the rolling pin, the elbow angle began to have a smooth pattern. The rolling pin 

was then pulled towards the body on the table to the point of the individual's maximum 

mean elbow flexion. During this time, the mean elbow flexion angle increased. For the 

pediatric group, a maximum mean elbow flexion angle for phase 1 of93.24° was 

achieved as the rolling pin stopped rolling towards the body, while the young adult group 

reached a maximum mean elbow flexion angle of 103.74°; both at 49% of cycle. The 

rolling pin was halted from being pulled toward the body; this marked the end of phase 1 

and the beginning of phase 2 for the rolling task (pediatric group [ 49 .11 % ] , young adults 

[ 49 .17% ]). During phase 1, the mean elbow flexion pattern differed significantly in the 

results between the young adult and pediatric group. 
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The results were similar to phase 1 in phase 2. At the beginning of phase 2, the 

maximum mean elbow flexion angle was 93.52° at 52% for the pediatric group, and the 

maximum mean elbow flexion angle for phase 2 was 103. 71 ° at 50% for the young adult 

group. After this point, the mean elbow flexion decreased as the rolling pin was extended 

to its starting position on the table. At the end of the cycle, a minimum mean elbow 

flexion of 40.66° and 30.38° was reached for phase 2 for the pediatric group and young 

adult group respectively. These mean elbow angles were reached at 100% of the cycle for 

both the pediatric and the young adult groups. The range of motion was 57.14° and 

74.36° for the mean sagittal elbow joint angle for the pediatric and young adult groups 

respectively. Also, the average standard deviation was 12.24° and 7.89° for the pediatric 

and young adult groups respectively. 
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Figure 4.6.1 - Group Mean± 1 SD Elbow Flexion/Extension (+Flexion, -Extension) for Rolling Task (A) Pediatric Group, B) Young 

Adult Group), the Blue Line Represents the End of Phase 1 and the Beginning of Phase 2 
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Elbow rotation ( +) internal and(-) external 

The elbow internal and external rotation had significant differences in the mean 

range of elbow rotation angle between the age groups condition for the rolling task. 

The cycle starts at 0% when the participants began to pull the rolling pin towards 

them. At 1 %, the pediatric group had a minimum mean external elbow rotation angle of 

-46.32°, while the young adult group had a mean external rotation angle of -39.46° 

(minimum external rotation as graphically represented but more external rotation in 

reality). After the participant steadied their pull of the rolling pin, the elbow rotation 

angle began to have a smooth movement pattern. The rolling pin was then pulled towards 

the body on the table toward the point of maximum mean elbow rotation. During this 

time, the mean elbow rotation angle increased (less external rotation). For the pediatric 

group, a maximum mean elbow rotation angle for phase 1 of -34.93° was achieved at 

49%, while the young adult group reached a maximum mean elbow rotation angle of 

-21.04° at 47% of cycle. The rolling pin was halted from being pulled toward the body; 

this marked the end of phase 1 and the beginning of phase 2 for the rolling task (pediatric 

group [49.11 %], young adults [49.17%]). During phase 1, the mean elbow rotation 

pattern differed significantly in the results between the young adult and pediatric group. 

The results were similar to phase 1 in phase 2. At the beginning of phase 2, the 

maximum mean elbow rotation angle was -34.88° at 52% for the pediatric group, while 

the maximum mean elbow rotation angle for phase 2 was -21.23° at 50% for the young 

adult group. After this point, the mean elbow rotation decreased (increased external 

rotation) as the rolling pin was pushed to its starting position on the table. At the end of 

the cycle, a minimum mean elbow rotation of -44.27° and -40.11 ° was reached for phase 
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2 for the pediatric and young adult groups respectively. These mean elbow rotational 

angles were reached at 99% of the cycle for the pediatric and young adult groups. The 

range of motion was 11.43° and 19.07° for the mean elbow rotational joint angle for the 

pediatric and young adult groups respectively. Also, the average standard deviation was 

11.36° and 8. 72° for the pediatric and young adult groups respectively. 
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Figure 4.6.2 - Group Mean± 1 SD Elbow Rotation (+Internal, -External) for Rolling Task (A) Pediatric Group, B) Young Adult 

Group), the Blue Line Represents the End of Phase 1 and the Beginning of Phase 2 



4. 7 Supination/Pronation Task 

4.7.1 Temporal-Spatial Variables 
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The supination/pronation task was divided into two phases: supinating the hands 

while raised (phase 1) and pronating the hands back (phase 2). Phase 1 ended and phase 2 

began when the medial marker had the furthest/closest y component from the origin, 

depending on the hand. The mean cycle time was computed for each of the pediatric and 

young adult groups across both the dominant and non-dominant arms for the 

supination/pronation task during each phase (Table 4. 7 .1 ). 

Table 4. 7 .1 - Mean ± 1 SD Cycle Time for the Group and Arm in the 

Supination/Pronantion Task 

Group(Arm) Mean SD o/o in 
(Seconds) (Seconds) phase 1 

Pediatric (Dominant) 1.25 .31 58.93 

Pediatric (Non-Dominant) 1.19 .37 55.41 

Young Adult (Dominant) 1.27 .42 55.06 

Young Adult (Non-Dominant) 1.26 .42 52.3 

4. 7.2.1 Coefficient of Variation 

%in SD 
phase 2 (%) 

41.07 16.95 

44.59 10.54 

44.94 10.86 

47.70 10.38 

The coefficient of variation (COV) was calculated to analyze the variability in 

joint angle data between and within age groups (Table 4.7.2). Based on the average 

standard deviation, average mean, and COV data, three joint angles were retained for 

analysis: 1) elbow flexion, 2) elbow rotation, and 3) shoulder flexion. 
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Table 4.7.2 -Average Mean, Average Standard Deviation and Coefficient of Variation 

for Joint Angles in the Supination/Pronation Task (Pediatric - Paed, Young Adult - YA) 

Arm Variable Avg Avg COY% Variable Avg Avg COY% 
Mean SD Mean SD 

Paed Dominant 21.45 26.07 122.34 85.28 11.47 13.61 

Paed Non- Dominant 
Wrist 

29.40 25.93 89.25 
Elbow 

87.21 13.14 
Flexion Flexion 11.36 

YA Dominant 25.63 11.63 44.33 95.59 18.16 18.91 

YA Non-Dominant 25.13 11.58 44.05 92.64 17.99 19.05 

Paed Dominant 16.68 8.70 53.62 34.72 9.18 26.72 

Paed Non- Dominant 
Wrist 

14.98 7.99 54.14 
Shoulder 

3.48 11.36 33.16 
Abduction Flexion 

YA Dominant Adduction 15.81 5.79 35.52 32.48 15.35 47.07 

YA Non-Dominant 15.63 7.68 47.04 34.41 14.27 41.46 

Paed Dominant -105.79 33.13 32.23 Shoulder -11.78 10.15 86.96 

Paed Non- Dominant 
Elbow 

-104.34 33.17 32.32 
Abduction 

-9.65 7.33 76.58 
Rotation Adduction 

YA Dominant -108.90 19.68 18.21 -9.18 9.64 114.92 

YA Non-Dominant -111.04 17.43 16.59 -5.95 6.50 98.53 

Paed Dominant Shoulder 9.35 11.85 128.68 -0.67 3.79 568.65 

Paed Non- Dominant 
Rotation 

34.43 
Trunk 

-0.58 647.78 14.85 215.42 Rotation 3.74 

YA Dominant 16.01 11.06 70.05 -3.19 3.22 2483.40 

YA Non-Dominant 16.46 10.19 68.38 -1.44 3.32 2181.99 

Paed Dominant -13.65 8.83 64.68 Head Tilt 2.86 3.99 139.61 

Paed Non- Dominant 
Trunk 

-12.90 9.26 71.84 2.93 4.02 137.33 
Tilt 

YA Dominant -15.93 8.02 49.53 3.42 4.65 183.96 

YA Non-Dominant -14.81 8.51 52.80 4.59 4.58 173.36 

Paed Dominant Trunk 0.52 3.71 712.90 Head 0.84 2.87 341.60 

Paed Non- Dominant 
Obliquity 

0.65 3.64 560.97 
Obliquity 

1.02 2.73 269.41 

YA Dominant 0.47 2.41 437.06 0.32 3.15 1242.35 

YA Non-Dominant 0.57 2.35 397.92 0.26 3.05 2799.02 

Paed Dominant Head -2.12 3.93 185.41 

Paed Non- Dominant 
Rotation 

-2.00 4.17 209.27 

YA Dominant -1.77 3.32 991.98 

YA Non-Dominant -1.35 3.24 1130.17 
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4. 7.2.2 Parameterization 

Parameters (range elbow flexion, minimum elbow rotation, range of elbow 

rotation, range of shoulder flexion) were extracted from the joint angle waveforms (Table 

4.7.3). These parameters or variables were determined for each individual for each group 

(young adult, pediatric), arm ( dominant, non-dominant), and phase. The remaining 

variables from Table 4. 7 .2 were eliminated from further calculation. 

A series of two-way ANOV As were performed on eight dependent variables. To 

compensate for multiple tests, a Bonferroni adjustment was used. The alpha level of 

significance (p<0.05) was adjusted by dividing by the number of tests used (N=8), 

resulting in an alpha level ofp<0.0063 per test. 

Dependent variables (DVs) were normally distributed for the groups formed by 

the combination of the levels of group and arm, as assessed by the Shapiro-Wilk test 

except for seven DVs in the pediatric group (mean minimum elbow rotation in phases 1 

and 2, mean range of elbow rotation in phases 1 and 2, mean range of shoulder flexion in 

phases 1 and 2, and mean range of elbow flexion in phase 1), three DVs in the young 

adult group (mean range of elbow flexion in phases 1 and 2 and mean range of shoulder 

flexion in phase 2), seven DVs in the dominant arm (mean minimum elbow rotation in 

phases 1 and 2, mean range of elbow rotation in phases 1 and 2, mean range of shoulder 

flexion in phases 1 and 2, and mean range of elbow flexion in phase 2), and five DV s in 

the non-dominant arm ( mean minimum elbow rotation in phases 1 and 2, mean range of 

elbow rotation in phases 1 and 2, and mean range of shoulder flexion in phase 1 ); 

(p<0.05). There was homogeneity of variance between groups as assessed by Levene's 

test for equality of error variances. 



Table 4. 7 .3 - Mean ± 1 SD Joint Angles for Pediatric and Young Adult Groups in the 

Supination/Pronation Task 

Group Variable Mean Angle SD 
(Degrees) (Degrees) 

Pediatric 
Range 

16.66 4.64 Elbow 

Young Adult 
Flexion 

15.22 5.43 Phase 1 
Minimum 

Pediatric Elbow -140.05 23.57 

Young Adult 
Rotation 

-147.00 11.92 Phase 1 

Pediatric 
Range 

90.44 29.12 Elbow 

Young Adult 
Rotation 

100.77 21.96 Phase 1 

Pediatric 
Range 

11.42 8.74 Shoulder 

Young Adult 
Flexion 

7.84 4.79 Phase 1 

Pediatric 
Range 

22.68 14.98 Elbow 

Young Adult 
Flexion 

23.65 18.39 Phase2 
Minimum 

Pediatric Elbow -139.28 26.76 

Young Adult 
Rotation 

-147.86 12.00 Phase 2 

Pediatric 
Range 

91.98 30.06 Elbow 

Young Adult 
Rotation 

101.25 16.85 Phase 2 

Pediatric 
Range 

12.57 8.68 Shoulder 

Young Adult 
Flexion 

12.91 8.96 Phase 2 

*Significant difference (P<0.0063) 
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The two-way ANOVAs revealed no significant main effects for any of the DVs 

for the group or arm conditions or any significant interactions for the group and arm. 

Because of the violation in the Shapiro-Wilk normality tests, a Mann-Whitney U non

parametric test was conducted to test the robustness of the two-way ANOVAs. The non

parametric test revealed that there were no significant main effects (p ~ .0063). 
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5.0 Discussion 

The purpose of this study was to quantify and compare age-related differences in 

three-dimensional upper extremity kinematics between young adults ( ages 18 through 24 

years) and children (ages 7 through 9 years) while performing ADLs. This is the first 

study to examine ADLs in young adults and compare their results to a pediatric group. A 

Vicon MCam motion capture system was used to capture the three-dimensional 

movement of the UE joints during ADL performance. It was hypothesized that young 

adults would demonstrate less range of motion (ROM) in the shoulder, elbow and wrist 

compared to the pediatric group. It was also hypothesized that the young adults would 

demonstrate less intra-group angular variability in all ADLs compared to the pediatric 

group. The hypothesis that young adults would demonstrate less ROM was not supported 

by the results. Also, the hypothesis regarding less intra-group variability was not fully 

supported by the results. 

This study helped to create a database for UE kinematics in eight ADL tasks. 

Although a large database was not created, the results of 15 young adults and 15 children 

were collected and processed. This data warrants more research and would benefit from 

an addition of more participants. 

Through the results, significant differences were found in the joint angles between 

groups (and in one case, the arm condition) as shown in Table 4. The significant 

differences of the joint angles in the age groups will be important when comparing the 

database to clinical groups, as they help to illustrate the relevance of age-matching in UE 

studies. 
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This section provides a description of the ADL tasks regarding their temporal

spatial variables and joint angle data. This entails a depiction of the data collected in the 

present study and how it can be related to previous research. 

5.1 Drink Task 

5.1.1 Temporal-Spatial Variables 

The temporal-spatial variables that were examined in this study included total 

cycle time and the percentage of the drink cycle spent in phase 1 (raising the cup to the 

mouth) and phase 2 (returning the cup back to the table). The definition of cycle time and 

the manner in which phases were determined were consistent with other studies (Bennett 

et al., 1995; de los Reyes Guzman et al., 2010; Gronley et al., 2000; Maitra & Junkins, 

2004; Murphy et al., 2006; Murphy et al., 2011) 

5.1.1.1 C:ycle T'irne 

As shown in Table 4.1.1, the time to complete the task for each arm and group 

condition was similar; in fact, each of the dominant and non-dominant arms for the two 

groups was within a standard deviation of each other. This may be since the act of 

drinking is not a complex achievement in terms of the required degrees of freedom and 

motor control for a control group. No other study has considered dominant versus non

dominant arms when measuring the cycle time of a drinking task. Because the drink task 

is practiced daily by the control group population, considering the arm condition is 

important to the study as it will be able to show if there are significant differences in arm 

kinematics as the drink task is completed. Measurement of the arm condition will become 



more important as the data from this study is compared to clinical groups (ie. Cerebral 

Palsy patients) as it will be necessary to measure their affected/unaffected and 

dominant/non-dominant arms. 
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Maitra and Junkins (2004) compared the drink task between age groups, splitting 

the groups into young adults (22 to 23 years of age) and elderly adults (70 to 78 years of 

age). Like the present study, the task was divided into the cup lift and lowering phases. 

They reported 1.06 ± 0.17 s for the lift and 1.21 ± 0.24 s for the lowering of the cup in the 

young adult group and 2.02 ± 0.88 s for the lift and 1.73 ± 0.61 s for the lowering of the 

cup in the elderly group. These times may be shorter than the current study because the 

present study included the time required to drink the water. Phase 1 of the present study 

does not finish until the cup is tipped back to consume its contents, after which point 

phase 2 begins. Instead of choosing to use the beverage consumption portion of the task 

as a separate phase like other studies (Gronley et al., 2000; Maitra & Junkins, 2004), this 

was the dividing point between phase 1 and phase 2 in the present study as it was easy to 

choose an end point of phase 1 to the start of phase 2 at the peak of the drink. Bennett et 

al. ( 1995) also measured the time of each phase, during a drink task but only included the 

time to reach the cup (phase 1) and bringing the cup to the mouth (phase 2). The time that 

it took to bring the cup to the mouth was 1.192 seconds for the control group (nine 

subjects age 48.3 years), which was similar to the time measured by Maitra & Junkins 

(2004). The full cycle could not be compared to the present study as it did not include the 

consumption of the drink. 

Other studies divided the drink task into five phases ( de los Reyes-Guzman et al., 

201 O; Murphy et al., 2006; Murphy et al., 2011 ). Each phase was divided from the start 
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position to the end of the task and the time was recorded for each phase. The combined 

times for phase 2 (bringing cup to mouth), phase 3 ( drinking), and phase 4 (placing cup 

on table) were 3.7 seconds (de los Reyes-Guzman et al., 2010), 4.63 seconds (Murphy et 

al., 2006), and 3.37 seconds (Murphy et al., 2011) for the studies that measured a control 

group population. These were the portions of the tasks that were comparable to the 

present study. The present study is comparable in cycle time with the previous research; 

however, in the present study, it was decided that the reach to cup and the return from the 

placement of cup on the table were not as important to the ADL task as how the subject 

brought the cup to and from the mouth. 

5 .1.2 Joint Angle Data 

5.1.2.1 Coefficient of Variation 

The COV results for the drink task indicated that there was a low amount of 

variation within the pediatric and young adult group's motion for all three planes. The 

least amount of variation was in the sagittal plane for elbow flexion, while the largest 

variation was found in the frontal plane for shoulder abduction. 

Coefficient of variation has yet to be utilized to measure variation within an UE 

study based on ADLs but has been used in analyzing UE functionality in the elderly 

(Branch & VanSwearingen, 2002), functional reaching (Duncan, Weiner, Chandler, & 

Studenski, 1990), drawing and handwriting (Lacquaniti, Ferrigno, Pedotti, Soechting, & 

Terzuolo, 1987), and wheelchair propulsion (Rao et al., 1996). Winter (1984) examined 

sagittal hip, knee, and ankle angles during gait and suggested that COV values lower than 

approximately 60% have low variability, while values 80 to 200% have high variability. 
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The lower extremity (LE) is naturally less variable due to the available degrees of 

freedom of the hip, knee, and ankle joints compared to the shoulder, elbow, and wrist 

joint. Winter (1984) categorized 60% COV as low variability in the less mobile LE. This 

level of variation in the UE was used to reduce the large volumes of data Goint angles). A 

study by Rao et al. (1996), utilized COV to determine inter-cycle and inter-subject 

variability of joint angles and moments while propelling a wheelchair. Humeral 

elevation, humeral plane, elbow flexion, and forearm pronation were reported to have a 

COV of 12%, 32%, 24% and 76% respectively. In the present study, the COV results for 

humeral plane (shoulder flexion) were similar to those of Rao et al. (1996) however, the 

COV of humeral elevation (shoulder adduction), elbow flexion, and forearm pronation 

(elbow rotation) differed (shoulder adduction had less variability, while elbow flexion 

and elbow rotation had more variability in Rao et al. [ 1996]). Shoulder adduction may 

have had less variability in Rao et al. (1996) because wheelchair propulsion is a cyclical 

shoulder task, while the technique of the distal arm may be more variable. If subjects 

chose to have longer or shorter wheel strokes, this may affect the inter-subject variability 

of the elbow rotation and elbow flexion. 

A lack of other research with respect to COV results for the drink task makes it 

difficult to draw comparisons to the present study. In the drink task in the present study, 

although the elbow had lower variability than the shoulder, a conclusion cannot be drawn 

whether the pediatric or young adult group has lower variability or whether the dominant 

or non-dominant arm has lower variability. 

Overall the COV value results were as expected. The drink task was considered to 

be a confined task with low variability, which is reflected in the COV results. The elbow 
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flexion had the lowest variability; this was expected. For each subject, a similar peak 

elbow flexion angle occurred regardless of shoulder flexion, shoulder adduction, and 

elbow rotation ( each had more COV than elbow flexion). However, the young adult 

group was expected to have less variability than the pediatric group and the dominant arm 

was expected to have less variability than the non-dominant arm. From the results it is 

difficult to draw conclusions in variation for both the group and arm conditions. 

5.1. 2. 2 Parameterization 

The variables chosen for parameterization were the joint angles that were 

instrumental to performing the drink task. From these angles, those that had low COV 

values (below 60%) were selected for statistical analysis. For this reduced set of joint 

angles, predetermined values such as the maximum, minimum, and range ( or a 

combination of these parameters) was chosen for analysis. In total, twelve variables were 

chosen for the drink task; six for each of the two drink task phases (Table 4.1.3.1, Table 

4.1.3.2). Significant differences were found in the mean values of the parameters between 

age groups and arms. There were significant differences between groups in the mean 

range of elbow external rotation in phase 1, mean maximum shoulder flexion in phase 1, 

and mean maximum shoulder flexion in phase 2. Significant differences in the mean 

range of elbow external rotation in phase 1 were also found between dominant and non

dominant arms. 

Previous research has examined maximum joint angles ( de los Reyes-Guzman et 

al. 2010; Kasten et al., 2009; Masjedi, Lovell, & Johnson, 2011; Murphy et al., 2006), 

minimum joint angles (de los Reyes-Guzman et al. 2010; Kasten et al., 2009; Murphy et 
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al., 2006) and range of motion ( de Groot, Angulo, Meskers, van der Heidjen-Maessen, & 

Arendzen, 2011; de los Reyes-Guzman et al. 2010; Kasten et al., 2009; Masjedi et al., 

2011; Murphy et al., 2006; Murray & Johnson, 2004; van Andel et al. 2008) during a 

drink task. The majority of the UE research did not analyze all three maximum, minimum 

and range like the present study other than a select few ( de los Reyes-Guzman et al. 

201 O; Kasten et al., 2009; Murphy et al., 2006). 

Joint Angles for the Elbow 

The pediatric group (M = 63.04 ° ± 2.17°) had a significantly larger mean range of 

external elbow rotation than the young adult group (M = 35.08° ± 2.17°) during phase 1 

of the drinking task for the group condition. Also, the dominant arm (M= 61.82° ± 2.17°) 

had a significantly larger mean range of external elbow rotation than the non-dominant 

arm (M = 36.3 ° ± 2.17°) during phase 1 of the drinking task for the arm condition. 

Possible reasons for an increased range of external rotation of the elbow for the 

pediatric group in phase 1 of the drinking task included that the pediatric group had more 

shoulder abduction compared to the young adult group. The pediatric group's dominant 

arm had a mean shoulder abduction angle of -25.26° and the non-dominant arm had a 

mean angle of -20.46°, while the young adult group's dominant arm had a mean shoulder 

abduction angle of-19.41 ° and the non-dominant arm had a mean angle of 

-16.38°. Another reason for increased range of external rotation of the elbow is that the 

pediatric group had less shoulder flexion than the young adult group. The pediatric 

group's dominant arm had a mean shoulder flexion angle of 40.23° and the non-dominant 

arm had a mean angle of 43 .24 °, while the young adult group's dominant arm had a mean 
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shoulder flexion angle of 51.93° and the non-dominant arm had a mean angle of 50.51 °. 

The pediatric group may have had significantly more range of external elbow rotation 

because the pediatric group had more forward head tilt than the young adult group. The 

pediatric group's dominant arm had a mean head tilt angle of 12.50° and the non

dominant arm had a mean angle of 11.09°, while the young adult group's dominant arm 

had a mean head tilt angle of 7.70° and the non-dominant arm had a mean angle of 6.50°. 

Since the pediatric group had more shoulder abduction, less shoulder flexion and more 

head tilt, it is understandable why the pediatric group had a significantly increased range 

of external elbow rotation. The shoulder abduction allows the subject to have their arm 

out to the side while the forearm must come across the front. For the cup to reach the lips 

either the shoulder must flex more or the head must tilt forward. In the case of the 

pediatric group, the shoulder was flexed less, and the head was tilted forward. This 

method of drinking led to more range in the external elbow rotation. It was visually 

noticeable that the pediatric group tilted their head more toward the cup than the young 

adult group to drink. 

According to Figure 4.1.1, there was not much difference in variability for mean 

elbow rotation between the groups; the average standard deviation was 14.39° and 14.41 ° 

for the pediatric and young adult groups respectively. As shown in Figure 4.1.1, there 

was more variability in phase 1 (bringing the cup to the mouth and drinking) than phase 2 

(returning the cup to the table). This is likely because phase 1 is more complicated, while 

returning a cup to a table in phase 2 is less specific. This could be part of the reason why 

a significant difference for range of external elbow rotation was seen in phase 1 but not in 

phase 2. 
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Possible reasons for an increased range of external rotation of the elbow for the 

dominant arm in phase 1 of the drinking task for the arm condition are similar to those 

which led to increased range for the pediatric group for the group condition. The 

dominant arm had more shoulder abduction compared to the non-dominant arm and the 

dominant arm had more forward head tilt compared to the non-dominant arm. Since the 

dominant arm had more shoulder abduction and more head tilt, it is understandable why 

the dominant arm had a significantly increased range of external elbow rotation. 

According to Figure 4.1.2, there was not much difference in mean elbow rotation 

variability for both arms; the average standard deviation was 14.60° and 15 .13 ° for the 

dominant and non-dominant arms respectively. As shown in Figure 4.1.2, there was more 

variability in phase 1 (bringing the cup to the mouth and drinking) than phase 2 

(returning the cup to the table). This again, is likely because phase 1 is more complicated 

as the cup can only be brought to the mouth to drink without spilling, while returning a 

cup to a table is less specific. This could be part of the reason why a significant difference 

for range of external elbow rotation was seen in phase 1 but not in phase 2 for the arm 

condition. Phase 1 requires picking up the cup of water, steadying it, bringing it to the 

mouth and drinking. Because of the specificity of the task, this may be the reason why a 

significant difference is found between the dominant and non-dominant arms for the 

mean range of elbow rotation as well. 

Of the research that measured the drink task as an upper extremity AOL, only one 

study measured the mean range of elbow rotation. van Andel et al. (2008) found that the 

variability in elbow pronation/supination (rotation) is greater as the cup approaches the 

mouth but did not provide numeric results. Another study, however, measured median 
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maximum, minimum, and range of elbow rotation in the drink task for a control group of 

eight 29.5 year olds(± 4.0 years) and found an angle of 33.07° ± 14.64° for the median 

range of elbow rotation ( de los Reyes-Guzman et al. 2010). de los Reyes-Guzman et al. 

(2010) reported a decreased range of elbow external rotation as previously shown 

compared to the present study. This may be since their study had only one young adult 

control group and only used only the dominant arm. Thus, a full comparison may not be 

made as the present study classified subjects into group (young adult, pediatric) and arm 

( dominant, non-dominant). 

For elbow rotation in phase 1 in the present study, the young adult group had a 

mean angle of35.08° ± 12.01 ° and the non-dominant arm had a mean angle of36.3° ± 

13.37°. For elbow motion in the sagittal plane in the present study, the mean maximum 

elbow flexion, and mean range of elbow flexion were the parameters examined in both 

phases, while mean range of elbow rotation was measured in the transverse plane. The 

only significant difference was found for the group condition in mean range of external 

elbow rotation in phase 1 where the pediatric group had a mean of 63.04° ± 2.17° and the 

young adult group had a mean of35.08° ± 2.17°. A significant difference was also found 

for the arm condition in the mean range of external elbow rotation in phase 1, where the 

dominant arm had a mean of 61.82° ± 2.17° and the non-dominant arm had a mean of 

36.3° ± 2.17°. For the mean range of external elbow rotation angle, it is difficult to make 

comparisons with previous research for the drink task as the majority of studies did not 

report mean range of external elbow rotation. For the study that had similar 

measurements only one age group, one arm, and the median were measured ( de los 

Reyes-Guzman et al. 2010). 
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Joint Angles for the Shoulder 

The young adult group (M= 66.18° ± 2.85°) had a significantly larger mean 

maximum shoulder flexion angle than the pediatric group (M = 54.07° ± 2.85°) during 

phase 1 of the drinking task. The young adult (M= 65.90° ± 2.64°) also had a 

significantly larger mean maximum shoulder flexion angle than the pediatric group (M = 

52.96° ± 2.64°) during phase 2 of the drinking task. 

Differences in maximum shoulder flexion in phase 1 between the pediatric and 

young adult group may be that the pediatric group had more shoulder abduction 

compared to the young adult group and the pediatric group had more forward head tilt 

than the young adult group. Since the pediatric group had more shoulder abduction and 

more head tilt, this led to an increase in maximum shoulder flexion for the young adult 

group compared to the pediatric group, as the arm was brought higher to the mouth. It 

was visually noticeable that the pediatric group tilted their head more toward the cup than 

the young adult group to drink, which led to less shoulder flexion. According to Figure 

4.1.3, there was not much difference in variability in mean shoulder flexion; the average 

standard deviation was 13.98° and 12.66° for the pediatric and young adult groups 

respectively. 

Differences in maximum shoulder flexion in phase 2 between the pediatric and 

young adult group were likely because the pediatric group had more shoulder abduction 

and forward head tilt compared to the young adult group. Much like phase 1, the arm was 

not lifted as high in phase 2 for the pediatric group as it was for the young adult group, 

which led to less shoulder flexion. 
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Few UE studies have measured mean maximum shoulder flexion for the drink 

task. Of the studies found, only one had a control group making it difficult to find results 

for comparison. Murphy et al. (2006) had a control group of20 subjects with a mean age 

of 48.3 years and reported a mean maximal shoulder flexion angle of 53.5° ± 7.0° during 

a drink task, which was lower from the young adult group in the present study. de los 

Reyes-Guzman et al. (2010) used a control group of eight with a mean age of29.5 ± 4.0 

years but instead used median maximal shoulder flexion angles instead of the mean joint 

angle values. They reported a median maximal shoulder flexion angle of 52.55° ± 21.31 °. 

Finally, a study that used PCA to analyze the arm during the drink phase found that the 

shoulder (arm) had a mean flexion of 51.7° ± 5.3° in a group of 19 with a mean age of 

57.3 years (Murphy et al. 2010). The maximal shoulder flexion angles in previous 

studies, regardless of whether they were found through mean maximal shoulder flexion, 

median or PCA, were similar to the measurement of mean maximal shoulder flexionjoint 

angle in the present study. 

5.2 Eating Task 

5.2.1 Temporal-Spatial Variables 

The temporal-spatial variables that were examined in this study included total 

cycle time and the percentage of the eating cycle spent in phase 1 (raising the spoon to 

the mouth) and phase 2 (returning the spoon back to the table). The definition of cycle 

time and the manner in which phases were determined were consistent with other studies 

(Mackey, Walt, & Stott, 2006; Mackey, Miller, Walt, Waugh, & Stott, 2008) 
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5.2.1.1 Cycle Time 

As shown in Table 4.2.1, the time to complete the task for each arm and group 

condition was similar; however, there appears to be a trend across groups. The pediatric 

group seems to take more time to complete the eating task compared to the young adult 

group. Compared to the drinking task, the eating task is more complex, and requires 

experience, fine motor control, and higher degrees of freedom. No other study has 

considered dominant versus non-dominant arms when measuring the cycle time of an 

eating task. Because the eating task is practiced daily by a control population, considering 

the arm condition is important to the study as it will be able to show if there are 

significant differences in arm kinematics as the eating task is completed. 

Mackey et al. (2008) studied a hand to mouth task, holding a cube, in ten children 

(ranging 9 to 17 years) with hemiplegic cerebral palsy who received botox injections. 

Like the present study, the portion of the task that brought the hand to the mouth and then 

back to the table was recorded. Cycle time was reported to be an average of 7 .1 seconds 

(ranging between 4.4 sand 11.2 s) for the lift of the hand to the mouth. The times did not 

significantly change post-botox intervention and are much longer than the present study 

because of the group. One other hand to mouth study by Mackey et al. (2006) had a 

control group often children (ages 6 to 12 years) and a group often children (ages 10 to 

17 years) with hemiplegic cerebral palsy. The control group completed the task in 3.4 ± 

0.6 s, while the hemiplegic group took 7.0 ± 2.1 s to finish the full task. The task was 

measured similarly to the present task as the subject had to reach for an object, bring it to 

their mouth and put it back. The time that it took for the control group to complete the 

task may be longer than the present study because the present study only recorded the 
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movement of the subject bringing the spoon to the mouth from the bowl and then 

replacing it back into the bowl; removing the time required to pick up, and replace the . 

object. Mackey et al. (2006) split the hand to mouth task in the schematic diagram into 

the lift phase, and return phase but did not provide a detailed description reporting how 

much time was spent in each phase. According to the previous research, the present study 

appears to be comparable in phases of the eating task but it is more detailed than a simple 

hand to mouth task. 

5.2.2 Joint Angle Data 

5.2.2.1 Coefficient of Variation 

The COV results for the eating task indicated a low amount of variation within the 

pediatric and young adult group's motion for all three planes. The least amount of 

variation was in the sagittal plane, while the largest variation was found in the shoulder 

rotation. 

In the present study, the COV results for humeral elevation (shoulder adduction), 

humeral rotation (shoulder rotation), elbow flexion, and forearm pronation (elbow 

rotation) differed from the study by Rao et al. ( 1996); however, the humeral plane 

(shoulder flexion) had some similarities for pediatric group COV (shoulder rotation and 

shoulder adduction had less variability, while elbow flexion and elbow rotation had more 

variability in Rao et al. [ 1996]). As previously mentioned, the cyclical nature of the 

wheelchair propulsion task (Rao et al., 1996) may have resulted in less variable shoulder 

joint angles in comparison with the eating task, although the choice in technique may 

affect the inter-subject variability of the elbow joint angles. 
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It is difficult to draw conclusions for the eating task because of the amount of 

previous research with respect to COV results. Although the elbow had lower variability 

in the eating task than the shoulder, conclusions cannot be drawn the whether the 

pediatric or young adult group and as to whether the dominant or non-dominant arm had 

lower variability. 

The COV value results that were expected were lower variability in the young 

adult group and the dominant arm compared to the pediatric group and non-dominant 

arm; results were inconclusive. 

5.2.2.2 Parameterization 

The variables chosen for parameterization were the joint angles that were 

instrumental to performing the eating task. In total, sixteen variables were chosen for the 

eating task; eight for each of the two eating task phases (Table 4.2.3). Significant 

differences were found in the mean values of the parameters between age groups: mean 

maximum elbow flexion in phase 1, mean range of internal shoulder rotation in phase 1, 

mean maximum elbow flexion in phase 2, and mean range of elbow flexion in phase 2. 

Previous research has examined maximum joint angles (Kasten et al., 2009; 

Mackey et al., 2006; Mackey et al., 2008; Magermans et al., 2005), minimum joint angles 

(Kasten et al., 2009; Mackey et al., 2006) and range of motion (Hall et al., 201 O; Kasten 

et al., 2009; Murray & Johnson, 2004) for an eating task. The majority of the UE research 

did not analyze all three maximum, minimum and range like the present study other than 

Kasten et al. (2009). 
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Joint Angles for the Elbow 

The young adult group (M = 128.22° ± 1.55°) had a significantly larger mean 

maximum elbow flexion than the pediatric group (M = 116.51 ° ± 1.57°) during phase 1 of 

the eating task. The young adult group (M = 126.89° ± 1.60°) also had a significantly 

larger mean maximum elbow flexion angle than the pediatric group (M = 115.04° ± 

1.63°) during phase 2 of the eating task. Finally, the young adult (M= 45.93° ± 2.25°) 

had a significantly larger mean range of elbow flexion than the pediatric group (M = 

35.47° ± 2.29°) during phase 2 of the eating task 

Possible reasons for an increased maximum elbow flexion for the elbow in the 

young adult group during phase 1 of the eating task included that the young adult group 

had more wrist flexion compared to the pediatric group. The young adult group's 

dominant arm had a mean shoulder abduction angle of 28.43 ° and the non-dominant arm 

had a mean angle of20.39°, while the pediatric group's dominant arm had a mean 

shoulder abduction angle of 16.10° and the non-dominant arm had a mean angle of 5 .10°. 

Another reason for an increased maximum elbow flexion in the young adult group is that 

the young adult group had greater mean external elbow rotation than the pediatric group. 

The young adult group's dominant arm had a mean external elbow rotation angle of 

-100.09° and the non-dominant arm had a mean angle of -112.83°, while the pediatric 

group's dominant arm had a mean shoulder flexion angle of -94.50° and the non

dominant arm had a mean angle of -94.39°. The young adult group may have had a 

significantly greater mean maximum elbow flexion angle because the pediatric group had 

more shoulder abduction than the young adult group. The pediatric group's dominant arm 

had a mean shoulder abduction angle of -34.66° and the non-dominant arm had a mean 
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abduction angle of -18.15° and the non-dominant arm had a mean angle of 
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-18. 77°. Since the young adult group had more wrist flexion, external elbow rotation and 

less shoulder abduction, it is understandable why the young adult group had a 

significantly increased mean maximum elbow flexion angle. The increased wrist flexion, 

external rotation, and less shoulder abduction led to an increased elbow flexion as the 

shoulder was not used as much to bring the spoon to the mouth in the young adult group. 

It was visually apparent that the young adult group was more comfortable performing the 

eating task compared to the pediatric group. It is possible that the reasoning behind the 

joint angles is due to more practice with the eating task. 

According to Figure 4.2.1, there was a difference in mean elbow flexion 

variability; for the full cycle, the average standard deviation was 13.01 ° and 9.93° for the 

pediatric and young adult groups respectively. For mean elbow flexion, the most 

variability was found at the start of phase 2. 

Differences in mean maximum elbow flexion in phase 2 between the pediatric and 

young adult group were likely due to that the young adult group had more wrist flexion, 

external elbow rotation and less shoulder abduction, which led to increased elbow flexion 

in the young adult group, like in phase 1. It was visually noticeable that the young adult 

group was more comfortable performing the eating task compared to the pediatric group. 

There was a difference in mean elbow flexion variability as the pediatric group had more 

variability than the young adult group. As discussed earlier, the most variability was 

found at the start of phase 2; this is likely because subjects had different techniques of 

removing the spoon. 
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Mean range of elbow flexion in phase 2 was significantly different between the 

pediatric and young adult group likely because the young adult group had a much larger 

mean elbow flexion angle at the beginning of phase 2 (pediatric group: 112.45°, young 

adult group: 125.56°) and a similar mean elbow flexion angle at the end of phase 2 

(pediatric group: 79.60°, young adult group: 81.16°). The reason for this may be that the 

young adult group had more wrist flexion, external elbow rotation and less shoulder 

abduction, which led to more elbow flexion in the young adult group. 

Of the research that measured the eating task as an upper extremity ADL, only 

one study measured the mean maximum elbow flexion and mean range of elbow flexion 

(Kasten et al., 2009); each of these joint angle comparisons were significant for the group 

condition in the present study. Kasten et al. (2008) measured seven subjects ranging 13 to 

55 years of age with radioulnar synostosis and found that eating required a mean range of 

elbow flexion of 59.3° ± 12.7°, while the motion reached a mean maximum elbow 

flexion of 142° and a mean minimum elbow flexion angle of 53°. Kasten et al. (2008) 

found an increased mean range of elbow flexion compared to the present study found 

(young adult group (45.93° ± 2.25°); pediatric group (35.47° ± 2.29°]). A study by 

Mackey et al. (2006), that included ten control group children aged 6 to 12 years, 

measured the mean maximum (153° ± 13°) and minimum elbow flexion (53° ± 16°) 

during the eating task; while Magermans et al. (2005) only report a numeric description 

for mean maximum elbow flexion, reporting 131.5° ± 7.5°. Kasten et al. (2008), Mackey 

et al. (2006), and Magermans et al. (2005) all reported a higher mean maximum elbow 

flexion angle compared to the present study. The present study found the young adult 

group to have a mean maximum angle of 128.22° ± 1.55° and the pediatric group to have 
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a mean angle of 116.51 ° ± 1.57° for phase 1, and in phase 2 the young adult group had a 

mean angle of 126.89° ± 1.60° and 115.04° ± 1.63° for the pediatric group. It is difficult 

to make comparisons with previous research for the eating task studies as only one study 

reported the range of elbow flexion and it was in a clinical group (Kasten et al., 2008). 

Mackey et al. (2006) did not use a spoon for the hand to mouth task, which may have 

increased their mean maximum elbow flexion measurement. Magermans et al. (2005) 

only used a female adult group for the eating task but had a similar measurement to the 

present study for the mean maximum elbow flexionjoint angle. 

Joint Angles for the Shoulder 

The pediatric group (M= 19.84° ± 1.25°) had a significantly larger mean range of 

shoulder rotation than the young adult group (M = 13 .98° ± 1.22°) during phase 1 of the 

eating task. 

Differences in the mean range of shoulder rotation in phase 1 between the 

pediatric and young adult group may be that the pediatric group had less wrist flexion 

than the young adult group, the pediatric group had less external elbow rotation than the 

young adult group, and the pediatric group had a larger shoulder abduction angle than the 

young adult group. Since the pediatric group had less wrist flexion, less external elbow 

rotation, and more shoulder abduction, it is understandable why the pediatric group had a 

significantly increased mean range of shoulder abduction. Due to the other joint angles, 

the task movement was more dependent on shoulder rotation in the pediatric group, 

which led to more range. For example, because of the increased range of shoulder 
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abduction, this may have led to an increase in range of shoulder rotation. Also, the less 

elbow rotation in the pediatric group may have led to more range of shoulder rotation. 

According to Figure 4.2.2, there was not much difference in variability for mean 

shoulder rotation; although, the average standard deviation was 16.27° and 10.12° for the 

pediatric and young adult groups respectively. There was more variability in phase 2 

(returning the spoon to the bowl) than phase 1 (bringing the spoon to the mouth to eat). 

For shoulder motion, the mean maximum shoulder flexion, the mean range of 

shoulder flexion, the mean range of shoulder abduction, and the mean range of shoulder 

rotation were the parameters examined for both phases. A significant difference was 

found between age groups for the mean range of internal shoulder rotation in phase 1. 

The young adult group had a mean of 13.98° ± 1.22° and the pediatric group had a mean 

of 19.84° ± 1.25°. Few UE studies have measured mean range of shoulder rotation for the 

eating task. Of the studies found, only two had measured a young control group making it 

difficult to find results for comparison (Magerman et al., 2005; Murray et al., 2004). 

Mangerman et al. (2005) reported a mean maximal glenohumeral axial rotation angle of 

-49.3° ± 14.0° during the eating task but did not report the mean range. Hall et al. (2010) 

used an elderly group of 23 with a least square mean age of 83 ± 6 years but found a 

mean range of humeral rotation of 21 ° ± 9° for the eating task. Finally, Kasten et al. 

(2008) found that the mean range of internal shoulder rotation of39.3° ± 7° in a 

radioulnar synostosis. The previous research was difficult to compare to the present study 

as they either did not have a similar group (Hall et al., 2010; Mangerman et al., 2005; 

Murray et al., 2004) to the present study for the eating task. 
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5.3 Hair Brushing Task 

5.3.1 Temporal-Spatial Variables 

The temporal-spatial variables that were examined in this study included total 

cycle time and the percentage of the hair cycle spent in phase 1 (hand on the forehead 

moving to the top-most part of the head) and phase 2 (hand moving from the top-most 

part of the head to the C7 marker). The definition of cycle time is reported and the 

manner in which phases were determined was consistent with other studies ( Gronley at 

al., 2000). 

5.3.1.1 C:ycle T'irne 

As shown in Table 4.3.1, the time to complete the task for each arm and group 

condition was similar. This may be since the act of hair brushing is not a complex 

achievement in terms of the required degrees of freedom and motor control for a control 

population. No other study has considered dominant versus non-dominant arms when 

measuring the cycle time of a hair brushing task. 

Gronley et al. (2000) completed a study on 15 males 33 years of age ± 7 years (22 

to 44 years of age) who had suffered spinal cord injury. Compared to the present study, 

the task in the study by Gronley et al. (2000) was recorded from the time the hand lifted 

from the subject's lap to brush their hair and then place their hand back on their lap. This 

task was split into two phases: reaching for the top of the head (phase 1) and returning the 

hand to the lap (phase 2). The present study recorded the task recorded cycle time from 

when the hand touched the forehead above the forehead marker to when the hand reached 

the top of the head (phase 1) and from when the hand touched the top of the head to when 
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the fingers touched the C7 marker (phase 2). In the paper by Gronley et al. (2000), the 

cycle time was not provided in detail but was plotted on a graph. The end of phase 1 

(when the hand reaches the top of the head) was roughly above 1.0 seconds. It is difficult 

to make comparisons between the studies as Gronley et al. (2000) does not indicate 

which arm was used by the subjects, there was no use of a control group, and the design 

of the task differed. In the present study, it was decided that the part of the task that the 

hand traveled to the forehead from the table, and the portion where the hand returned to 

the table from the C7 marker were not as important to the ADL task as how the subject 

brushed their hand through their hair. Therefore, these portions of the task were excluded 

from the cycle time. Aside from the study by Gronley et al. (2000), other hair brushing 

task studies did not report cycle time. When comparing the present study to previous 

research, the present study seemed to be more detailed with respect to the phases and 

cycle time. 

5.3.2 Joint Angle Data 

5.3.2.1 Coefficient of Variation 

The COV results indicated a low amount of variation within the pediatric and 

young adult group's motion for all three planes. The least amount of variation was in the 

sagittal plane, while the largest variation was found in the shoulder rotation. 

In the present study the COV results for humeral plane (shoulder flexion), 

humeral elevation (shoulder adduction), humeral rotation (shoulder rotation), elbow 

flexion, and forearm pronation ( elbow rotation) differed from the study by Rao et al. 

(1996); (shoulder adduction and shoulder rotation had less variability, while shoulder 
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flexion, elbow flexion, and elbow rotation had more variability in Rao et al. [ 1996]). The 

non-cyclical nature of the hair brushing task may have resulted in more variable shoulder 

joint angles. 

The young adult group was expected to have less variability than the pediatric 

group and the dominant arm was expected to have less variability than the non-dominant 

arm. It was difficult to drawn any conclusions with respect to the group and arm 

conditions by means of the COV data and a lack of other research with respect to COV 

results for the hair brushing task AOL makes it difficult to draw comparisons to the 

present study. 

5.3.2.2 Parameterization 

The variables chosen for parameterization were the joint angles that were 

instrumental to performing the hair brushing task. Eighteen variables were chosen for the 

hair brushing task; nine for each of the two hair brushing task phases (Table 4.3.3). 

Significant differences were found in the mean values of the parameters between age 

groups: mean maximum elbow flexion in phase 1 and mean range of shoulder flexion in 

phase 2. 

Previous research has examined maximum joint angles (Kasten et al., 201 O; 

Magermans et al., 2005; Masjedi et al., 2011; Veeger et al., 2006) and range of motion 

(de Groot et al., 2011; Kasten et al., 2010; Masjedi et al., 2011; van Andel et al. 2008; 

Murray & Johnson, 2004; van Andel et al. 2008; Veeger et al., 2006) for a hair brushing 

task. The previous UE research did not analyze all three maximum, minimum and range 

like the present study. 



Joint Angles for the Elbow 

The young adult group (M = 121.90° ± 1.06°) had a significantly larger mean 

maximum elbow flexion angle than the pediatric group (M= 115.28° ± 1.08°) during 

phase 1 of the hair brushing task. 
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Possible reasons for an increased maximum flexion angle of the elbow for the 

young adult group in phase 1 of the hair brushing task included that the pediatric group 

had more external elbow rotation compared to the young adult group. The pediatric 

group's dominant arm had a mean elbow rotation angle of -105.55° and the non

dominant arm had a mean angle of -107.60°, while the young adult group's dominant arm 

had a mean elbow rotation angle of-102.00° and the non-dominant arm had a mean angle 

of -96.76°. Another reason for an increased maximum flexion in the young adult group is 

that the pediatric group had less internal shoulder rotation than the young adult group. 

The pediatric group's dominant arm had a mean internal shoulder rotation angle of30.30° 

and the non-dominant arm had a mean angle of23.99°, while the young adult group's 

dominant arm had a mean internal shoulder rotation angle of32.73° and the non

dominant arm had a mean angle of 29 .49°. The young adult group may have had a 

significantly larger maximum elbow flexion angle is that the pediatric group had more 

forward head tilt than the young adult group. The pediatric group's dominant arm had a 

mean head tilt angle of 13.69° and the non-dominant arm had a mean angle of 12.62°, 

while the young adult group's dominant arm had a mean head tilt angle of 6.88° and the 

non-dominant arm had a mean angle of 5.75°. Since the pediatric group had more 

external elbow rotation, less internal shoulder rotation and more head tilt, it is 

understandable why the young adult group had a significantly increased mean maximum 



163 

elbow flexion angle. When a subject had less head tilt and less external elbow rotation, 

more elbow flexion took place as the palm of the hand became flush to the head. It was 

visually noticeable that the pediatric group tilted their head more as the hand approached 

the C7 marker. 

According to Figure 4.3 .1, there was not much difference in variability mean 

elbow flexion; although, the average standard deviation was 10.29° and 6.62° for the 

pediatric and young adult groups respectively. As shown in Figure 4.3 .1, there was more 

variability in phase 1 for the pediatric group (moving hand from the forehead to the top of 

the head); however, the beginning and end of the task had similar elbow flexion. The 

difference in phase 1 may be from the rigidity of some of the subjects during the task and 

the variation of techniques to accomplish the task as well as the external elbow rotation 

and head tilt in the pediatric group. 

For elbow motion in the sagittal plane, mean maximum elbow flexion and mean 

range of elbow flexion were the parameters examined in both phases; while in the 

transverse plane, mean minimum elbow rotation and range of elbow rotation were the 

parameter examined for both phases. A significant difference was found between age 

groups for the mean maximum elbow flexion in phase 1 where the young adult group had 

a mean of 121.90° ± 1.06° and the pediatric group had a mean of 115.28° ± 1.08°. Out of 

the research found measuring the hair brushing task as an upper extremity AOL, two 

studies measured mean maximum of elbow flexion ( de Groot et al., 2011; Magermans et 

al., 2005). de Groot et al. (2011) measured the hair brushing task in a control group of 10 

people with a mean age of 48 years old ± 14 years and found that the mean maximum 

elbow flexion angle reached 150°. Another study by Magermans et al. (2005) with a 
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control group of24 subjects and a mean age of36.8 years old± 11.8, measured the mean 

maximum forearm flexion angle to be 135.7° ± 14.6°. It is difficult to compare the 

previous research to the present study as the age groups are different, also the present 

study measured both arms, and the task was defined from when the hand touched the 

forehead to when the hand touched the C7 marker. 

Joint Angles for the Shoulder 

The pediatric group (M = 30.85° ± 1.65°) had a significantly larger mean range of 

shoulder flexion than the young adult group (M = 23 .15° ± 1.62°) during phase 2 of the 

hair brushing task. 

Differences in the mean range of shoulder flexion in phase 2 between the 

pediatric and young adult group may be that the pediatric group had less mean elbow 

flexion compared to the young adult group. The pediatric group's dominant arm had a 

mean elbow flexion angle of 120.26° and the non-dominant arm had a mean angle of 

116.05°, while the young adult group's dominant arm had a mean shoulder abduction 

angle of 125.39° and the non-dominant arm had a mean angle of 124.13°. Other reasons 

that may have contributed to the increased range of shoulder flexion in the pediatric 

group may be from an external elbow rotation in the pediatric group, the pediatric group 

had more head tilt than the young adult group, and the pediatric group also had less mean 

internal shoulder rotation than the young adult group. Because the pediatric group had 

less elbow flexion, more external elbow rotation, more head tilt, and less internal 

shoulder rotation, it is understandable why the pediatric group had a significantly 

increased mean range of shoulder flexion for phase 2, as the hand approach C7. Since the 
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pediatric group had less elbow flexion and more head tilt, this contributed to the range of 

shoulder flexion in phase 2 as the shoulder would need to flex more to reach the C7 

maker because of the lack of elbow flexion. It was visually noticeable that the pediatric 

group tilted their head more forward as the hand approached the C7 marker, which may 

have led to a larger range of shoulder flexion. 

According to Figure 4.3 .2, there appeared to be more variability for the young 

adult group during phase 2 for the mean shoulder flexion; the average standard deviation 

was 16.14 ° and 17. 51 ° for the pediatric and young adult groups respectively for the full 

cycle of mean shoulder flexion. The young adult group may have more variability in 

phase 2 because multiple techniques were chosen to brush the back of the head as the 

hand approached the C7 marker. 

For shoulder motion in the sagittal plane, the mean maximum shoulder flexion 

and mean range of shoulder flexion were the parameters examined in both phases; while 

for shoulder motion in the frontal plane, the mean minimum shoulder abduction and 

mean range of shoulder abduction were the parameters examined for both phases. In the 

transverse plane, the mean range of shoulder rotation was the parameter examined for 

both phases. A significant difference was found between age groups for the mean range 

of shoulder flexion in phase 2 where the pediatric group had a mean of 30.85° ± 1.65° 

and the young adult group had a mean of23.15° ± 1.62°. Few UE studies have measured 

mean range of shoulder flexion. Of the studies found, none had a control group close to 

the age in the present study making it difficult to find results for comparison. V eeger et 

al. (2006) had a control group of 24 subjects and a mean age of 36.8 years old± 11.8 

years and defined glenohurmeral elevation (both forward flexion and abduction) to be 85° 
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in a healthy group during the combing task. A study done by Kasten et al. (2011) found 

that the range of motion in shoulder flexion/extension in an elderly group for the hair 

combing task was 57 .5° ± 8. 7°, while Hall et al. found that the range of angle of elevation 

was a least square mean of 57° ± 23 ° in an elderly group. The previous research may 

have an increased range for shoulder flexion may be because these were defined by the 

entire task from when the hand left the table, whereas the present study measured from 

when the hand touched the forehead to when the hand touched the C7 marker which 

would have a lower range. 

5.4 Head Task 

5.4.1 Temporal-Spatial Variables 

The temporal-spatial variables that were examined in this study included total 

cycle time and the percentage of the head cycle spent in phase 1 (raising the hands to the 

head) and phase 2 (returning the hands back to the table). The definition of cycle time is 

reported and the manner in which phases were determined was consistent with other 

studies (Mackey, Walt, & Stott, 2006) 

5.4.1.1 C:ycle T'lrne 

As shown in Table 4.4.1, the time to complete the task for each arm and group 

condition was similar. This may be since the act of touching one's head is not a complex 

achievement in terms of the required degrees of freedom and motor control for a control 

group. No other study has considered dominant versus non-dominant arms when 

measuring the cycle time of a head task. 
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Mackey et al. (2006) had a control group of ten children ( ages 6 to 12 years) and a 

group often children (ages 10 to 17 years) with hemiplegic cerebral palsy performing a 

hand to head task. The control group completed the task in 2.5 ± 0.7 s while the 

hemiplegic group took 4.2 ± 1.8 s to finish the full task. Like the present study, the task 

was divided into the arm lift and arm return phases. The task was measured similarly to 

the present task as the subject raised their hands to their head from starting position, 

touched their head then put their hands back. The time that it took for the control group in 

this study to complete the task may be shorter than the present study because the subjects 

in the present study were asked to leave their hands on their head until instructed to place 

them back on the table. Mackey et al. (2006) split the hand to head task in the schematic 

diagram into the lift phase, and return phase but did not provide a detailed description 

reporting how much time was spent in each phase. The study also only performed the 

head task unilaterally aiming to touch the forehead as opposed to a bilateral task touching 

the sides of the head. According to the previous research, the present study appears to be 

comparable in how to record cycle time for the head task but it is a bilateral task, 

measuring both hands as they touch the sides of the head. 

5.4.2 Joint Angle Data 

5.4.2.1 Coefficient of Variation 

The COV results for the head task indicated that there was a low amount of 

variation within the pediatric and young adult group's motion for all three planes. The 

least amount of variation was in the sagittal plane, while the largest variation was found 

in the frontal plane 
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In the present the COV results for humeral plane (shoulder flexion) were similar 

in the study by Rao et al. (1996), while the COV of humeral elevation (shoulder 

adduction), elbow flexion, and forearm pronation (elbow rotation) differed (shoulder 

adduction had less variability, while elbow flexion and elbow rotation had more 

variability in Rao et al. [ 1996]). The non-cyclical nature of the head task may have 

resulted in more variable shoulder joint angles. 

For the head task, the young adult group was expected to have less variability 

than the pediatric group and the dominant arm was expected to have less variability than 

the non-dominant arm. It was difficult to drawn any conclusions with respect to the group 

and arm conditions by means of the COV data and a lack of other research with respect to 

COV results for the hair brushing task AOL makes it difficult to draw comparisons to the 

present study 

5.4.2.2 Parameterization 

The variables chosen for parameterization were the joint angles that were 

instrumental to performing the head task. Sixteen variables in total were chosen for the 

head task; eight for each of the two head task phases (Table 4.2.3). Significant 

differences were found in the mean values of the parameters between age groups: mean 

minimum external elbow rotation in phase 1 and mean minimum external elbow rotation 

in phase 2. 

Previous research examined maximum joint angles (Kasten et al., 2009; Mackey 

et al., 2006; Sheikhzadeh, Yoon, Pinto, & Kwon, 2008), minimum joint angles (Kasten et 

al., 2009; Mackey et al., 2006; Sheikhzadeh et al., 2008) and range of motion (Kasten et 
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al., 2009; Murray & Johnson, 2004) for a head task. The majority of the UE research did 

not analyze all three maximum, minimum and range like the present study other than 

Kasten et al. (2009). 

Joint Angles for the Elbow 

The young adult group (M = -117 .06° ± 2.25°) had a significantly larger mean 

minimum external elbow rotation angle than the pediatric group (M= -130.75° ± 2.18°) 

during phase 1 of the head task. The young adult (M = -114.87° ± 2.38°) also had a 

significantly larger mean minimum external elbow rotation angle than the pediatric group 

(M= -129.34° ± 2.3°) during phase 2 of the head task. 

The pediatric group had a larger mean external elbow rotation in phase 1 than the 

young adult group in the head task. Possible reasons for increased external elbow rotation 

may include that the pediatric group had more wrist flexion compared to the young adult 

group. The pediatric group's dominant arm had a mean wrist flexion angle of24.67° and 

the non-dominant arm had a mean angle of25.23°, while the young adult group's 

dominant arm had a mean wrist flexion angle of 11.24 ° and the non-dominant arm had a 

mean angle of9.42°. The pediatric group had less elbow flexion compared to the young 

adult group, which may have led to a larger mean external elbow rotation in phase 1. The 

pediatric group's dominant arm had a mean elbow flexion angle of 110.21 ° and the non

dominant arm had a mean angle of 109.81 °, while the young adult group's dominant arm 

had a mean elbow flexion angle of 116.03° and the non-dominant arm had a mean angle 

of 114.54°. Another reason that the pediatric group had a mean external elbow rotation in 

phase 1 may be that the pediatric group had more shoulder abduction than the young 
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adult group. The pediatric group's dominant arm had a mean shoulder abduction angle of 

-37.37° and the non-dominant arm had a mean angle of --35.82°, while the young adult 

group's dominant arm had a mean shoulder abduction angle of -33.19° and the non

dominant arm had a mean angle of -30.04°. The also, pediatric group had an increased 

internal shoulder rotation compared to the young adult group. The pediatric group's 

dominant arm had a mean internal shoulder rotation angle of 32.99° and the non

dominant arm had a mean angle of 30.91 °, while the young adult group's dominant arm 

had a mean internal shoulder rotation angle of 26. 78° and the non-dominant arm had a 

mean angle of 27 .20°. Finally, another reason that the pediatric group may have had an 

increased mean minimum external elbow rotation in phase 1 may be that the pediatric 

group had more forward head tilt than the young adult group. The pediatric group's 

dominant arm had a mean head tilt angle of 8.36° and the non-dominant arm had a mean 

angle of 8.32°, while the young adult group's dominant arm had a mean head tilt angle of 

2.56° and the non-dominant arm had a mean angle of 2.59°. Since the pediatric group had 

more wrist flexion, less elbow flexion, more shoulder abduction, more internal shoulder 

rotation, and more head tilt, it is understandable why the pediatric group had a 

significantly increased external elbow rotation and the young adult had a larger mean 

minimum elbow rotation angle. Since the head was tilted forward and the shoulder was 

rotated internally for the pediatric group, more external elbow rotation would occur as the 

hands were placed on the head. According to Figure 4.4.1, there was not much difference 

in variability; the average standard deviation was 14.89° and 15.62° for the pediatric and 

young adult groups respectively. 
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Differences in mean external elbow rotation in phase 2 of the head task between 

the pediatric and young adult group were likely due to that the pediatric group had more 

wrist flexion, less elbow flexion, more shoulder abduction, more internal shoulder 

rotation, and more head tilt than the young adult group. Much like phase 1 the 

combination of head tilt, shoulder abduction, and shoulder rotation attributed to an 

increased external elbow rotation in phase 2 for the pediatric group. In the figure 4.4.1 

(B), there was more variability in phase 2 (returning the hands to table) than phase 1 

(bringing the hands to the head) for mean elbow rotation. This may since the subjects had 

different techniques of hand pronation, pronating the hands sooner or later. This likely 

happened more in some adults which may have led to the slight increase in the 

variability. 

Of the research that measured the head task as an upper extremity AOL, one study 

measured the mean minimum elbow rotation (Mackey et al., 2006) and one study 

measured the mean arm pronation (Petuskey et al., 2007). Mackey et al. (2008) found a 

mean minimum elbow rotation angle of 12° ± 30°. This may be different than the data 

collected for mean minimum elbow rotation in the present study because Mackey et al. 

(2008) described their hand to head task as a measurement of when the hand touched the 

forehead. This movement may require much less external elbow rotation compared to the 

head task in the present study, as in this case the hands were placed on the sides of the 

head. It is also difficult to compare the two tasks as the study done by Mackey et al. 

(2008) was a unilateral head task and the present study was bilateral. Petuskey et al. 

(2007) also performed a head task but measured it as the head touched the top of the head 

as opposed to the sides like in the present study. For the head task, Petuskey et al. (2007) 
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found an arm pronation angle of -43° ± 16°. In the present task, a significant difference 

was found in the mean minimum elbow rotation for phase 1 as the joint angle was 

-130.75° ± 2.18° for the pediatric group and -117.06° ± 2.25° for the young adult group. 

A significant difference was also found in the mean minimum elbow rotation for phase 2 

as the joint angle was -129.34° ± 2.3° for the pediatric group and-114.87° ± 2.38° for the 

young adult group. For the mean minimum elbow rotation angle, it is difficult to make 

comparisons with previous research for the head task as studies either reported only the 

'Point of Task-Achievement' instead of the full task (Petuskey et al., 2007) or did not do 

the same movement as the present study (Mackey et al., 2008; Petuskey et al., 2007). 

5.5 Pocket Task 

5.5.1 Temporal-Spatial Variables 

The temporal-spatial variables that were examined in this study included total 

cycle time of the pocket task. The definition of cycle time is reported and the manner 

were determined was consistent with other studies (Gronley et al., 2000) 

5.5.1.1 C:ycle 1'lrne 

Table 4.5.1 showed the time to complete the task for each arm and group 

condition was similar. This may be because the act of reaching for the back pocket is not 

a complex achievement in terms of the required degrees of freedom and motor control for 

a control population. Only two know studies have considered dominant versus non

dominant arms when measuring the cycle time of a pocket task but to a hip pocket 
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(Hanslwanter & Waldhoer, 2010) and between a sound arm and prosthetic arm (Bertels et 

al., 2009). 

Gronley et al. (2000) completed a study on 15 males 33 years of age ± 7 years (22 

to 44 years of age) who had suffered spinal cord injury. Compared to the present study, 

the task in the study by Gronley et al. (2000) began from the time the hand lifted from the 

subject's lap to touch their perineum and then place their hand back on their lap. This 

task was split into two phases: reaching for the perineum (phase 1) and returning the hand 

to the lap (phase 2). The present study recorded the task recorded cycle time from when 

the hand left the table to when the hand reached the back pocket marker. In the paper by 

Gronley et al. (2000), the cycle time was not provided in detail but was plotted on a 

graph. The end of phase 1 (when the hand reaches the perineum) is below roughly 2.0 

seconds, which is similar to the present study. It is difficult to make comparisons between 

the studies as Gronley et al. (2000) does not indicate which arm was used by the subjects, 

there was no use of a control group, and the design of the task differed. In the present 

study, it was decided that the hand return from the sacral marker (back pocket marker) to 

the table was not as important to the ADL task as how the subject brought their hand to 

sacral marker or back pocket. Therefore, the hand return was excluded from the cycle 

time. Bertels et al. (2009) compared cycle time in one participant, recording the 

completion of the task with their sound arm followed by the completion of the perineum 

task with the prosthetic arm at 0°, 20°, and 40°. The time was not discussed but portrayed 

in a graph and does appear to be similar to the present study for phase 1. 
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5. 5 .2 Joint Angle Data 

5.5.2.1 Coefficient of Variation 

The COV results for the pocket task indicated that there was a low amount of 

variation within the pediatric and young adult group's motion for all three planes. The 

least amount of variation was in the sagittal plane, while the largest variation was found 

in the shoulder rotation as it had 65.74% of variation in dominant pediatric arms, 81.37% 

in non-dominant pediatric arms, 49.4% in dominant young adult arms, and 40.24% of 

variation in non-dominant young adult arms. The dominant pediatric arm was the only 

arm in the chosen angles to be considered high COV, although 81.37% is at the low end 

of the high spectrum in terms ofCOV (Winter, 1984). 

The COV results in the present study for humeral elevation (shoulder adduction), 

humeral rotation (shoulder rotation), elbow flexion, and forearm pronation (elbow 

rotation) differed from the study by Rao et al. (1996); however, humeral plane (shoulder 

flexion) had some similarities for pediatric group COV (shoulder flexion compared to the 

young adult group, shoulder rotation, and shoulder adduction had less variability, while 

elbow flexion and elbow rotation had more variability in Rao et al. [ 1996]). The non

cyclical nature of the pocket task may have resulted in more variable shoulder joint 

angles in comparison to a wheelchair propulsion task. In the pocket task, the subjects' 

upper arm techniques may differ as the hand reached towards the back pocket. 

It is difficult to draw conclusions for the pocket task because of the amount of 

previous research with respect to COV results. Conclusions cannot be drawn the whether 

the pediatric or young adult group and as to whether the dominant or non-dominant arm 

had lower variability. 



The pocket task had more variability in the task compared to the other tasks 

shown by the COV results. In the results, the young adult group and the dominant arm 

compared to the pediatric group and non-dominant arm were expected to have lower 

variability; results were inconclusive. 

5.5.2.2 Parameterization 
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The variables chosen for parameterization were the joint angles that were 

instrumental to performing the pocket task. In total, eight variables were chosen for the 

pocket task {Table 4.5.3). Significant differences were found in the mean values of the 

parameters between age groups: mean maximum shoulder abduction angle and the mean 

range of internal shoulder rotation angle. 

Previous research examined maximum joint angles (Kasten, Maier, Wendy, 

Rettig, Raiss, Wolf, & Loew, 2010; Magermans et al., 2005; Masjedi et al., 2011) and 

range of motion ( de Groot et al., 2011; Kasten et al., 201 O; Masjedi et al., 2011; van 

Andel et al. 2008) for the pocket task. The UE research did not analyze all three 

maximum, minimum and range like the present study. 

Joint Angles for the Shoulder 

The pediatric group (M = -2.89° ± .848°) had a significantly larger mean 

maximum shoulder abduction angle than the pediatric group (M= -6.42° ± .82°) in the 

pocket task. The young adult (M = 58.48° ± 2.49°) had a significantly larger mean range 

of shoulder rotation than the pediatric group (M = 48.26° ± 2.57°) in the pocket task. 
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Possible reasons for an increased mean maximum shoulder abduction angle for 

the young adult group (more abduction in the pediatric group) of the pocket task included 

that the pediatric group had less internal shoulder rotation compared to the young adult 

group. The pediatric group's dominant arm had a mean internal shoulder rotation angle of 

17.07° and the non-dominant arm had a mean angle of 18.42°, while the young adult 

group's dominant arm had a mean internal shoulder rotation angle of22.28° and the non

dominant arm had a mean angle of 28.69°. Another reason is that the pediatric group had 

more forward trunk tilt than the young adult group. The pediatric group's dominant arm 

had a mean trunk tilt angle of 1.74° and the non-dominant arm had a mean angle of2.47°, 

while the young adult group's dominant arm had a mean trunk tilt angle of -4.34° and the 

non-dominant arm had a mean angle of -2.98°. Since the pediatric group had less internal 

rotation and more trunk tilt, it is understandable why the young adult group had a 

significantly increased mean maximum shoulder abduction angle (pediatric group had 

more abduction). As a subject tilted their body forward, the shoulder rotated externally to 

reach for the pocket marker. These joint angles led to an increased abduction for the 

pediatric group. It was visually noticeable that the pediatric group tilted their trunk more 

as the hand approached the pocket marker. 

According to Figure 4.5.1, there was more variability in the pediatric group; this 

could be due to different technique choices by the pediatric group. The average standard 

deviation for the mean shoulder abduction was 8.69° and 6.75° for the pediatric and 

young adult groups respectively. As shown in Figure 4.5.1, there was more variability at 

the beginning of the cycle as opposed to the end; again, likely due to the choice of 

technique (arm close, arm wide). 
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Differences in mean range of shoulder rotation between the pediatric and young 

adult group which resulted in an increased mean range of shoulder rotation in the young 

adult group may be that the pediatric group had less mean shoulder abduction compared 

to the young adult group. The pediatric group's dominant arm had a mean shoulder 

abduction angle of -13.74° and the non-dominant arm had a mean angle of -13.89°, while 

the young adult group's dominant arm had a mean shoulder abduction angle of -15.82° 

and the non-dominant arm had a mean angle of -16.86°. Another reason that the pediatric 

group had a smaller mean range of shoulder rotation may be that the pediatric group had 

more forward trunk tilt than the young adult group. Since the pediatric group had less 

mean shoulder abduction and more trunk tilt, it is reasonable to suggest that these joint 

angles contributed to why the young adult group had a significantly increased mean range 

of shoulder rotation. Since the trunk tilted less in the young adult group, the arm 

maneuvered around the back to reach the pocket marker resulting in an increased range of 

shoulder rotation. It was visually noticeable that the pediatric group tilted their trunk 

forward more compared to the young adult group. 

According to Figure 4.5.2, there was not much difference in variability between 

the two groups; however there was a larger amount of variability for mean shoulder 

rotation at the beginning of the task. The more variability at the beginning of the task was 

likely due to the choice of technique (arm close, arm wide). The average standard 

deviation for was 13.60° and 11.62° for the pediatric and young adult groups 

respectively. 

For shoulder motion in the sagittal plane, the mean minimum shoulder flexion and 

the mean range of shoulder flexion were the parameters examined; while in the frontal 
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plane, mean maximum shoulder abduction and the mean range of shoulder abduction 

were the parameters measured. In the transverse plane, the mean range of internal 

shoulder rotation was the parameters examined. A significant difference was found 

between age groups for the mean maximum shoulder abduction angle where the pediatric 

group had a mean of-2.89° ± .848° and the young adult group had a mean of 

-6.42° ± .82°. The mean range of internal shoulder rotation was also significant for the 

group condition where the young adult group had a mean of 58.48° ± 2.49° and the 

pediatric group had a mean of 48.26° ± 2.57°. No UE study aside from the present study, 

have measured mean maximum shoulder abduction or mean range of internal shoulder 

rotation for the pocket task. Gronley et al. (2000) measured an elevation angle in the 

perineum task of63° ± 12° and Magermans et al. (2005) measured a mean maximum 

glenohumeral elevation angle of35.0° ± 10.3° but no study measured the mean maximum 

shoulder abduction angle. In terms of mean range of internal shoulder rotation, Hall et al. 

(2011) found a least mean square range of humeral rotation angle of 117° ± 28° during 

the perineum care task. Other research like Kasten et al. (2010) measured range of motion 

for shoulder internal rotation during the task of tying an apron around the back in a 

control group of 10 people ( 64.5 years of age ± 7 .3 years of age). During this study, 

Kasten et al. (2010) for the control group to have a range of motion for shoulder internal 

rotation of 139.7° ± 28.4°. Of the studies found, only one had a control group that was 

similar in age to the present study but was still not a young adult group making it difficult 

to find results for comparison (Magermans et al., 2005). Because of the different methods 

of performing the back pocket task (Gronley et al., 2000; Magermans et al. 2005), the 
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different age groups, types of subjects and form of measurement (Kasten et al., 2010), the 

previous research were difficult to compare to the present study. 

5.6 Rolling Task 

5.6.1 Temporal-Spatial Variables 

The temporal-spatial variables that were examined in this study included total 

cycle time and the percentage of the rolling cycle spent in phase 1 (bringing the rolling 

pin close to the body) and phase 2 (returning the rolling pin to full extension). The way in 

which cycle time is reported and the manner in which phases were determined were new, 

as the rolling pin task was not studied in previous research. 

5.6.1.1 C:ycle T'trne 

As shown in Table 4.6.1, the time to complete the task for each arm and group 

condition was similar. This may be because the rolling task is a simple achievement in 

terms of the required degrees of freedom and motor control for a control population. No 

other study has measured the cycle time for the rolling task. Along with the measurement 

of cycle time for the rolling pin task, the present study measured each arm individually in 

terms of cycle time. 

The study found most comparable to the present study measured the retrieval of 

an object in front of the subject and placing it back at the starting point but did not report 

cycle time (Gutierrez-Farwik et al., 2006). Chang et al. (2005) did a reach study on ten 

control group and ten hemiplegic cerebral palsy children (ranging 7.0 to 14.2 years and 

6.1 to 14.5 years respectively. Like the present study, the hands were raised from a 
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starting position on the table; however, the subjects in the study by Chang et al. (2008) 

reached to two different sized buttons on the table in different trials and did complete a 

rolling task. Cycle time was reported to be an average of 0.67 ± 0.11 seconds to reach to 

touch the small button and 0.66 ± 0.12 to reach the larger button; both for the control 

group. It is difficult to compare the cycle time of the present study with the previous 

research as they are different tasks; a rolling pin study had yet to be researched. 

5.6.2 Joint Angle Data 

5.6.2.1 Coefficient of Variation 

The COV results for the rolling pin task indicated that there was a low amount of 

variation within the pediatric and young adult group's motion for all three planes. The 

least amount of variation was in the sagittal plane, while the largest variation was found 

in the frontal plane 

In this study, the COV results for humeral plane (shoulder flexion) were similar to 

the study by Rao et al. (1996) for the young adult group; however, the COV of humeral 

plane for the pediatric group, the humeral elevation (shoulder adduction), elbow flexion, 

and forearm pronation (elbow rotation) differed (shoulder flexion had less variability than 

the pediatric group and shoulder adduction had less variability, while elbow flexion and 

elbow rotation had more variability in Rao et al. [ 1996]). As previously mentioned, in 

Rao et al. ( 1996) the cyclical nature of the wheelchair propulsion task may have resulted 

in less variable shoulder joint angles in comparison with the rolling task. With a rolling 

pin, subjects may choose to have their arms adducted to their body or abducted 

depending on comfort. 
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A conclusion could not be drawn as to whether the pediatric or the young adult 

group and the dominant or non-dominant arm had lower variability due to the results and 

the lack of previous research. Although, the young adult group was expected to have less 

variability than the pediatric group and the dominant arm was expected to have less 

variability than the non-dominant arm. 

5.6.2.2 Parameterization 

The variables chosen for parameterization were the joint angles that were 

instrumental to performing the rolling task. A total of 12 variables were chosen for the 

rolling task; six for each of the two rolling task phases (Table 4.6.3). Significant 

differences were found in the mean values of the parameters between age groups: mean 

maximum elbow flexion in phase 1, mean range of elbow flexion in phase 1, mean 

maximum elbow flexion in phase 2, mean range of elbow flexion in phase 2, and mean 

range of elbow rotation in phase 2. 

Previous research did not examine the maximum or minimum of joint angles but 

Gutierrez-Farwik et al. (2006) examined range of motion of elbow flexion/extension for a 

similar task to the rolling task. 

Joint Angles for the Elbow 

The young adult group (M= 103.99° ± 1.76°) had a significantly larger mean 

maximum elbow flexion angle than the pediatric group (M= 93.74° ± 1.70°) during 
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phase 1 of the rolling task. The young adult (M= 74.84° ± 2.84°) also had a significantly 

larger mean range of elbow flexion than the pediatric group (M = 57.68° ± 2.74°) during 

phase 1 of the rolling task. The young adult group (M= 103.94° ± 1.74°) had a 

significantly larger mean maximum elbow flexion angle than the pediatric group (M = 

94.12° ± 1.68°) during phase 2 of the rolling task. The young adult (M= 74.61 ° ± 2.09°) 

also had a significantly larger mean range of elbow flexion than the pediatric group (M = 

54.99° ± 2.02°) during phase 2 of the rolling task. Finally, the young adult group (M = 

20. 87° ± 1. 41 °) had a significantly larger mean range of elbow rotation than the pediatric 

group (M = 13. 77° ± 1.36°) during phase 2 of the rolling task. 

Possible reasons for an increased mean maximum elbow flexion angle in phase 1 

for the young adult group of the rolling task included that the pediatric group had 

increased wrist flexion compared to the young adult group. The pediatric group's 

dominant arm had a mean wrist flexion angle of26.76° and the non-dominant arm had a 

mean angle of26.81 °, while the young adult group's dominant arm had a mean wrist 

flexion angle of8.36° and the non-dominant arm had a mean angle of 11.04°. Another 

reason that the young adult group may have increased mean maximum elbow flexion 

angle is that the pediatric group had more external elbow rotation than the young adult 

group. The pediatric group's dominant arm had a mean external elbow rotation angle of -

41.24° and the non-dominant arm had a mean angle of -38.04°, while the young adult 

group's dominant arm had a mean external elbow rotation angle of -30.87° and the non

dominant arm had a mean angle of-27.76°. The pediatric group had less shoulder flexion 

than the young adult group, which may have led to an increased mean maximum elbow 

flexion in phase 1. The pediatric group's dominant arm had a mean shoulder flexion 
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angle of31.16° and the non-dominant arm had a mean angle of31.08°, while the young 

adult group's dominant arm had a mean shoulder flexion angle of 37.21 ° and the non

dominant arm had a mean angle of39.53°. Also, another reason that the young adult 

group may have had an increased maximum elbow flexion angle in phase 1 is that the 

pediatric group had more shoulder abduction than the young adult group. The pediatric 

group's dominant arm had a mean shoulder abduction angle of -28.54° and the non

dominant arm had a mean angle of -28.02°, while the young adult group's dominant arm 

had a mean shoulder abduction angle of-19.05° and the non-dominant arm had a mean 

angle of -15.60°. Because the pediatric group had more wrist flexion, more external 

elbow rotation, less shoulder flexion and more shoulder abduction, the combination of 

these joint angles may have led to the young adult group's significantly increased mean 

maximum elbow flexion angle. As the rolling pin was pulled toward the body, more wrist 

flexion, external elbow rotation, and shoulder abduction would contribute to less elbow 

flexion, like in the pediatric group. In the young adult group, the shoulder had less 

abduction allowing the arms to be more close to the subject's sides. This, combined with 

less wrist flexion would facilitate an increased mean maximum elbow flexion angle as 

shown by the young adult group. It was visually clear that the young adult group 

understood the concept of full extension and flexion better than the pediatric group, 

which also may have attributed to the increased mean maximum elbow flexion angle. 

According to Figure 4.6.1, there was a difference in variability between the two 

groups; as the pediatric group had more variability than the young adult group for mean 

elbow flexion. The more variability in the pediatric group was likely due to the choice of 



technique (flexion and extension, abduction). The average standard deviation for was 

12.24° and 7.89° for the pediatric and young adult groups respectively. 
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Mean range of elbow flexion in phase 1 was significantly different between the 

pediatric and young adult group likely because the young adult group had a larger mean 

maximum elbow flexion angle and a mean elbow flexion start angle of29.38° compared 

to the pediatric 0% cycle angle of36.38°. At the end of phase 1, the mean elbow flexion 

angle was 93.24° for the pediatric group and 103.74° for the young adult group. Because 

the young adult group had more extension and flexion, this may be the reason for an 

increased mean range of elbow flexion compared to the pediatric group. 

Differences in mean maximum elbow flexion in phase 2 between the pediatric and 

young adult group were likely because of differences in other joint angles. It is 

understandable why the young adult group had a significantly increased mean maximum 

elbow flexion angle, since as the rolling pin was pulled toward the body, more wrist 

flexion, external elbow rotation, and shoulder abduction w~:mld contribute to less elbow 

flexion for the pediatric group. In the young adult group, the shoulder had less abduction 

allowing the arms to be close to the subject's sides. This, combined with less wrist 

flexion would facilitate an increased mean maximum elbow flexion angle as shown by 

the young adult group. As stated earlier, it was visually clear that the young adult group 

understood the concept of full extension and flexion better than the pediatric group, 

which also may have attributed to the increased mean maximum elbow flexion angle. 

There was a difference in mean elbow flexion variability as the pediatric group had more 

variability than the young adult group. The more variability in the pediatric group was 



likely due to the choice of technique (flexion and extension, abduction); neither of the 

phases (phase 1 or phase 2) was more variable than the other. 

185 

Mean range of elbow flexion in phase 2 was significantly different between the 

pediatric and young adult group likely because the young adult group had a larger mean 

elbow flexion angle in to start the beginning of phase 2 (pediatric: 93.52°, young adult: 

103.71 °) and less mean elbow extension at 100% of the cycle (pediatric: 40.66°, young 

adult: 30.38°). Because the young adult group had more extension and flexion, this may 

be the reason for an increased mean range of elbow flexion compared to the pediatric 

group. 

Possible reasons for an increased mean range of elbow rotation in phase 2 for the 

young adult group of the rolling task includes that the pediatric group had increased wrist 

flexion compared to the young adult group. The pediatric group had less shoulder flexion 

than the young adult group. Another reason that the young adult group had an increased 

range of elbow rotation in phase 2 is that the pediatric group had more shoulder 

abduction than the young adult group. The pediatric group had more wrist flexion, less 

shoulder flexion and more shoulder abduction, thus making it understandable why the 

young adult group had a significantly increased mean range of elbow rotation. At the start 

of phase 2, the rolling pin was pulled tight to the body. Since the young adult group had 

less shoulder abduction, this would cause less mean external elbow rotation at the 

beginning of phase 2 compared to the pediatric group (pediatric: -34.88°, young adult: -

21.23 °). As the rolling pin was pushed away from the body towards full extension, the 

form became more relaxed and more mean external elbow rotation took place (pediatric: 

-44.27°, young adult: -40.11 °). Because of the interlinked joint angles during flexion and 



extension of the rolling task, this led to an increased mean range of elbow rotation in 

phase 2 for the young adult group. 

186 

According to Figure 4.6.2, there was not much difference in variability between 

the two groups; although the pediatric group appeared to have more variability than the 

young adult group, likely due to the different choices of techniques during the task. The 

average standard deviation for was 11.36° and 8. 72° for the pediatric and young adult 

groups respectively. 

Since there is no other related research to the UE kinematics of a rolling pin task, 

only one other study was found that had a similar objective to the present study 

(Gutierrez-Farwik et al., 2006). Gutierrez-Farwik et al. (2006) found that in a reach and 

grab study with three hemiplegic subjects and three control group subjects (aged 10 to 

13) had more elbow flexion in the task, while the unimpaired arm for those with 

hemiplegia had more range of motion in the task but no specific results were presented. 

Because there was no research that studied the rolling task, it is difficult to make 

comparisons to the present study; especially to the young adult group because of the lack 

of young adult research. Saying this, in the present study for elbow motion in the present 

study, mean maximum elbow flexion, mean range of elbow flexion, and mean range of 

elbow rotation were the parameters examined in both phases. Significant differences were 

found for the group condition in mean maximum elbow flexion in phase 1 (pediatric 

group: 93.74° ± 1.70°, young adult group: 103.99° ± 1.76°), mean range of elbow flexion 

in phase 1 (pediatric group: 57.68° ± 2.74°, young adult group: 74.84° ± 2.84°), mean 

maximum elbow flexion in phase 2 (pediatric group: 94.12° ± 1.68°, young adult group: 

103.94° ± 1.74°), and mean range of elbow flexion in phase 2 (pediatric group: 54.99° ± 
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2.02°, young adult group: 74.61 ° ± 2.09°) in the sagittal plane. The only significant 

difference found for group in the transverse plane was mean range of elbow rotation was 

in phase 1 (pediatric group: 13.77° ± 1.36°, young adult group: 20.87° ± 1.41 °). In each 

of these cases, the young adult group had a higher mean than the pediatric group. Like 

previously stated, it is difficult to make comparisons with previous research for the 

rolling task as other UE studies did use the rolling pin task as an ADL; however, it is 

especially hard to make comparisons from the present study to previous research for the 

mean range of elbow rotation angle as in similar studies to rolling task, the elbow rotation 

joint angle was not measured. 

5. 7 Supination/Pronation Task 

5.7.1 Temporal Spatial Variables 

The temporal-spatial variables that were examined in this study included total 

cycle time and the percentage of the supination/prontation cycle spent in phase 1 

(supinating the arms) and phase 2 (pronating the arms). The definition of cycle time was 

defined and the manner in which phases were determined were consistent with other 

studies (Mackey, Walt, & Stott, 2006; Mackey, Miller, Walt, Waugh, & Stott, 2008) 

5.7.1.1 Cycle Time 

Shown in Table 4. 7 .1, the time to complete the task for each arm and group 

condition was similar. This may be since the act of supination/pronation was not a 

complex and the task in this study was defined. No other study has considered dominant 
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versus non-dominant arms when measuring the cycle time of a supination/pronation task 

like this one. 

The study found most comparable to the present study measured the turning of a 

key in a lock but did not measure cycle time (Kasten et al., 2009). Mackey et al. (2008) 

did a reach task study on ten children (ranging 9 to 17 years) with hemiplegic cerebral 

palsy who received botox injections. Like the present study, the hands were raised from 

starting position on the table; however, in the Mackey et al. (2008) study the subject 

touched an object but did not supinate/pronate. Cycle time was reported to be an average 

of3.8 seconds (ranging between 2.9 sand 7.5 s) to reach to touch the object. One other 

reach task study by Mackey et al. (2006) had a control group often children (ages 6 to 12 

years) and a group of ten children ( ages 10 to 17 years) with hemiplegic cerebral palsy 

performing a reach task. The control group completed the task in 2.4 ± 0.7 s while the 

hemiplegic group took 4.2 ± 1.3 s to finish the full task. It is difficult to compare the 

cycle time of the present study with the previous research as they are different tasks. 

5.7.2 Joint Angle Data 

5. 7.2.1 Coefficient of Variation 

The COV results for the supination/pronation task indicated that there was a low 

amount of variation within the pediatric and young adult group's motion for all three 

planes. The least amount of variation was in elbow flexion, while the largest variation 

was shoulder flexion, also found in the sagittal plane. 

In this study the COV results for humeral plane (shoulder flexion) were similar in 

the study by Rao et al. ( 1996) and the present study for the non-dominant arm in the 
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pediatric group; however, the COV of humeral plane for the dominant arm in the 

pediatric group and the young adult group, elbow flexion, and forearm pronation ( elbow 

rotation) differed (shoulder flexion had less variability than the young adult group, while 

shoulder flexion compared to the dominant arm of the pediatric group, elbow flexion and 

elbow rotation had more variability in Rao et al. [ 1996]). The wheelchair propulsion task 

(Rao et al., 1996) may have resulted in more variable elbow joint angles in comparison 

with the supination/pronation task because the choice in stroke technique may affect the 

inter-subject variability of the elbow joint angles. 

Because of a lack of other research with respect to COV results for the 

supination/pronation task ADL made it difficult to compare COV data to the results in 

this study. Conclusions cannot be drawn the whether the pediatric or young adult group 

and as to whether the dominant or non-dominant arm had lower variability based on the 

results in this study. The COV value results were expected as the supination/pronation 

task was a confined task. Although for this task, the young adult group and the dominant 

arm were hypothesized to have less variability than the pediatric group and the non

dominant arm. 

5. 7.2.2 Parameterization 

The variables chosen for parameterization were the joint angles that were 

instrumental to performing the supination/pronation task. In total, eight variables were 

chosen for the supination/pronation task; four for each of the two supination/pronation 

task phases (Table 4.7.3). No significant differences were found in the mean values of the 

parameters in either the group or arm condition. 
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Previous research examined maximum joint angles (Kasten et al., 2009; Mackey 

et al., 2006; Mackey et al., 2008; Magermans et al., 2005), minimum joint angles (Kasten 

et al., 2009; Mackey et al., 2006) and range of motion (Hall et al., 201 O; Kasten et al., 

2009; Mackey et al., 2006) for tasks similar to the supination/pronation task. The 

majority of the UE research did not analyze all three maximum, minimum and range like 

the present study other than Kasten et al. (2009), who measured a key turning task. It is 

difficult to compare previous research to the present study as they did not measure the 

supination/pronation task or did not measure the same task (Kasten et al., 2009). 

The reason why there were no significant differences between the two groups may 

have been because of the simplicity of the portion of the task that was analyzed. Only the 

supination and pronation portions of the task were analyzed. During these two phases, the 

subjects were asked to keep their arms the same height from the table to isolate the task, 

which may have led to a decrease in inter-subject variability, eventually leading to no 

significant differences found between the groups. Although it is not shown in the results, 

the pediatric subjects were more visually variable with the supination/pronation task. 

They had a more difficult time following the criteria of keeping their arms at the same 

height off the table while performing the task. The young adult group, being either more 

coordinated or more apt to following direction, performed the task with less visual 

variability. 

5.8 Limitations 

The purpose of this study was to determine whether there were differences in UE 

kinematics in eight ADLs in pediatric and young adult populations. All the kinematic 

data was captured in the subject sessions and appeared to be good data; however, due to 
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limitations of the motion capture system, while data processing it was discovered that the 

shelf task was unable to be used as there were too many gaps in the data. 

Due to the lack of UE data in young adult control groups, it is difficult to make 

comparisons between the present study and previous research; thus making it difficult to 

determine whether the data trended as normal. 

Fifteen young adults and 15 pediatric participants were studied. To increase the 

statistical power of the present study, data from more participants may be collected and 

added to the current data. 

Despite the limitations the data led to important conclusions. 
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6.0 Conclusions 

A considerable amount of motion was reported for both age groups and the data 

yielded significant differences in kinematic variables ( as shown previously in Table 5 .1) 

for each of the eight tasks except for the supination/pronation task, while the shelf task 

was not run through the statistical analysis due to the amount of gaps in the data. 

This study helped to create a database for UE kinematics in eight ADL tasks. 

Although a large database was not created, the results of 15 young adults and 15 children 

were collected and processed, providing sufficient information in UE kinematics. Along 

with being the first study to compare the UE kinematics between the young adult and 

pediatric age groups, significant differences were found in the group condition and arm 

conditions (Table 5.1 ). 

The significant differences of the joint angles in both age groups will be important 

when comparing this database to clinical groups, as this study helped to illustrate the 

relevance of age-matching in UE studies. 

The significance between age groups has implications on the way physicians and 

researchers view the UE in pediatric and young adult groups. Originally, the young adult 

group had not been researched or had been incorporated as a part of the young adult or 

pediatric age group. Because of the differences in UE kinematics between pediatric and 

young adult age groups shown in the present study, it can be stated that it is important to 

research tightly bound age groups. The reasons that the pediatric group had significant 

differences when compared with the young adult group can be attributed to 

anthropometrics and the different strategies used in the drinking, eating, hair, head, 

pocket, and rolling tasks. Significant differences were not found in the 



supination/pronation task; however, this may have been because the temporal-spatial 

variables may have been too restricted. 
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Through the COV and ROM data, it was difficult to come to any conclusion that 

the young adult group had less inter-subject variability and range of motion when 

compared to the pediatric group, as was originally hypothesized. 

6.1 Recommendations 

In the future, there are some things that may be amended to the present study. 

Firstly, it would be good to expand upon the 15 participants per age group to increase the 

power of the statistics and get a clearer p-value for each of the dependent variables 

examined in both the group and arm condition. The study examined a pediatric group and 

a young adult group; the next thing that should be researched is how these groups 

compare with an adult group. 

It would be useful to conduct an UE longitudinal study with a pediatric group of 7 

to 9 year olds and then reassessed 11 years later to see how their movements compare to 

their original data. This would allow us to measure more accurately how UE kinematics 

change as a function of age. 

In future tests, the pocket task and the shelf task should be excluded as there is too 

much variability in the tasks. The remaining tasks are useful when looking at specific 

joint angles. For example, the supination/pronation task did not have any significant 

differences but when an age-matched population is compared to a clinical group with 

Cerebral Palsy, there may be significance in elbow and shoulder rotation. 
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The Vicon motion capture system used in the study was sufficient for the tasks 

but there was some difficulty in locating markers in the hair brushing task, pocket task 

and shelf task. Because of this, sometimes the Vicon system had to be recalibrated. The 

trials used in data processing were good trials; however, the new Vicon T160 available in 

the Currie Center at the University of New Brunswick may not have this issue. Using 12 

cameras as opposed to eight would also be beneficial to UE data collection, as there may 

have been times in the present study when markers may not have been seen by two or 

more cameras during ADL tasks with the eight-camera Vicon MCam system. 

6.2 Implications 

Firstly, this study increased understanding of the UE in young adults and helped 

increase understanding of the UE changes that occur as a function of age. Evidence was 

given to support that changes do occur in UE kinematics for young adulthood when 

compared with a pediatric age group, as was originally expected. The significant 

differences of the joint angles in the age groups will be important when comparing the 

database to clinical groups. Saying this, it will be important for future work to have 

tightly bound age-matched groups, especially when dealing with clinical populations. The 

study can be used as a stepping stone for how UE projects should be shaped in the future 

as it helped to create a database for UE kinematics ADL tasks. Although a large database 

was not created, the results of 15 young adults and 15 children were collected and 

processed. More subjects should be collected to be added to the current database but due 

to the developments of the present study, some things should be adhered to ie. tightly 

bound age groups, the pocket and shelf ADL tasks should be excluded as they were 
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difficult to capture, we can expect to see significant differences between groups for each 

of the tasks besides the supination/pronation tasks in control groups. 

This work will also serve as a control group for future clinical comparisons Stan 

Cassidy Centre for Rehabilitation in Fredericton, New Brunswick as this was tied to the 

reason for the need for collecting the UE pediatric and young adult groups in this study. 
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Appendix A 

Anatomy of the Trunk and Upper Limbs 

The following will describe the anatomy of the trunk and upper limb segments. 

For each section, the bones, articulations and movements will be described and an 

overview of the muscles and their function will be included (Drake, Vogl, & Mitchell, 

2005). 

1.1 Pelvis 

1.1.1 Bones and Articulation 

The pelvis has three portions known as the ilium, the ischium and the pubic 

bones. The ilium is superior and is bowl-like with protruding portions called the anterior 

superior iliac spine (ASIS), posterior superior iliac spine (PSIS), anterior inferior iliac 

spine (AIIS), and the posterior inferior iliac spine (PIIS). The ischium is the inferior bone 

and is used for sitting. The pubic bone is the most anterior bone forming the bottom of 

the bowl. The centre of the pubic bone articulates at a joint called the pubic symphysis. 

Separate from the pelvis, but articulating with the iliac crest at the iliosacral joint, 

is the sacrum, made up of 5 fused vertebrae (fused during childhood). Inferiorly fused to 

the sacrum is the coccyx, which is made up of 4 fused bones (also called the 'tail bone'). 

Above the sacrum are 5 lumbar vertebrae, which attach the thorax to the pelvis and allow 

for the abdominal region. This region allows for more fluid motion in the trunk. (Drake et 

al., 2005) 
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1.1.1 Muscles and Movements 

Many muscles originating from the pelvis insert onto the lower extremity and 

contribute to lower extremity flexion (iliopsoas, rectus femoris, adductor longus etc.). 

However, the rectus abdominis originates on the pubis and inserts on the costal cartilage 

of ribs 5-7, the xiphoid process, and the sternum allowing for anterior flexion of the 

thorax. 

1.2 Thorax 

1.2.1 Bones and Articulation 

The thorax is comprised of 12 thoracic vertebrae, 12 ribs and the ~ternum. The 

front of the thorax contains the sternum and ribs 1-10. The sternum consists of 3 smaller 

bones and is located in the centre of the chest. The proximal bone is the manubrium, 

followed inferiorly by the body, and the xyphoid process. The three bones articulate 

through the manubriosternal joint, connecting the manubrium and body, while the 

xiphisternal joint connects the body to the xiphoid process. The sternum connects to the 

first 10 ribs. Ribs 1-7 attach directly to the sternum by means of costal cartilage (Rib 1 

attached to the manubrium, 2-7 attached to the body). Ribs 8-10 articulate through costal 

cartilage that originates from the costal cartilage of rib 7. 

The rear of the thorax contains 12 thoracic vertebrae. Each thoracic vertebra has 

two costal facets on each side that articulate with the head of the rib. The inferior facet 

from the superior vertebra and the superior facet from the inferior vertebra articulate with 

each head of the rib ( except for ribs 1, 11, and 12 which only articulate with the first 
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vertebra). The costovertebral articulations are synovial joints and occur between the 

heads of ribs 1-10 and the vertebrae; these ribs also articulate with the transverse 

processes and have costotransverse joints. The intervertebral discs allow for articulation 

between the thoracic vertebrae. Ribs 11 and 12 only articulate with the vertebrae and not 

the thoracic wall. (Drake et al., 2005) 

1.2.2 Muscles and Movements 

On the anterior thorax there are three major muscles in the superior region: the 

pectoralis major, pectoralis minor and subclavius. The pectoralis major takes up the 

majority of the chest and medially rotates and adducts the arm to the body. The pectoralis 

minor stabilizes the scapula while the subclavius medially rotates the clavicle pulling it in 

towards the body. The rib portion of the anterior thorax about the ribs is made up of 5 

muscles. The external intercostals elevate the ribs during inspiration and internal 

intercostal that depresses the ribs during expiration. The innermost intercostal helps the 

internal intercostals during expiration. The subcostales depress the ribs while the 

transversus thoracis depress the costal cartilage. 

1.3 Shoulder 

1.3.1 Bones and Articulations 

The shoulder is a combination of 3 bones with the scapula ( shoulder blade) 

making up the posterior and superior portion of the rotator cuff, the clavicle ( collar bone) 

forms the anterior portion, and the humerus forming the lateral portion of the shoulder. 

The clavicle attaches medially to the manubrium of the sternum at the sternoclavicular 
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joint and laterally to make up a portion of the rotator cuff with the acromion process of 

the scapula (the two making the pectoral girdle) called the acromioclavicular joint 

(synovial type). The scapula is not directly attached to the posterior thorax but is held in 

position by muscles and ligament attachments. The scapula possesses a fossa known as 

the glenoid fossa on the lateral portion underneath the two processes ( acromion and 

coracoid). The head of the distal humerus sits in the glenoid fossa and this allows for the 

completion of the rotator cuff. The shallow fossa allows for the shoulder's 

maneuverability (synovial ball and joint). (Drake et al., 2005) 

1.3.2 Muscles and Movements 

The trapezius is a protruding muscle superior to the shoulder. This muscle 

elevates the shoulder and helps move the scapula superiorly when the arm is flexed or 

abducted. The deltoid has three portions and originates on portions of the shoulder 

( described as the shoulder cap) and inserts on the humerus allowing for the flexion, 

extension and abduction of the arm. The antagonist of the deltoid is the latissimus dorsi, 

adducting the humerus to the side. The levator scapulae lifts the scapula superiorly with 

help of the two rhomboids (major and minor). The rhomboids also retract the scapula 

posterior bringing the scapulae together. 

Abduction and adduction of the humerus are provided mostly by the deltoid and 

latissimus dorsi respectively (Fig. 1 ). The scapula and clavicle are lifted and superiorly 

rotated by multiple muscles allowing for more mobility of the humerus. The retraction 

and protraction are allowed by the rhomboids and pectoralis major respectively (Fig. 2). 
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The scapula is able to move laterally and medially to facilitate this action and the clavicle 

may rotate forward and backward about the stemoclavicular joint. Since the 

glenohumeral joint is a shallow ball and socket joint, the humerus may abduct, adduct, 

flex and extend, rotate laterally and medially, and finally circumduction may occur (Fig. 

3). 

Figure 1 - Scapular Rotation (Abduction/Adduction) (Drake et al. , 2005, p. 610) 



217 

Scapula 

Shoulder 

Humerus 

Figure 2 - Scapular Protraction and Retraction (Drake et al. , 2005, p. 610) 

Abduction 

Abduction 

Flexion 

Extension 

Lateral rotation Adduction 

Figure 3 -Arm Movements at the Glenohumeral Joint (Drake et al. , 2005, p. 611) 
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1.4 Elbow 

1.4.1 Bones and Articulations 

Two bones make up the actual elbow joint (humerus and ulna) however the 

radius, along with the ulna are, both part of the forearm. The humerus is the most 

proximal bone of the arm. In anatomical position the ulna is the most medial bone of the 

forearm, while the radius is the lateral bone. The ulnar collateral ligament allows for the 

attachment of the ulna to the humerus and flexion/extension of the synovial hinge joint of 

the elbow about the trochlea and extension is halted by the olecranon process of the ulna. 

The annular ligament of the radius allows for flexion/extension of the radius along the 

humerus and pronation/supination of the proximal head of the radius about the rounded 

portion known as the capitulum. This movement is also facilitated by the radial notch of 

the ulna allowing for the pronation and supination of the radius. The two bones are 

connected by an interosseous membrane and an articulation occurs at the distal ends of 

the ulna and radius as the head of the ulna sits in the ulnar notch of the radius. (Drake et 

al., 2005) 

1.4.2 Muscles and Movements 

The anterior portion of the forearm is flexed ( and supinated) by the biceps bracii 

and extended by the triceps bracii located on the posterior portion of the arm ( the largest 

and most recognized muscles on the arm). Also, on the anterior portion of the arm is the 

coracobrachialis which originates on the coracoid process and facilitates flexion of the 

arm. The brachialis also aids in flexion of the forearm. The brachioradialis also helps 



forearm flexion, as it originates on the humerus, but it also aids in forearm supination 

(inserts on the radius). 
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The forearm has an extensive muscle make-up as the muscles are not only centred 

around the elbow joint, but many of the muscles travel across the wrist and help to move 

the phalanges. These muscles are complex and help to make motor functions possible. 

There are two portions ( the anterior and posterior portions) and three layers in each 

portion ( superficial, intermediate and deep muscles). The anterior portion flexes the wrist, 

phalanges and pronates the wrist. The posterior arm extends the wrist, phalanges, and 

supinates the wrist. The four superficial muscles that make up the anterior portion of the 

arm are: the flexi carpi radialis, flexi carpri ulnaris, palmaris longus and the pronator teres 

muscles. The flexi carpi radialis originates from the radius; it flexes and abducts the 

wrist, while the flexi carpi ulnaris flexes and adducts the wrist. The palmaris longus 

flexes the wrist while the pronator teres pronates the hand. The posterior portion of the 

forearm also has layers, but only two: superficial and deep (again the superficial will only 

be discussed). These muscles are the brachioradialis, the extensor carpi radialis longus, 

extensor carpi radialis brevis, extensor carpi ulnaris, extensor digitorum, and the extensor 

digiti minimi. The brachioradialis, discussed earlier, helps to pronate and flex the 

forearm. Both the extensor carpi radialis longus and the extensor carpi radialis brevis 

extend and abduct the hand. The extensor digitorum extends the proximal phalanges and 

helps to extend the hand as well. The extensor digiti minimi extends the proximal 5th 

phalange and helps to extend the hand, while the extensor carpi ulnaris helps to extend 

and adduct the hand. 
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The elbow joint where the ulna attaches to the humerus allows for flexion and 

extension. As previously mentioned, extension is halted by the olecranon process at 0 

degrees (Fig. 4). The radial notch at the proximal end of the ulna, and the ulnar notch at 

the distal end of the radius allows for easy pronation and supination about the two bones 

(Fig. 4). 

A 

Palm anterior 
Palm posterior 

Palm anterior 

Figure 4-Elbow Joint Flexion/Extension and Forearm Pronation/Supination 

(Drake et al., 2005, p. 611) 

1.5 Wrist 

1.5.1 Bones and Articulations 

There are eight carpal bones in the wrist, four that articulate with the metacarpals 

( carpometacarpal joints) and four that articulate with the ulna and radius. In anatomical 

position, the distal carpals from medial to lateral are the hamate, capitate, trapezoid and 

trapezium. The proximal carpals from medial to lateral are the pisiform, triquetrum, 
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lunate and scaphoid. The bones of the hand are metacarpals I-V: proximal and distal 

phalanxes ofphalange I, and proximal, middle and distal phalanxes of the phalanges II-V. 

The wrist joint is a synovial saddle joint than encapsulates the carpal bones and is formed 

at the distal ends of the ulna and radius. The joints between the carpals are called the 

intercarpal joints. The saddle joint and positioning of the 1st metacarpal allows for the 

opposable thumb. Metacarpophalangeal joints are condyle joints between the metacarpals 

and proximal phalanges, and interphalangeal joints attach phalanges to each other. 

1.5.2 Muscles and Movements 

The forearm muscles allow for the flexion, extension, abduction, adduction of the 

wrist and flexion/extension of the phalanges. The small internal hand muscles allow for 

finite motor movements. 

The saddle joint of the wrist allows for flexion/extension and 

abduction/adduction. The flexion angle is larger than the extension due to the positioning 

of the carpals (Fig. 5). The adduction angle is also greater than the abduction angle 

because the radial styloid process on the lateral side is larger than the ulnar styloid 

process on the medial side minimizing the abduction angle. 

Carpals have limited movement but do help facilitate the movements of the hand. 

The metacarpals are similar in that they have limited movement with the exception of the 

first metacarpal allowing for flexion, extension, abduction, adduction and circumduction 

of the thumb; which like the wrist, is a saddle joint. The remainder of the 
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metacarpophalangeal joints are gliding joints allowing for flexion/extension of the 

proximal phalanx along the metacarpals, and adduction/abduction of the phalanges (Fig. 

7). The other phalanxes are able to flex and extend by means of the interphangeal joints. 

Figure 5 - Hand Flexion/Extension (Drake et al. , 2005, p. 612) 

Abduction Adduction 

Figure 6 - Hand Abduction/Adduction (Drake et al. , 2005, p. 612) 
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Abduction Adduction 

Figure 7 - Metacarpophalangeal Joint Movement (Drake et al., 2005, p. 613) 

Flex1on 

Figure 8 - Interphalangeal Joint Flexion/Extension (Drake et al., 2005, p. 613) 
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Graduate Student 
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University of New Brunswick 
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Dr. Vicky Chester 
Faculty of Kinesiology 
2 Peter Kelly Drive 
University of New Brunswick 
Fredericton, NB E3B 5A3 
E-mail: vchester@unb.ca 
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I am writing to invite you to participate in a study of upper extremity 
movements in young adults and pediatric group. I am a graduate student in 
the Faculty of Kinesiology at the University of New Brunswick. My contact 
information is: Brian Beaudette [brian.beaudette@unb.ca; (506) 442-2925]. 
My supervisor on this project is Dr. Victoria Chester 
[vchester@unb.ca; (506) 458-7589]. A full description of the research 
project is provided below. 

Purpose of Study: 
Currently, the biomechanics of control group upper extremity (UE) movements during 
activities of daily living (ADLs) are not well documented. Establishing a normative UE 
database is important since it would allow researchers to increase their understanding of 
the UE movement deviations associated with various disorders ( e.g. cerebral palsy). The 
development of a normative young adult UE database will allow researchers to compare 
patient data to normative profiles. Once deviations are quantified and interpreted, 
treatment plans to improve function can be recommended. 
The purpose of this work is to establish a young adult upper extremity normative 
database that can be used for comparative purposes across age groups (primarily children 
aged 7 - 9) and disorders. This will require collaboration with clinicians 
(physiotherapists and occupational therapists) to determine the tasks to be recorded in the 
normative population. These tasks must also be suitable for testing UE biomechanics in 
various clinical populations. 
This research project aims to quantify and assess UE patterns of motion during ADL 
tasks in a control group young adult population and compared to a pediatric population. 
A Vicon motion analysis system will be used to record movement. Fifteen subjects of 
each age group, 18 to 24 years and 7 to 9 years of age, will be recruited to participate in 
the study. Subjects will be asked to provide consent (or assent of guardian) before the 
study begins. Once the control group young adult and pediatric UE databases have been 
established, future work can compare clinical movement profiles to the control data. 
From this knowledge, physiotherapists and clinicians will be able to provide effective 
treatments for their patients. It is critical to provide successful treatment interventions 
early in a child's development and continue this intervention into early adulthood to 
ensure proper growth and maturation of the neuromuscular system. In addition, 
knowledge of which treatments or combinations of treatments is most effective in 
addressing movement abnormalities can lead to reduced health care costs for the 
province. 
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Methods: 
All testing will be conducted at the Institute of Biomedical Engineering motion analysis 
laboratory at the University of New Brunswick. Each subject will participate in a single 
testing session, lasting approximately one hour. Reflective markers will be placed on the 
skin of each patient using tape and Velcro. To ensure accurate placement of markers, 
participants will be asked to wear minimal clothing or bathing suits during data 
collection. Each participant will be asked to perform various activities of daily living 
(ADLs) such as grooming, eating, dressing, etc. Each subject will be asked to perform 6 
trials of each task while 8 infrared cameras record the marker motion. Several 'warm-up' 
trials will be conducted to allow the participants to adjust to the markers. 
Anthropometric data such as joint width, height and mass will then be measured using 
calipers and a weight scale. 

General Information: 
Confidentiality of all information obtained will be practiced by all researchers involved. 
All data will be coded to ensure that your identity cannot be determined. Data will be 
stored in a secured cabinet in Dr. Chester's office for five years and all documents will be 
destroyed in the third year. Written consent (your signature) will be asked before any 
images or motion analysis data are published. No invasive procedures are involved in this 
research study. There is a small risk of skin irritation caused by adhesive tape from the 
reflective markers. You will be closely supervised during the trials by the head 
researcher, Brian Beaudette. 

It is important to understand that your participation in this research is completely 
voluntary and if there is any point during the project that you no longer want to 
participate you have the right to withdraw; no explanation necessary. You may also 
withdraw any personal information that has been previously collected up to that 
point without explanation. 

If there are any questions or concerns about this research please contact the researcher or 
clinician, of whom you are most comfortable, using the attached contact form. 

Thank you for considering this important research project. 

Participant or ParentaV Guardian Consent: 

• I have read and understood the above description of the project. 

• The researchers have answered all my questions and concerns to my satisfaction. 

• I understand that I ( or my child) am (is) free to withdraw at any time. 

• Further, I agree that the information gathered regarding my child can be used in 

scientific reports and presentations with no identifiable information. 

• I understand that I ( or my child) will be asked to visit the Institute of Biomedical 

Engineering on one occasion for testing. There will be a 30 minute orientation 



227 

session at the motion analysis session. This session may be moved to a separate 

day if so desired. The motion analysis session will require me to wear form fitted 

clothing (bathing suit or shorts and tank top) for proper placement of the markers 

and the surface electrodes. Each session will take approximately 1-2 hours. 

• I, ______________ , grant permission to participate (or 

for my child to participate) in this study 

• If I have any questions about the study, I can contact Dr. Vicky Chester at 458-

7589 (Faculty ofKinesiology. Ifl wish to speak with someone not involved in 

this study, I may contact Dr. Tim McGarry, Director of Graduate Studies, Faculty 

ofKinesiology at 458-7109 or Dr. Steven Turner, Research Ethics Board Chair 

at ethics@unb.ca or 453-5189. 

Signed:---------------

Witness: ---------------

Date: ----------------

Researcher's Acknowledgment: 

To the best ofmy ability, I. ___________ , have explained 

the purposes, benefits, risks, and inconveniences of this study to 

. I have answered all of his/her ----------------
questions to his/her satisfaction. 

Signed (Researcher): _____________ _ 

Date: -----------------------

***If you would like to be contacted to view results from this study after its 

completion please leave your contact information. If you do not wish to view the 

results, leave the following blank. *** 
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Name: -------------

Address: 

Phone Number: Email: ------------ --------



Brian Matthew Beaudette, BscKin 
12 MacAulay Lane 
Fredericton, New Brunswick 
E3B 5A3 
506-442-2925 
brian.beaudette@unb.ca 

EDUCATION 

September 2009 to present 

Masters of Science in Exercise and Sports Sciences - University of New Brunswick, 
Fredericton, New Brunswick. 
GPA4.2 

September 2005 to May 2009 

Bachelor of Science in Kinesiology- University of New Brunswick, Fredericton, New 
Brunswick. 
GPA3.6 

ACADEMIC AW ARDS 

- Academic All Canadian - University of New Brunswick (2006-2011) 
- The University ofNew Brunswick Valedictorian of Graduation Class 2009 
- UNB Kinesiology Dean's List (2008-2009) 
- Recipient of the John F. Bassett Scholarship (2008-2009) 

PUBLICATIONS 

Beaudette, B. M., Gordon, S. J., & Grant, J. A. (2011, March). Change in Foot Segment 
Lengths Between Stance and Swing Phases. Poster presented at the ninth annual meeting 
of the Atlantic Provinces Exercise Scientists, Halifax, NS. 

TECHNICAL SKILLS SUMMARY & QUALIFICATIONS 

- Vicon software and systems for motion capture in the animation and biomechanics 
studies. 

- Laboratory Virtual Instrumentation Engineering Workbench (Labview) which is a 
platform and development environment for a visual programming language from 
National Instruments 

- Matrix Laboratory (Matlab) for matrix manipulations, plotting of functions and data, 
implementation of algorithms, creation of user interfaces, and interfacing with 
programs written in other languages, including C, C++, Java, and Fortran. 

- Standard First Aid (expires April 10, 2013) 



- Level C CPR/ AED ( expires April 10, 2013) 
- WHMIS (2005) 

WORK HISTORY 

Richard J. Currie Center Facilities Staff, Faculty ofKinesiology - University of New 
Brunswick, Fredericton, New Brunswick 

September 2011 to present 

Oversee the opening and closing of the Richard J. Currie Center facility and necessary 
set-up for any activity in the building. Ensure that the patrons enjoy their experience 
within the building. Supervise access to members, rentals of equipment, laundering of 
uniforms and towel services, operate locker system and participate in spontaneous tasks. 

Don of Undergraduate Residence - University of New Brunswick, Fredericton, New 
Brunswick 

September 2010 to present 

The Don is a live-in position working with a team of selected Proctors and elected 
student leaders. The Don is responsible for creating and maintaining a positive living 
environment within the House. The Don's focus is on facilitating the development of the 
students in the House, both individually through personal interaction, referrals and 
mentoring and collectively through programming. The Don is the leader on in-House 
issues such as conduct/discipline, initial crisis intervention, roommate concerns. In 
addition the Don would participate in the Proctor selection, training and review 
processes. 

Graduate Research Assistantship, Faculty ofKinesiology- University ofNew Brunswick, 
Fredericton, New Brunswick 

September 2009 to April 2012 

Work with Cerebral Palsy and Autism clients to gather condition data using Motion 
Analysis equipment and Force Plates. Analyze research collected in making comparisons 
across research groups for treatment. 

Teacher's Assistant, Faculty ofKinesiology- University of New Brunswick, Fredericton, 
New Brunswick 

Fall semesters 2009 & 2010, winter semester 2012 

Assist Kinesiology professor for first year courses and conduct tutorials as directed. 



Residential Life Assistant - Residential Life Campus and Conference Services University 
of New Brunswick, Fredericton, New Brunswick 

June to August 2011 

Plan and organize pre-year training for Residence Dons, Proctors, and House Orientation 
Committees. Schedule sessions, presenters and all materials necessary for the year. 

Conference Services Assistant - Residential Life Campus and Conference Services 
University of New Brunswick, Fredericton, New Brunswick 

April to August 2009 

Residential Life Campus and Conference Services Customer Service Representative, for 
hotel customers and conference participants. 

Education Proctor- Residential Life Campus and Conference Services University of New 
Brunswick, Fredericton, New Brunswick 

Assisted & facilitated tutorials as requested for student residing on the university campus 

Academic year 2008 to 2009 

PERSONAL DEVELOPMENT 

Other personal accomplishments include: 

- University of New Brunswick Varsity Swim Team Member (2005-2011) 
- University ofNew Brunswick Varsity Reds Swim Team Head Recruiter (2009 - 2011) 
- University of New Brunswick Swim Team Committee Chair (2010-2011) 
- University of New Brunswick Varsity Reds Swim Team Assistant Coach (2009-2010) 
- University of New Brunswick Community Spirit Award Rock for Life (2009) 
- University of New Brunswick Residence House Leadership Award (2008-2009) 
- University of New Brunswick Board of Proctors Co-Chair (2008-2009) 
- University of New Brunswick Joint Board Senate Residence Committee (2007-2009) 
- University of New Brunswick Swim Team Captain (2006-2009) 
- University of New Brunswick Residence Community Leadership Award (2007-2008) 
- University of New Brunswick Residence Representative Board Chair (2007-2008) 
- University of New Brunswick, Aitkin House Committee President (2007-2008) 
- University of New Brunswick, Aitkin House Committee Treasurer (2006-2007) 
- University of New Brunswick, House Orientation Committee (2006-2007) 
- University of New Brunswick, Unsung Hero Award (2005-2006) 


