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Table 6-3 Mean, standard deviations, P values and effect sizes for MOl values around the y axis 
at the start of movement and at the end of each movement phase as a function of 
technique 

IE OE TE 

Mean SD Mean SD Mean SD P value Effect 
Size 

Start 63.48 10.29 64.46 9.72 63.82 9.77 0.159 0.26 
1 63.54 10.00 65 .02 8.55 0.086 0.41 

End 2 65 .70 10.74 70.72 9.10 0.005 0.75 
of 3 70.71 8.85 74.41 7.91 75 .15 9.86 0.063 0.37 

phase 4 90.29 9.48 88.92a 9.76 92.96a 11.35 0.022 0.47 
5 96.29 14.59 93.8r 13.48 99.30a 15.60 0.006 0.58 

a denotes where significant differences lie between techniques P<O.05 
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Figure 6-5 Moment of inertia values about the z axis for all three techniques for the whole 
movement 

Table 6-4 Mean, standard deviations, P values and effect sizes for MOl values around the z axis 
at the start of movement and at the end of each movement phase as a function of 
technique 

IE OE TE 

SD Mean SD P value 
Effect 

Mean SD Mean Size 

Start 3.78· 0.41 3.8t" 0.40 3.72· 0.36 0.035 0.43 

1 3.73 0.41 3.81 0.33 0.1 17 0.36 

End 2 3.34 0.31 3.83 0.45 0.004 0.78 

of 3 3.50 0.55 3.58 0.42 3.56 0.50 0.757 0.07 

phase 4 3.78 0.64 3.68 0.41 3.87 0.61 0.373 0.15 

5 3.87 0.67 3.69 0.40 3.82 0.55 0.35 0.16 

* denotes possible type II error 
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6.7.4.Work 
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Figure 6-6 Work done on the whole body centre of mass in each movement phase and 
accumulated work done across the movement 

External work values differed significantly in phase 3 only, where the TE technique involved 

significantly more work than the IE or OE technique. The IE and OE did not significantly differ 

in this phase. 

The greatest amount of work done in the OE and IE techniques was in the reaching phase 

(69.9±17.2J and 75 .6±24.9J, respectively). A similar amount of work was done on the centre of 

mass in the TE technique in phase 4 (69.7±19.4J), but an even greater amount of work was done 

in phase 3 (84.4±50.5J). 

Over the first two phases, the IE and OE showed little difference in accumulated work. From 

phase 3 onwards, the IE technique demonstrated higher values of accumulated work done and 

OE showed the lowest values of the three techniques. The work done in TE in phase 3 was 

greater than the accumulated work done by either IE or OE. The accumulated work associated 

with the TE technique remained elevated compared with the other techniques for the entire 

movement. 
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Figure 6-7 Power associated with the whole-body centre of mass movement for the IE, OE and 
TE techniques in each phase of the reaching task 

The techniques only differed significantly in phase 3; specifically, the difference lay between 

the TE technique and the two other techniques. The IE and OE techniques were not shown to be 

significantly different. 

Over the whole movement, the greatest amount of power associated with the movement of the 

centre of mass was found in phase 4 for all three techniques. The largest value of power was in 

the IE technique, the least measured power was in the OE technique, however the differences 

were not significant. 

Negative power was associated with the movement of the centre of mass in phase 5 for all the 

techniques. The OE demonstrated the least negative power, the TE technique demonstrated the 

most. 



157 

6.7.6. Efficiency of Centre of Mass trajectory 
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Figure 6-8 Trajectory efficiency over the whole reaching movement task 

The trajectory efficiency for the whole movement found the IE to be the least efficient and the 

TE technique to be the most. However the difference between the IE and TE was small (mean 

difference 0.19) and non significant. 
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Figure 6-9 Trajectory efficiency within each movement phase for each technique 

The only significant differences in efficiency of the centre of mass trajectories occurred in phase 

2, where the IE technique was shown to be significantly more efficient. For the IE and OE 

techniques, phase 3 was shown to be the least efficient phase, whereas phases 3 and 5 were both 

as inefficient for the TE technique. Although not significant, the IE technique was the most 
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inefficient in phase 3. The most efficient (apart from phase 1) and least variable centre of mass 

trajectory efficiencies were demonstrated during the hand reaching phase, phase 4. 

6.7.7.Technique Perception 

Table 6-5 Subjective ranking of the techniques in terms of stability, work, and usefulness on a 
route 

Stability Work Usefulness 
Participant most least most least most least 

1 OE TE IE T I 0 0 T I 
2 OE IE TE T I 0 0 I T 
3 TE OE IE I T 0 0 T I 
4 OE IE TE T I 0 0 I T 
5 OE TE IE I T 0 0 T I 
6 OE IE TE I T 0 0 I T 
7 OE TE IE T I 0 0 I T 

Table 5 shows that the group of expert climbers felt the OE technique to be the most useful 

technique of the three, in a route setting. The OE technique was rated as requiring the least 

amount of work in performing the reaching task and the majority of the group rated the OE 

technique as the most stable. The OE was consistently rated as more stable than the IE 

technique, but there was less agreement on the relative merits of the IE and TE techniques in 

terms of work, stability and usefulness. 

6.S. Discussion 

Analysis of BW moments and MOl were used to make inferences about the difficulty of 

maintaining balance on the climbing wall. No single technique demonstrated consistent 

performance benefits, in terms of postural stability, across the whole movement. The 

reorganisation of the right foot orientation was less posturally demanding using the IE 

technique. The BW moment was significantly less about the y axis in the IE technique, 

compared with the OE technique at the end of phase 1, and just missed significance at the end of 

phase 2. About the x axis, the OE had significantly greater BW moment at the end of phase 2. 

Thus in the OE, the magnitude of the forces at the hand and foot holds was greater during the 

reorientation of the foot. The MOl was significantly greater in the OE technique about both the 

x and y axes. So not only were the magnitudes of the force greater in the OE technique, but the 

forces had to overcome a greater resistance to the angular motion. Therefore the OE technique 

was more posturally demanding in terms of orientating the foot. As the foot was being re­

orientated, the postural demand to prevent rotation about the x axis had to be met primarily by 

the right hand. The left hand could contribute to counteracting the BW moment about the x axis, 

but as the left hand was directly above the axis, the forces would have to have been very large. 

Thus in the OE technique, the postural demand on the right hand was significantly greater than 

in the IE technique. 
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The situation was more complex in the actual reaching movement. At the start of hand 

movement, the OE had a significantly larger BW moment than both the TE and IE techniques 

about the x axis. About the y axis, the IE and OE techniques had significantly lower BW 

moments than the TE technique, with the OE showing the lowest BW moment. Greater forces 

were therefore needed on the right hand and foot supports in the OE technique; however, at the 

same time less collective force was required in the hands. In the TE technique greater forces 

were required at the hand supports. In terms of MOl, the IE had lower values than both the TE 

and OE about the x and y axes, only just missing significance. Therefore the IE, overall, was the 

least posturally demanding at the start of the hand reach. The TE and OE techniques had similar 

MOl values about the x and y axes. Therefore the OE technique was more posturally demanding 

on the right hand side supports, whereas the TE was more demanding on the hands. 

In phase 4, all three techniques increased in MOl about the x and y axes. As the right hand was 

not in contact with the wall, the BW moment about the x axis had to be counteracted mainly by 

the right foot; about the y axis, the left hand was solely responsible for the maintenance of 

postural stability. At the end of the reach, there were no significant differences in the BW 

moment about the x axis between the three techniques. In terms of MOl about the x axis, the TE 

was significantly greater than both the IE and OE techniques, with the OE having the lower 

MOl of the two techniques but not significantly so. The TE was therefore the most posturally 

demanding technique for maintaining balance about the x axis. About the y axis, the OE 

technique was the least posturally demanding in terms of balance maintenance. The BW 

moment was significantly less for the OE technique, compared with the other two techniques, as 

was the MOl about the y axis. Therefore the OE placed less demand on the left hand, compared 

with the other two techniques. The TE had the greatest BW moment and MOl about the y axis, 

but the difference was not significant when compared with the IE technique. 

Once the new hold had been reached, the postural demands in all three techniques increased. 

The BW moments and MOl continued to increase about the x axis, though the only significant 

differences were between the TE and OE. The OE technique was the least demanding at the end 

of the movement for maintaining balance about the x axis. The OE also had significantly lower 

BW moment about the y axis compared with both the IE and TE techniques and had the lowest 

MOl, which was significantly lower than the TE technique. Both the MOl and BW moments 

increased during phase 5, thus the postural demand increased for all three techniques; the OE 

remained the least demanding of the techniques. 

Overall, the data suggests that the TE technique was the most demanding technique for postural 

stability during the reaching movement. The IE technique was posturally less demanding for re-
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orientating the foot and continued to be until the hand reach started. However, the OE technique 

offered greater stability for perfonning a hand reach, by reducing the postural demand on both 

the left and the right foot, compared with the other two techniques. These results agree with the 

majority of the subjective ratings by the participants with respect to the stability afforded by 

each technique. The data also indicate that the right foot played a more important role in the OE 

technique, as evidenced at the beginning of the reach, whereas the left hand was more important 

in the TE technique. As the musculature in the legs is greater than in the arms, a greater postural 

demand on the legs, as opposed to the arms, would be more beneficial to performance. The 

physiological requirements of overhanging climbing are greater (Watts & Drobish, 1998), 

primarily due to the greater involvement of the arms in maintaining equilibrium (Noe et al., 

2001). Therefore, less demand on the arms would be physiologically advantageous. 

The mechanical analysis demonstrated that the OE technique was the least energetically 

demanding of the three techniques in performing a reaching movement. Less mean work was 

done on the whole-body centre of mass in the OE technique over the movement as a whole, and 

in the actual reaching phase the OE technique had the least mean power associated with the 

whole-body centre of mass motion. All the participants also ranked the OE technique as the 

least energy demanding. There was less consistency, however, in which technique the 

participants found to be the most energetically demanding. The TE technique was shown to 

have the greatest power and work done of the three techniques in phase 3. In phase 4 the mean 

work done was the lowest in the TE technique but this did not equate to the lowest amount of 

power. 

The most energetically demanding technique was the IE technique, evidenced by the magnitude 

of mean power in phase 4. 

In the first two phases, the IE and OE technique demonstrated near identical levels of work done 

on the whole-body centre of mass. There was a consistent trend for the OE technique to be 

slightly more energetically demanding over the first two phases. 

The differences in the techniques within each phase tended to be small and non-significant. The 

lack of significant differences between the three techniques may be due to the large standard 

deviations within the group. This variability is attributed to the attenuation of differences in 

centre of mass displacement between the climbers through the energetic calculation process. 

The exception to the non-significant differences lies in phase 3, where the TE technique was 

significantly greater in terms of work done and power than both the OE and IE techniques. 

These differences can be explained through the variation in the position of the climber at the 

start of phase 3, particularly in terms of the vertical position. In the TE technique, the climber 
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moved directly from the set start position to a position where the hand left the handhold. In the 

IE and OE techniques, the climber had to adjust the orientation of the right foot first. This 

orientation had the effect of moving the centre of mass closer to the wall and, importantly, 

vertically upwards (Comparative Study 1). At the end of phase 3, the TE had a significantly 

greater vertical centre of mass displacement (Comparative Study 1). As the work done measure 

was calculated through the change in potential and kinetic energy, differences in the vertical 

displacement of the centre of mass will have large effects on the potential energy changes. 

The energetic analysis in this study focussed on the mechanical energy changes associated with 

the movement of the whole body centre of mass in performing the reaching task. In essence, the 

work and power measures can be thought of as indicators of the energetic demand of the task. 

Thus it was the energetic demands of the task that the techniques were compared on - the 

implicit assumption being that the technique involving the least mechanical energy changes to 

the whole body centre of mass was superior for completing the task. 

The work done measure does not represent the total work, or mechanical energy expenditure 

(Aleshinsky, 1986a; Zatsiorsky, 2002), in each technique, unless the mechanical energy change 

is monotonic (Zatsiosky, 2002). The results of the mechanical analysis clearly show negative 

work and power in phase 5 of the movement, indicating that the mechanical energy increased 

and decreased in the movement. 

A number of authors (e.g. Willems et al., 1995; Thys et al., 1996) advocate the calculation of 

MEE through the summation of the work done on the whole body centre of mass (external 

work) and the work associated with the mechanical energy changes of the body segments 

relative to the whole-body centre of mass (internal work). Certainly this model could be applied 

to the data collected in this study. Theoretically, however, this approach has been proven to be 

unsound (Aleshinsky, 1986b). A second model, the fractions model (Aleshinsky, 1986a), 

calculates the change in the mechanical energy of the whole body from the mechanical energy 

changes in the body segments, using different assumptions about energy transfer conditions 

between segments (Pierrynowski et al., 1980; Winter, 2005; Zatsiorsky & Gregor, 2000). The 

model is problematic for anti-symmetrical movements occurring at the same time, because there 

is an assumption of energy transfer (Purkiss & Robertson, 2003; Zatsiorsky, 2002). 

Comparative study 1 demonstrated that the three climbing techniques involved complex 

coordination of joint angular changes with anti-symmetrical movements. For example, in phase 

3, the OE technique shows the left elbow extending, while the left knee flexes. Thus the 

fractions model would not provide a valid estimate ofMEE. Experimentally, the validity of the 

fractions approach has not been supported (Purkiss & Robertson, 2003; Kautz et al., 1994; 

Arampatzis et al., 2000). 
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The only model that could be applied to calculate MEE in a non-controversial manner is the 

model of Aleshinsky (1986a, b), based on classical mechanics theory (Zatsiorsky & Gregor, 

2000; Zatsiorsky, 1998). However, this model requires knowledge of kinetic data. 

The most efficient technique over the whole movement in terms of centre of mass trajectory was 

the TE technique. The least efficient was the IE technique, but the differences were small and 

non-significant. However, the IE was actually significantly more efficient in the reorganisation 

of the foot than the OE technique. In phase 3, the trajectory efficiency of the IE technique was 

lost, compared with the OE technique. Phase 3 contained the most deviation from the straight 

path trajectory for both the IE and OE technique and also constitutes the most variable phase 

within the group of climbers for both techniques. The trajectory inefficiencies are attributed to 

the post foot movement adjustments and preparatory movements for the hand movement. The 

adjustments and preparatory movements would seem to have been relatively greater in the IE, as 

this technique was the most inefficient. The TE had a better ratio of distance to displacement, 

due to the absence of post foot re-orientation adjustments in this technique. 

The centre of mass hardly deviated from the most direct route during the actual phase of 

reaching, as demonstrated by all three techniques having values close to one. The efficiencies of 

the climbers was far less variable during phase 4. These trends are unsurprising as the tripedal 

stance was the most unstable phase, thus the less perturbing the trajectory, the less postural 

stability was unduly affected. 

Post hand reach, the OE offered the most efficient trajectory for stabilising the posture. The TE 

technique had the greatest deviation from the straight trajectory of the entire movement in phase 

5. 

The kinematics of the reaching hand produced some interesting results. The temporal 

characteristics of events were not significantly different between techniques, but the magnitudes 

of the velocity and acceleration were significantly less in the OE technique, except for impact 

velocity. As the distance between holds was constant, the significant differences are probably 

due to inaccuracy in the determination of when the hand left the starting hold and finished on 

the target hold. 

The main conclusion from the hand kinematics is that an appreciable precision effect was 

measured, through a longer deceleration phase and low impact velocity. This contrasts with the 

work of Bourdin et al. (1999), which suggested that postural constraints in rock climbing 

removed the precision characteristics of reaching, so that the hand used the target hold as a 
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mechanical stop. The results from this study are more comparable with the patterns found in 

prehension tasks in non-posturally demanding situations (e.g. Marteniuk et aI., 1987; Jeannerod, 

1981). The climbers in this study were able to overcome the postural constraints and precisely 

place the reaching hand on the target hold with minimal velocity. The postural demand analysis 

demonstrated significant differences between the techniques in tenns of BW moments and MOL 

However, these differences in postural demand did not manifest themselves in the hand 

kinematics. The results of this study suggest that a reassessment of the role of posture in 

prehension activities is required. The theoretical contribution of this study and Comparative 

study 1 to the theory of prehension and, specifically, the role of postural constraints, is 

developed in the General Discussion chapter (Chapter 7). 

6.9. Conclusion 

Comparison of the effectiveness of the three techniques in tenns of postural stability, trajectory 

efficiency and energetic efficiency suggests that no single technique was consistently superior. 

The OE technique was the optimal technique of the three for performing the hand reaching 

movement, as indicated by the decreased postural demand on the left hand and right foot, 

combined with being energetically less demanding, resulting in significantly lower velocities 

and acceleration in the reaching hand. However, to re-orientate the foot into the OE position 

was more demanding posturally and energetically. 

The results of the study suggest that a re-examination of the role of posture in organising 

reaching movements is required. The role of posture in relation to reaching tasks will be 

discussed in the General Discussion chapter (Chapter 7). 
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Chapter 7. General Discussion 

7.1. Summary of the Research Area 

The analysis of rock climbing in this thesis has focussed upon the role of technique in the 

perfonnance of a reaching task on an overhanging climbing wall. Three techniques were 

identified for the movement of the hand from an initial support to a target hold; two came from 

rock climbing manuals and the third was identified from the experimental work in Chapter 3. 

The techniques differed essentially through the orientation of the ipsilateral foot on the support 

during the reaching motion. The foot could be orientated so that the medial phalanges and 

metatarsals of the foot were in contact with the foothold, this was tenned the Inside Edge 

technique (IE). Placement of the lateral phalanges and metatarsals of the foot on the foothold 

was defined as the Outside Edge technique (OE). The third technique, the Toe Edge technique 

(TE), utilised the phalanges of the foot on the support in such a way that the foot was 

perpendicular to the wall. 

Rock climbing training advice, through manuals and magazine articles, recommends the use of 

the OE technique on overhanging terrain (Goddard & Neumann, 1993; Richardson, 2001). The 

OE technique is claimed to have biomechanical reach advantages (Goddard & Neumann, 1993), 

be more stable (Richardson, 2001) and energetically superior (Gresham, 2002a). The role of 

technique has been identified as an important factor in overall climbing perfonnance (Goddard 

& Neumann, 1993; Kosstenneyer, 2002; Watts, 2004), yet scientific endeavour in this field is 

rare. The majority of studies into rock climbing have analysed the anthropometric aspects 

(Watts 2004; Grant et aI., 2001; Watts et aI., 1993; Mennier et aI., 1997; Watts et aI., 2003), the 

physiological requirements of the activity (Watts, 2004; Mermier et aI., 1997; Watts & Drobish, 

1998) and injury (Shea et aI., 1992), particularly to the fingers (Bollen, 1988; Schweizer, 2001; 

Quaine et aI., 2003). The interaction of the climbers with the environment has been investigated 

through concepts ofaffordances (Boschker et aI., 1999,2002), learning (Boschker & Bakker 

2001, Cordier et aI. 1993, 1994) and the role of anxiety (Pijper et aI., 2003). In biomechanics, 

important contributions have been made by Quaine and Martin and co-workers into the 

knowledge and understanding of balance maintenance in rock climbing through mechanical 

analyses of the reaction supporting forces (Quaine et aI., 1997a, 1997b) and moment reactions 

(Quaine & Martin, 1999; Noe et aI., 2001), in both vertical (Quaine & Martin, 1999) and 

overhanging environments (Noe et aI., 2001). Balance maintenance as a supra-postural goal in 

limb movements has been demonstrated through changes in the organisation of reaching 

movements with postural constraints (Nougier et aI., 1993; Bourdin et aI. 1998, 1999). 

To date however no studies have investigated the relative merits of different techniques in , , 
perfonning a rock climbing movement. The aim of this thesis, therefore, was to investigate the 

role of technique in a rock climbing movement. Non-scientific literature proposed the 
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superiority of the OE technique over the IE technique in making an arm movement on steep, 

overhanging terrain. As the research base was limited, an initial qualitative study was perfonned 

to contextualise the research aim (Lees, 2002). This study confinned the use of both techniques 

by competition climbers and identified a third, the TE technique. Although there was a tendency 

for the higher placed climbers to use the OE technique more often, all the competitors utilised 

all three techniques during their perfonnance. Therefore the research question was to evaluate 

the impact of ipsilateral foot orientation on reaching tasks in overhanging environments. 

Technique is the sequence of movements involved in sporting movement tasks (Dictionary of 

Sports Science, 1992). The first stage of answering the research question was, therefore, to 

determine the sequence of movements induced by the differing orientations of the right foot 

before, during and after an arm reaching movement task. Characterisation and differentiation of 

each technique was achieved through analysis of the centre of mass pathways and three­

dimensional joint rotations (Chapter 5). These measures demonstrated significant differences 

between the techniques. 

The techniques having been characterised as different from one another, the second stage of the 

research was to establish how effective each technique was on the perfonnance of a reaching 

task. In essence, the perfonnance of a reaching task in rock climbing is successful if the climber 

manages to grasp the new hold without falling off. Thus postural stability is an important 

detenninant of success (Bourdin et aI., 1998, 1999). The organisation of the reaching and 

grasping movement has been shown to be affected by postural constraint (Bourdin et ai. 1998, 

1999; Nougier et al., 1993). Specifically, the reaching movement was perfonned at higher 

speed, and the hold contacted with a greater velocity, when the postural constraints were higher 

(Bourdin et al., 1999), which, as the authors state, could create problems for the successful grasp 

of the target hold. Thus a technique which reduces the postural demands of maintaining 

stability, would have perfonnance benefits to the climber making the reach and grasp 

movement. 

Maintenance of balance in an overhanging environment is mechanically easier than in the 

vertical, due to the existence of a base of support and the increased role of the vertical forces in 

the arms in keeping equilibrium in the fonner environment (Noe et al., 2001). Physiologically, 

however, overhanging climbing is more demanding (Watts & Drobish, 1998; Billat et aI., 1995; 

Booth et aI., 1999). The smaller musculature and greater loading on the arms has been suggested 

as accounting for the greater physiological activity (Noe et aI., 2001; Booth et al., 1999). 

Analysis of the rock climbing competition (Chapter 3) demonstrated that a large number of limb 

movements are perfonned by a climber on a route. Therefore a technique that allows the 

reaching movement to be made with less energetic cost would allow more moves to be 
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performed for a certain level of energy and thus allow the climber to progress further along a 

route. 

The most efficient trajectory for the centre of mass would be to move directly along the straight­

line path from the start of the movement to the end of the movement. Smoothness of trajectory 

has been shown to be an index of performance (Cordier et aI., 1994), using the tool of geometric 

entropy. Unfortunately, geometric entropy cannot be applied to a three-dimensional movement. 

An alternative tool of the ratio of distance travelled over displacement is proposed as a measure 

of trajectory efficiency. 

The performance measures for judging the effectiveness of the different techniques on the 

performance of an arm reach were therefore: postural demand for stability, mechanical energy 

changes associated with the reaching task and the efficiency of the trajectory. In order to 

evaluate the effect of technique on the performance variables, the movement task was 

constrained. The participants performed all three techniques in a random sequence. Each time, 

the climbers started from the same set start position and reached for the same hold at a set 

distance. In this way the study was controlled so that technique would be the independent 

variable on performance. 

7.2. Optimal Technique for Performing an Arm Reach in an Overhanging 

Environment 

Technique did not affect the actual reaching movement in the rock climbing task performed in 

this research. The kinematics of reaching were shown to be invariant to the orientation of the 

right foot in terms of coordinative structure (Comparative study 1) and in the velocity-time 

profiles of the end effector (Comparative study 2). Significant differences in the magnitudes of 

the end-effector velocity and accelerations were identified. However, considering the error in 

acceleration, the differences are small in real terms (there is further discussion about the 

acceleration error in the limitations section, section 7.8) 

Technique did affect the performance of the whole body in successful attainment of the reaching 

task. The effect of placing the right foot in different orientations significantly affected the way 

the climbers organised their bodies as a whole to perform a successful reaching manoeuvre. 

This was evidenced in significant differences in joint rotations between techniques at the end of 

each phase and through the different joint sequencing. 

The least energetically demanding technique during the reaching phase was the OE technique. 

This was achieved through the centre of mass only moving upwards and towards the wall. 

Movement of the centre of mass to the right was small compared with the other techniques and 
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was delayed for the first fifth of the movement phase. The OE technique was able to achieve a 

lower displacement to the right in the reaching phase, through a greater displacement to the right 

during the re-orientation of the foot phase. The OE technique was therefore more posturally 

demanding about the x axis, so the demand on the right hand and foot for balance maintenance 

was greater at the start of the movement using the OE technique. The importance of the right leg 

was noted in the description of the joint angular changes. It was felt that the right leg extensions 

opposed the actions of the left leg by the start of the reaching phase. In the preparation phase the 

right arm opposed the left leg, but when the right hand started to move there was no effect on 

the centre of mass velocity in the y direction. So the right hand is not thought to have affected 

balance maintenance about the x axis. Therefore the right foot support was extremely important 

in maintaining balance just prior to hand release. 

None of the techniques manoeuvred the centre of mass of the climber into the base of support. 

Therefore, body weight moments were constantly applied to the climbers. The IE technique 

started the reaching phase as the least posturally demanding of the three techniques overall. The 

centre of mass was positioned further to the left than in both the OE and TE techniques. At the 

end of the reach there were no significant differences in the positions of the centre of mass in 

the y direction. The IE technique therefore required a greater velocity in the y direction during 

the reaching phase. The greater lateral movement required in the IE technique meant that in the 

reaching phase the IE was most energetically demanding technique. 

The TE technique was the most energetically demanding in the preparation phase prior to the 

start of the reaching movement. This was due to the starting position. As the TE technique did 

not require the foot to be re-orientated, the climbers prepared for the reaching movement from a 

centre of mass position further away from the wall and lower. Greater whole-body centre of 

mass velocities were therefore generated by the climber during the reach preparation phase. 

The greater velocity requirements in the IE and TE are thought to have occurred through the 

proximal-distal sequencing in the legs. Proximal-distal sequencing has been demonstrated in 

activities such as vertical jumping (Bobbert & van Ingen Schenau, 1988), with the aim of 

producing high take-off velocities. It therefore seems reasonable to draw conclusions about the 

proximal-distal sequencing evidenced in this work being associated with the velocity 

requirements of the IE and TE technique. Production of greater velocities must be achieved 

through greater force applications at the supports, which also have to control the greater 

momentum (Testa et aI., 1999). 

As has been stated the OE technique had the lowest whole-body centre of mass velocities during 

the arm reach in the y and z directions. In the x direction, the OE had a velocity, along with the 
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TE, significantly greater than that of the IE technique. Greater movement towards the wall 

reduced the BW moment, which decreased postural demand on the hands. As the hand was 

released, the velocities towards the wall and vertically peaked and decreased through the whole 

movement phase. This was reasonable, as the right hand could no longer apply forces to move 

the whole body centre of mass. The removal of the right hand meant that postural demands for 

maintaining balance increased on the left hand and right foot. The importance of the right foot 

was evidenced in all three techniques, through the effective fixation of the angular changes in 

the ankle. 

Although the MOl about both the x and y axes increased during the hand reach for all three 

techniques, the OE finished the hand reach with lowest values. The OE technique also had 

significantly lower BW moment about the y axis. Thus the postural demand on the left hand and 

right foot were relatively less at the end of the reach. 

The TE technique was the most demanding posturally at the end of the reach on both the left 

hand and the right foot. The importance of the left hand in the TE technique and the right foot in 

the OE technique was evidenced through the number of joint reversals. The pattern of joint 

reversals demonstrated that in the OE and IE the whole of the left ann linkage was varied to 

control the changing postural demands, compared with the TE technique, which primarily used 

adjustments in the wrist and shoulder only. In the legs, the OE primarily adjusted the actions at 

the ankles, whereas the TE technique showed greater knee adjustments and the IE used the knee 

and ankles. 

Mter the hand reach was made, significant differences were shown in the duration of time for 

the centre of mass to stop. The OE technique stabilised the centre of mass in the shortest time. 

The number of joint reversals were fewer for the OE technique in this phase and although the 

postural demands continued to increase, the increase was least in the OE. Less negative work 

and power were associated with the OE technique in the last phase. 

7.3. Preparation for the Reaching Movement 

The IE and OE techniques both had an initial foot re-orientation from the starting position prior 

to making the hand reach. The OE technique was shown to be the most posturally demanding, in 

terms of body-weight moment and whole body moment of inertia. The increased postural 

demand is due to the hips in the OE technique having to be pushed away from the wall in order 

to adduct at the right hip and bring the knee through. This is achieved by the left leg extending, 

thus the left arm would appear to be important in the control of balance during the foot re­

orientation. Interestingly, the right arm geometry remains essentially fixed with relatively few 

adjustments, in the plane of elevation and the hyper-extension of the wrist. This may represent 
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the behavioural response to the contra-lateral transfer of forces accompanying the loss of 

support on the right foot (Noe et aI., 2001). The right arm in the OE technique becomes more 

active after the leg has moved into adduction. It is at this point that the climber starts to move to 

the right, while still re-orientating the foot. The re-orientation of the right foot also takes longer 

in the OE technique compared to the IE technique. So for the OE technique not only are the 

postural demands greater but the time in which to be in the more posturally demanding position 

is greater. 

Energetically the two techniques hardly differ. In terms of trajectory efficiency, during the 

actual movement of the foot the OE technique is less efficient. However, once the foot has been 

re-orientated, the IE efficiency decreases markedly. There is also more joint reversals evidenced 

in the IE technique during this phase, both in the arms and the legs. As the IE technique is in a 

posturally less demanding position, it is unclear as to why there is greater complexity of co­

ordination. A possible explanation may be that the joint reversals represent a fine control by the 

climbers in the preparation of the reaching movement; the OE technique may not afford such 

luxury. 

The requirement of displacing the hips in order to re-orientate the foot means that the OE 

technique is the more difficult and demanding of the two techniques 

7.4. Optimal Technique for the Whole Task 

The optimal technique for performing the reaching task was the OE technique. Although more 

posturally demanding during the preparation period, the postural and energetic demands in the 

actual reaching movement were reduced using the OE technique. This conclusion supports the 

perceptions of the majority of the participants, who felt that the OE technique offered greater 

stability for less work. 

7.5. Contribution to Scientific Knowledge of Rock Climbing 

The work presented in this thesis makes a number of contributions to our knowledge and 

understanding of rock climbing. 

The first contribution is that it provides a detailed three-dimensional kinematic analysis of a 

rock climbing movement. Previous research into single limb movements in rock climbing has 

tended to involve kinetic analyses (Noe et aI., 2001; Quaine & Martin, 1999) with minimal 

kinematics (e.g. Bourdin et aI., 1999). There have been a few kinematic-based studies, but these 

focussed either on whole-body centre of mass pathways over a climbing route (e.g. Cordier et 

aI., 1994), or in one case (Werner et aI., 2000) on overcoming environmental features, 

specifically a roof. Comparative Study 1 is the first study to describe in detail the way in which 

the body moves to perform a climbing movement. The descriptions of the joint angular changes 
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demonstrated that alterations in right-foot orientation significantly affected the body geometry 

and temporal sequencing of the limbs accompanying the reaching movement. The kinematic 

analyses were therefore shown to be powerful enough to determine differences in technique. As 

a result, there now exists, within the field of rock climbing, a tool allowing analysis of whole­

body co-ordination during movement. 

Comparative Study 2 further demonstrated that a kinematic analysis of a climbing movement 

was able to determine the effect of technique upon the performance of the reaching movement, 

in terms of postural demands, energetic demands and trajectory efficiency. The kinematic 

methodology pioneered in this research allows rock climbing manoeuvres to be analysed in 

wider settings than previously, such as on a natural piece of rock, where kinetic analyses would 

be impossible or, as in the case of a series of climbing movements, unfeasible. 

The postural changes in the whole body accompanying the re-orientation of the right foot would 

appear to provide support for a contra-lateral shift of forces during unweighting of a limb (Not! 

et a1., 2001). Both the IE and OE techniques showed a shift in the centre of mass to the left, as 

the right foot became unweighted. In the IE, this was achieved through limb movements, 

suggesting reinforcement of the foot and hand supports. In contrast, the limb movements in the 

OE technique imply that the lateral movement to the left was primarily the responsability of the 

left arm. No contra-lateral centre of mass movement was evidenced prior to the release of the 

right hand support. Collectively, these results show that the goal of the limb movement 

significantly affected the behavioural strategy accompanying the unweighting of a limb, from 

which it may be inferred that the pattern of contra-lateral force organisation is not unique 

(Quaine & Martin, 1999). 

The centre of mass movement during right foot re-orientation in the OE technique was 

especially interesting because, once the right foot had started to move, the centre of mass 

changed direction and displaced to the right. The centre of mass displacement prior to limb 

movement is, therefore, not always towards the position it needs to be in at the end of the 

movement, contradicting the assertion by Testa et a1. (1999). In fact, the centre of mass does not 

have to displace in a particular direction prior to limb movement, as evidenced by the delayed 

shift in whole-body centre of mass to the right in the reaching movement in the OE technique. 

The major contribution of this study has been to determine the role of technique in the 

performance of a rock climbing movement. To our knowledge, no other such study has been 

performed in the field of rock climbing. The analysis identified three types of technique, based 

on the orientation of the ipsilateral foot on the support, for performing a rock climbing reaching 

task and found the techniques to be fundamentally different in terms of body geometry, 
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temporal limb sequencing and centre of mass trajectory. Moreover, the role of technique was 

demonstrated not to be involved in the actual organisation of the reaching arm, but rather in how 

the body is organised around that reaching arm strategy. The wider implications of a fixed arm 

strategy are discussed in relation to general prehension theory in section 7.7. The adoption of 

different techniques was shown to affect whole-body performance of the reaching movement. 

On the basis of the data in this study at least, the Outside Edge (OE) technique can be said to be 

the optimal one for reaching towards a hold on a rock climbing wall. However, given the 

limitations of the study (see section 7.8 below), one needs to be cautious about generalising this 

conclusion to wider rock climbing situations. 

7.6. Practical Implications for Coaches and Practitioners 

The effect of foot orientation upon overhanging reaching tasks has several implications for 

practitioners and coaches. Ipsilateral foot orientation has been shown to have no effect upon the 

co-ordination or performance of the reaching arm movement component of the overall task. 

There is an effect upon the body geometry around the reaching arm movement. Climbers should 

therefore think about placement of the foot as a means for obtaining the optimal body posture 

within the environment. The reaching movement of the arm will be made in the same way 

regardless body geometry, thus it is through changes in body posture that the climber can 

improve their performance at reaching tasks. 

Climbers, in overhanging situations, should try to position the body as close to the climbing 

surface as possible. This will reduce the body weight moments. They should also try to reduce 

the whole-body moment of inertia, as this will reduce the postural demand on the hands and 

feet. However, whole-body moment of inertia is not an easy concept to visualise. In the absence 

of a detailed kinematic analysis, climbers should experiment with their body postures on 

specific reaching task problems to determine body postures which give a feeling of being more 

stable. Climbers should focus on trying to minimise the velocity of the hand on contact with the 

target hold, as it is possible to have a precision effect in a reaching hand trajectory in posturally 

demanding situations. A possible exercise would be to place the reaching hand just above the 

target hold, rather than try to grasp the hold. This may increase the ability of the climber to 

perform arm reaching movements with a precise end grasp. 

Initial difficulty in obtaining a foot orientation may provide the climber with a more beneficial 

performance in the reaching task as a whole. The use of the OE technique in this study 

demonstrated for the particular reaching task, re-orientating the foot was posturally more 

demanding yet overall the technique was the most beneficial for performance, particularly at the 

end of the reaching task. 
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The OE technique cannot be unequivocally recommended due to the specific environment in 

which this study was perfonned. Further work into the effect of foot orientation on reaching 

tasks in different environments will allow greater generalisation of the particular merits of one 

technique. The OE technique did position the centre of mass closer to the base of support 

compared with the other techniques. Therefore there may be a benefit in using the OE technique 

on steeper routes, which will provide larger base of supports that the centre of mass will be able 

to project vertical forces upon. 

The IE and TE techniques may be more useful when the target hold is outside the natural reach 

of the climber. Both techniques use a proximal-distal sequencing in the legs prior to the 

reaching movement, thus these techniques are similar in co-ordination to vertical jumping. 

Therefore the IE and TE techniques would be more suitable when the climber has to jump for 

the next hold. 

7.7. Theoretical Aspects of Prehension Activities 

Rock climbing provides a unique environment in which to study reaching and grasping 

movements. There are two essential differences from the traditional prehension experiments. 

Firstly there are two goals, the prehensile movement task and the requirement to maintain 

postural stability (Bourdin et aI., 1998, 1999). Secondly, in rock climbing the hold is grasped 

and the body moved around the hold, as opposed to manipulation of the object about the person 

(Bourdin et aI., 1998). It has been proposed that the existence of postural constraints 

fundamentally alters the organisation of the reaching arm (Bourdin et aI., 1998, 1999). 

The kinematic characteristics of the reaching arm by the climbers in Comparative Study 2 

demonstrated a 'precision effect', through a longer deceleration phase and minimal impact 

velocity. This contrasts with Bourdin et ai. (1999), but is in agreement with results from 

traditional prehension studies, such as Marteniuk et ai. (1987). Further, the technique used by 

the climbers did not affect these trends. The three techniques have been demonstrated as placing 

different postural demands on the climber to maintain balance before, during and after the 

reaching movement. These results therefore imply that different postural constraints do not 

necessarily alter the kinematic characteristics of the hand performing a set reaching movement. 

Bourdin et ai. (1999) altered postural constraints by changing the size of the starting hold for the 

reaching hand. The validity of this method for altering postural demand is, however, 

questionable. Marteniuk et ai. (1987) defined task as the interaction of the performer and the 

environment within set movement goals. The set movement goals were constant in Bourdin et 

ai. 's (1999) study, but the environment was altered, by changing initial hold size. Therefore, 

comparison of reaching perfonnance from different-sized holds is, in actual fact, a comparison 
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of two separate tasks. In Comparative Study 2, the environment remained constant, but the 

interaction of the climbers was manipulated (they were instructed to use different techniques) to 

confer different postural constraints in the performance of the task. 

In the only study to analyse joint angular changes in a reaching movements in posturally 

demanding environments, Comparative Study 1 demonstrated a fixed strategy in solving the 

joint redundancy problem across the techniques. The existence of significantly different body 

geometries in the different techniques was incorporated into the fixed strategy, or coordinative 

structure (Turvey, 1990), solely through the elevation angle of the shoulder joint. The 

behavioural strategy of the climbers was economical in terms of the number of degrees of 

freedom involved to maintain an optimal arm posture at the end of the reach, following the 

suggestion by Jeannerod et aI. (1998). Invariant final arm posture for object orientation 

(Desmurget et aI., 1995) and position (Grea et aI., 2000) for a given movement start position 

(Desmurget et aI., 1998) has been previously reported. The final arm posture has been suggested 

as a control variable (Paulignan et aI., 1997; Grea et aI., 2000; Desmurget & Prablanc, 1997; 

Jeannerod et aI., 1998) within a global planning of prehension theory. The invariant final arm 

postures and coordinative structures demonstrated by the climbers in the work presented here 

supports the notion of global planning theory in prehension. 

In conclusion, the results of Comparative Study 1 and 2 indicate that postural constraint was not 

an important variable in the planning and control of a reaching movement. 

7.7.1. Future Directions 

Future work should analyse the robustness of this conclusion. Reaching movements should be 

studied with variations in the spatial domain (i.e. having object holds in different locations, 

altering the start position of the hand), in the intrinsic properties of the object (shape, size, 

texture) and in the environment (different supports for the legs and contra-lateral hand, different 

angles of the climbing wall), as there may be evidence of stereotyped responses for particular 

environmental and task configurations. In particular, it would be interesting to use a hold that 

afforded the climber a number of different ways of providing support. In this way, the joint 

redundancy would not be limited by the mechanical properties of the target hold. Analysis of 

different populations performing reaching tasks in posturally demanding situations would 

further illuminate the role of posture in prehension. The work in Comparative Study 1 and 2 is 

limited by the fact that a very specific population was studied. These participants may have 

adapted to the activity sufficiently that, for that population, the postural constraints did not 

represent a greater constraint than those of the reaching task. 
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7.8. Limitations 

There are a number of limitations to the research. The limitations in the general methodology 

employed to answer the research question will be discussed first, then the limitations of the 

kinematic model and measures. 

A major limitation of the thesis lies in the generality of the results of the studies. The real-life 

environment in which competitive rock climbing activity takes place is almost infinitely varied 

(Goddard & Neumann, 1993). In Comparative Study 1 and 2 the movement of the climbers was 

controlled and the environment kept constant: an approximately 10° overhanging wall with 

wedge shaped supports 10cm in width and 2.5cm in depth, though the inter-hold distances were 

normalised to the individual climber's anthropometry. Environmental characteristics were based 

on previous experimental work by other authors (e.g. Noe et aI., 2001) and on the climbing 

competition study (Chapter 3). Consistency of environment was maintained to allow fair 

comparison of the techniques. However, the results of the study must be interpreted with the 

proviso that they apply to a very specific movement performed in a specific environment. 

Secondly, variations in the joint angles between techniques were observed in the set starting 

position. The participants had prior knowledge of the subsequent technique to perform when 

they stepped onto the wall, which may have influenced the starting position. With hindsight, 

participants should have attained the start position before being instructed as to which technique 

to use to perform the reach. The use of kinetic data would have enabled a set start position with 

equalised forces on all the supports, as in Quaine & Martin (1999), which would have helped to 

decrease variability. 

The start of the reaching phase was determined through identifying the instant that the hand 

started to move upwards from the initial hold. The end of the phase was defmed by the upward 

movement of the hand, terminating on the new hold. If the hand rotated about the starting hold 

before starting the motion to the new hold, then the criteria used in this study to define initiation 

of the reach phase would be erroneous. In Comparative study 2, the kinematics of the reaching 

hand demonstrated that the temporal characteristics were consistent between techniques, but the 

magnitude of maximum velocity, acceleration and deceleration differed significantly. 

Acceleration measures of a projectile demonstrated a maximum mean error ofO.85ms-
2

• Thus 

the differences in acceleration values between techniques may be due to measurement error and 

errors in the definition of the start and end of the reaching phase. 

The mean group values of the measures were used in the analyses to compare the techniques. 

The research question involved defining and comparing the actual techniques, thus variability 

within the group was reduced as much as possible, through methodological and data 
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conditioning processes. However, there was still variability in the measures. Quantification of 

the homogeneity of the participant group was performed through analysis of the coefficient of 

variation in centre of mass trajectories. The population was felt to be homogenous as the intra 

and inter-participant CV were less than 10%. 

The kinematic model of the climber employed in the study has specific accuracy limitations. 

The model comprised 14 segments, which were assumed to have rigid body properties. 

Segmentation has limited accuracy because humans are not multi-link chains, but continuous 

entities containing rigid and non-rigid tissue. Skin movement artefacts undermine the rigid body 

assumptions, creating sizable errors in anatomical landmark identification (Cappozzo et al., 

1996b). The effect of skin movement in the present study was minimised through methodology 

(based on astute work and recommendations ofCappozzo et aI., 1997; Cappello et al., 1997; 

Cappozzo et aI., 1995a,b) and the optimisation routine of Soderqvist and Wedin (1993), which 

exploits the redundancy in the degrees of freedom of the skin markers to produce technical co­

ordinate systems. The application of Body Segment Inertia Parameters (BSIP) represented a 

compromise between accuracy and complexity of the scaling procedure. As the research 

involved repeated measures on the same population group, it was felt that ease of application 

was relatively more important than fine tuning the BSIP to each individual. The BSIP data from 

Zatsiorsky & Seluyanov (1983, 1985) best represented the population tested in this research. To 

apply these BSIP more easily, De Leva's (1996) published adjustments relative to joint centres 

were used. The major simplification in the kinematic model was to represent the trunk as a 

single segment. Again, the trunk clearly does not consist of a rigid structure with uniform 

density (Zatsiorsky, 2002), so the mass-inertia characteristics of the trunk have a limited 

accuracy. 

The analysis of co-ordination was limited through the lack of a quantitative measure. Although 

three-dimensional analyses of co-ordination have been performed (e.g. Lees & Nolan, 2002), 

the quantitative tools are essentially applied to planar movements. The movements in rock 

climbing have been shown to be complex three-dimensional movements. Comparisons of every 

joint rotation in each direction would have been impractical given the research question. 

The mechanical analysis of the techniques in Comparative Study 2 was limited in scope. If 

kinetic data had been available, a more detailed study of the energy generation and absorption in 

the joints could have been undertaken, using the model of Aleshinsky (1986a, b). In the absence 

of force data, only the mechanical changes of the whole-body centre of mass were analysed, as 

discussed in Chapter 6. 
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The lack of force data in Comparative Study 2 meant that the postural demands at the hands and 

right foot were inferred from analyses of the body weight (BW) moments and the whole-body 

moment of inertia's acting on the climber. The use of kinetic data from the supports would have 

allowed a more complete analysis of the actual organisation of the forces in maintaining 

stability and producing the movements required to perform the reaching task. 

7.9. Future Directions 

The future directions of research extending from the work presented will now be considered. 

Future prehension focussed research has been previously discussed in section 7.7.1. 

7.9. 1. Generality of Technique in Reaching Movements 

A direct extension of the work presented would be investigate the generality of the results. A 

similar study to ours could be performed but with the environment systematically varied. This 

may lead to a greater generalisation of the attributes of each type of foot orientation. 

Alternatively specific environments may produce specific responses with each foot orientation. 

Use of steeper angled walls would allow investigation of the whole-body centre of mass 

interaction with the base of support. The movement patterns may become fundamentally 

different when the mechanics of the situation fundamentally change. 

Analysis of each technique over longer routes may amplify the differences in performance 

measures. Thus climber could utilise each technique to perform the same route and the 

performances compared. 

7.9.2.Advances in the Coordination in the Techniques 

Further investigation into the coordinative aspects of each technique is warranted. 

Unfortunately, three-dimensional movement currently lacks a tool for quantifying co-ordination 

in a similar way to relative phase measures in two-dimensional movement, so the development 

of such a tool is needed. 

Quantification of co-ordination may be achieved through electromyographic (EMG) analyses of 

the muscle activations. This technique has previously been used in analyses of cycling (e.g. 

Neptune et aI., 1997) and vertical jumping (Bobbert & van Ingen Schenau, 1988). Analyses of 

the whole body using EMG analysis would provide a greater understanding of coordination 

complexity within each technique. 

The type of technique used to make a reaching movement has been shown by the research 

presented here to affect the performance of the task. An interesting future direction would be to 

investigate the dynamics of acquiring expertise in each of the techniques. The traditional view 

of a proximal-distal release of degrees of freedom with expertise (Bernstein, 1967) has been 

challenged in balance maintenance tasks (e.g. Ko et aI., 2001). Therefore, investigation into how 
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each technique is acquired would not only provide insight into the relative difficulty of attaining 

proficiency in each technique, which would be of interest to climbers and coaches, but also into 

more general motor control theories of learning. 

Analysis of the variability of the joint rotations within subjects would allow investigation of the 

adaptability of each technique to different environmental challenges. Rock climbers have to be 

able to constantly adapt to the infinitely variable terrain. Therefore, knowledge of how the 

coordinative patterns associated with each technique vary with differing environmental 

constraints would be beneficial. 

7.9.3.Mechanical Analyses 

It was noted above that there were limitations in the mechanical and postural analyses. Future 

work should seek to enhance the analyses in this thesis, through study of the application of 

forces on the supports. Previous research, as discussed in detail in the Literature Review, has 

established the use of kinetic analyses (e.g. Noe et aI., 2001; Quaine & Martin, 1999), but not in 

the investigation of different techniques and not in combination with three-dimensional 

kinematics. The use of both types of analysis would allow MEE to be calculated in a non­

controversial manner, using Aleshinsky's (1986a,b) model and the pattern of force 

organisational change accompanying a reaching movement. Measurement of the forces applied 

by the hands and feet to the supports would allow the mechanisms for maintaining postural 

stability to be measured directly. A more detailed mechanical analysis would allow the 

generation and absorption of energy at different joints to be investigated, greatly increasing the 

understanding of the energetics associated with each technique. For example, reduction in the 

produced power of the arm musculature in a particular technique would be beneficial to 

performance, as it might delay the onset of fatigue. 

The use of electromyographic (EMG) analysis of the forearm flexors has had previous research 

interest in terms of different types of hand grip (Watts et al., 2003) and fatigue (Quaine & 

Vigouroux, 2004). This methodology could be extended to determine the impact of different 

techniques on fatigue in the finger flexors. Digital, wireless EMG measurement units are now 

available; if they were employed, participants could use each of the three techniques identified 

in our work to climb a whole route, and have their the flexor activity monitored. This would 

provide further understanding of the effect of technique on the performance of reaching 

movements. 

Isometric muscle contractions have been recognised to be a component of rock climbing activity 

(Booth et aI., 1999); indeed isometric contractions can constitute up to a third of the total time to 

complete a route (Billat et aI., 1995). Application of any contemporary mechanical work models 
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is therefore limited. However, metabolic energy expenditure of each technique could be 

investigated. The use of portable metabolic analysis systems has already been employed in 

analyses of climbers' performances over whole routes (Watts, 2004). Similar to the EMG study 

suggested above, whole climbing routes may then be attempted with the climbers just using one 

particular technique to perform the arm reaches. The effectiveness of the techniques on 

performance could then be compared in terms of metabolic energy expenditure. 

7.10. Conclusions 

The research question for this study was to evaluate the impact of different ipsilateral foot 

orientations on reaching tasks in overhanging rock climbing situations. To help answer the 

question three specific research objectives were formulated. 

1) To establish that the ways in which climbers in an overhanging rock environment solve a 

reaching-movement task, using different orientations of the ipsilateral foot, constitute separate 

techniques. 

Objective 1 was achieved through a detailed analysis of the sequence of movements made by 

climbers solving a particular reaching task with different ipsilateral foot orientations, in a 

specific overhanging situation. It was demonstrated that different specific sequences of 

movements occurred in the successful completion of the task with different orientations of the 

foot. The different orientations of the foot can be said to constitute separate, identifiable 

techniques for solving a reaching task on an overhanging wall. The different orientations of the 

foot did not constitute separate techniques for making the actual hand reach movement. A single 

coordinative structure was identified for the arm making the reach, which adapted to the 

different body geometry through the elevation angle at the shoulder. 

2) To establish a robust methodology for detailed quantitative analysis of the position and 

orientation of the climber using any of these techniques on an overhanging wall 

A robust methodology was established via a series of validation studies. These studies served to 

validate the successful application of theoretical principles to a kinematic model of a climber on 

an overhanging climbing wall. The studies also validated the mostly custom written programs. 

3) To establish the effect of ipsilateral foot orientation on the performance of the reaching task 

on an overhanging wall. 

Ipsilateral foot orientation was shown to affect the performance of a reaching task in terms of 

postural demand and energetic demand but not in terms of trajectory efficiency. 
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Evaluating the impact of foot orientation on reaching tasks in overhanging situations has lead to 

the overall conclusion that although the reaching arm movement are not affected by foot 

orientation, the overall technique and performance of a reaching task is. 
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Appendix A Anatomical Terminology 

The following definitions will be used in this thesis. Positional tenns are referenced to the 

standard 'neutral' anatomical position (the person is standing, looking forward, facing the 

reader, with palms facing forward). 

Positional terms 

Anterior 

Distal 

Inferior 

Lateral 

Medial 

towards the font, or in front 

away from the trunk or root of the limb 

below 

away from the midline 

towards the midline 

towards the rear, or behind Posterior 

Proximal 

Superior 

close to the trunk or root of the limb 

above 

Planes 

Plane of elevation 0° is abduction, 900 is forward flexion. 

Anatomical landmarks 

Head 

VER most cranial point of the head (vertex) 

INI The external occipital protuberance (inion) 

Thorax 

C7 processus spinosus (spinous process) of the 7th cervical vertebra 

T8 processus spino sus (spinal process) of the 8th thoracic vertebra 

IJ deepest point ofincisurajugularis (suprasternal notch, SCN) 

PX processus xiphoideus (xiphoid process), most caudal point on the sternum 

Humerus 

GH glenohumeral rotation centre, estimated by regression or motion recordings 

EL most caudal point on lateral epicondyle 

EM most caudal point on medial epicondyle 

Forearm 

RS most caudal-lateral point on the radial styloid 

US most caudal-medial point on the ulnar styloid 



Hand 

Pelvis 

Femur 

Shank 

Foot 
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HI 3
rd 

metacarple - a point on the dorsal sulcus between the tip of the third 

metacarpal and the base of the third finger 

ASIS anterior superior iliac spine 

PSIS posterior superior iliac spine 

FH centre of the femoral head 

ME medial epicondyle 

LE lateral epicondyle 

IT prominence of the tibial tuberosity 

HF apex of head of the fibula 

MM distal apex of the medial malleolus 

LM distal apex of the lateral malleolus 

SM second metacarpal head 

CM dorsal aspect of the cuboidmetatarsal joint 

CP calcaneous posterior surface 

Anatomical coordinate systems 

Head 

Trunk 

Y h the line connecting the midpoint between IJ and C7 and the VER, pointing 

upwards 

Zh the line perpendicular to the plane formed by VER, INI and the midpoint 

between IJ and C7, pointing to the right 

Xh the common line perpendicular to the Zh- and Y h-axis, pointing forwards 

Y tr the line connecting the midpoint between LHJ and RHJ and the midpoint 

between IJ and C7, pointing upwards. 

Ztr the line perpendicular to the plane formed by IJ, midpoint between LHJ and 

RHJ and the midpoint between IJ and C7, pointing to the right. 

Xtr the common line perpendicular to the Ztr- and Y tr-axis, pointing forwards 



Thorax 
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Yt the line connecting the midpoint between PX and T8 and the midpoint between 

IJ and C7, pointing upward. 

Zt the line perpendicular to the plane formed by IJ, C7, and the midpoint between 

PX and T8, pointing to the right. 

Xt the common line perpendicular to the Zt- and Ycaxis, pointing forwards. 

Humerus 

Y h2 the line connecting GH and the midpoint of EL and EM, pointing to GH. 

Zh2 the line perpendicular to the plane formed by Y h2 and Y r, pointing to the right. 

Xh2 the common line perpendicular to the Zh2- and Y h2-axis, pointing forward. 

Forearm 

Hand 

Pelvis 

Femur 

Yr the line connecting US and the midpoint ofEL and EM, pointing proximally. 

Xr the line perpendicular to the plane through US, RS, and the midpoint between 

EL and EM, pointing forward. 

Zr the common line perpendicular to the Xr and Y raxis, pointing to the right 

Yha the line connecting HI and the midpoint of US and RS, pointing proximally. 

Xha the line perpendicular to the plane through US, RS and HI, pointing forward 

Zha the common line perpendicular to the Xha- and Y ha-axis, pointing to the right 

Zp 

Xp 

Yp 

Yt 

the z axis is oriented as the line passing through the ASISs with its positive 

direction from left to right. 

the x axis lies in the quasi-transverse plane defined by the ASISs and the 

midpoint between the PSISs and with its positive direction forwards. 

the y axis is orthogonal to the xz plane and its positive direction is proximal. 

the y axis joins the origin with the centre of the femoral head (FH) and its 

positive direction is proximal. 

Zt the z axis lies in the quasi-frontal plane defined by the y axis and by the 

epicondyles with its positive direction from left to right. 

Xt the x axis is orthogonal to the yz plane with its positive direction forwards. 



Shank 

Foot 

196 

Ys the malleoli and the head of the fibula landmarks (HF) defme a plane which is 

quasi-frontal. A quasi-sagittal plane, orthogonal to the quasi-frontal plane, is 

defined by the midpoint between the malleoli and the tibial tuberosity (IT). The 

y axis is defined by the intersection between the above-mentioned planes, with 

its positive direction proximal. 

Zs the z axis lies in the quasi-frontal plane with its positive direction from left to 

right. 

the x axis is orthogonal to the yz plane with its positive direction forwards. 

Xfo the line connecting CP and SM, pointing distally. 

Yfo the line perpendicular to the plane through CP, CM, SM, pointing cranially. 

Zfo the common line perpendicular to Xfo- and Y fo-axis, pointing to the right. 

Direction of motion 

The following are referenced to the three cardinal anatomical planes: transverse (horizontal), 

coronal (frontal) and sagittal (median) 

• Abduction The movement of a body segment in a coronal plane that moves away from the 

midline of the body. 

• Adduction The movement of a body segment in a coronal plane such that it moves towards 

the midline of the body. 

• Flexion The bending of adjacent body segments in the sagittal plane, so that their two 

anterior / posterior surfaces are brought together. 

• Extension The moving apart or straightening of two opposing surfaces in a sagittal plane. 

It also refers to movement beyond the neutral position in the direction opposite of flexion. 

• External rotation Rotation of a limb segment about its longitudinal axis away from the 

midline of the body. 

• Internal rotation Rotation of a limb segment about its longitudinal axis towards the 

midline of the body. 
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Foot 

• Eversion Rotation of a limb segment about its longitudinal axis away from the midline of 

the body. 

• External rotation The movement of a body segment in a coronal plane that moves away 

from the midline of the body. 

• Extension The moving apart or straightening of two opposing surfaces in a sagittal plane. 

It also refers to movement beyond the neutral position in the direction opposite of flexion. 

• Flexion The bending of adjacent body segments in the sagittal plane, so that their two 

anterior / posterior surfaces are brought together. 

• Internal rotation The movement of a body segment in a coronal plane such that it moves 

towards the midline of the body. 

• Inversion Rotation of a limb segment about its longitudinal axis towards the midline of 

the body. 

References 

Wu et aI., 2002, 2005; de Leva, 2002; Cappozzo et aI., 1997. 
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Appendix B. Mean Centre of Mass Displacement and Velocity Values in x v and z , . 
directions, P values and Effect size in each Movement Phase 

Table B-1 Centre of Mass displacement values in the x direction, P values and Effect Size values 
for comparisons between techniques at the start of the movement and at the end of each phase. 

IE OE TE 

P Effect 
Mean SD Mean SD Mean SD 

Value Size 

Start 
0.402 0.043 0.414 0.037 0.412 0.054 0.457 0.09 

Movement 

1 0.400 0.040 0.420 0.034 0.002 0.82 

2 0.382 0.031 0.400 0.037 0.077 0.43 
End of 

3 0.352a 0.029 0.343b 0.029 0.376a,b 0.034 0.001 0.70 
Phase 

0.277a,b 4 0.308a 0.026 0.017 0.320b 0.018 0.001 0.71 

5 0.334a 0.025 0.298a,b 0.018 0.356b 0.051 0.001 0.71 

a,b denote where significant differences lie between techniques P<O.05 
* denotes possible type II error 

Table B-2 Centre of Mass displacement values in the y direction, P values and Effect Size values 
for comparisons between techniques at the start of the movement and at the end of each phase. 

IE OE TE 

P Effect 
Mean SD Mean SD Mean SD 

Value Size 

Start 
0.417 0.021 0.265 0.20 0.422 0.031 0.425 0.027 

Movement 

1 0.414 0.026 0.417 0.023 0.506 0.08 

2 0.385 0.031 0.457 0.029 0.001 0.88 
End of 

3 0.410a 0.035 0.468a,b 0.027 0.431 b 0.026 0.005 0.75 

Phase 
0.472 0.021 0.373 0.22 4 0.473 0.029 0.491 0.017 

5 0.547 0.046 0.546 0.043 0.541 0.044 0.728 0.03 

a,b denote where significant differences lie between techniques P<O.05 
* denotes possible type II error 
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Table B-3 Centre of Mass displacement values in the z direction, P values and Effect Size values 
for comparisons between techniques at the start of the movement and at the end of each phase. 

IE OE TE 

P Effect 
Mean SD Mean SD Mean SD 

Value Size 

Start 
0.717 0.055 0.718 0.058 0.726 0.052 0.114 0.30 

Movement 

1 0.724 0.054 0.727 0.051 0.554 0.06 

2 0.761 0.069 0.763 0.061 0.859 0.06 
End of 

0.804* 3 0.803a 0.049 0.028 0.833a,* 0.041 0.049 0.39 
Phase 

4 0.928a 0.035 0.916b 0.028 0.956a,b 0.033 0.000 0.88 

5 0.918a 0.049 0.913* 0.045 0.947a,* 0.049 0.013 0.62 

a,b denote where significant differences lie between techniques P<O.05 
* denotes possible type II error 

Table B-4 Centre of Mass velocity values in the x direction, P values and Effect Size values for 
comparisons between techniques at the end of each phase 

IE OE TE 

Mean SD Mean SD Mean 

1 -0.00 0.02 0.04 0.04 

End 2 -0.04 0.04 -0.07 0.05 

of 3 _0.19a,b 0.10 -0.21 a 0.05 -0.22b 

-0.02a,* 
* 

Phase 4 0.02a 0.04 0.03 0.03 

5 -0.01 0.01 0.00 0.01 -0.01 

a,b denote where significant differences lie between techniques P<O.05 
* denotes possible type II error 

Effect 
SD P Value 

Size 

0.030 0.57 

0.585 0.06 

0.06 0.004 0.67 

0.05 0.011 0.53 

0.01 
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Table B-5 Centre of Mass velocity values in the y direction, P values and Effect Size values for 
comparisons between techniques at the end of each phase 

IE OE TE 

Mean SD Mean SD Mean 

1 -0.06 0.04 -0.05 0.05 

End 2 0.01 0.05 0.07 0.04 

of 3 0.12a 0.09 O.OOa,* 0.03 0.06* 

Phase 4 0.11 * 0.06 O.ot 0.03 0.11* 

5 0.01 0.01 0.02 0.02 0.01 

a,b denote where significant differences lie between techniques P<O.05 
* denotes possible type II error 

Effect 
SD P Value 

Size 

0.266 0.20 

0.044 0.52 

0.07 0.003 0.63 

0.05 0.015 0.50 

0.01 

Table B-6 Centre of Mass velocity values in the z direction, P values and Effect Size values for 
comparisons between techniques at the end of each phase 

IE OE TE 

Mean SD Mean SD Mean 

1 0.05 0.05 0.08 0.09 

End 2 0.01 0.04 -0.02 0.04 

of 3 0.39 0.25 0.31a 0.16 0.50a 

Phase 4 0.01 0.02 0.04 0.04 0.00 

5 0.00 0.00 0.00 0.01 0.01 

a,b denote where significant differences lie between techniques P<O.05 
* denotes possible type II error 

Effect 
SD P Value 

Size 

0.411 0.12 

0.206 0.25 

0.19 0.006 0.57 

0.05 0.127 0.29 

0.01 
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Appendix C Joint Rotation Angles, P values and Effect size between Techniques at the end 
of each Movement Phase 

Table C-l Mean Joint Rotation angular values, p values between the Inside Edge and Outside Edge 
techniques and the effect size for the twelve joints at the end of phase 1 

IE OE 

Mean SD Mean SD 
Main Effect 
Effect Size 

Left 
Z 27 8 24 9 0.027 0.59 

ankle 
x 17 9 16 10 0.271 0.20 

Y 6 5 6 4 0.724 0.02 

Z -84 11 -75 11 0.016 0.65 
Left knee x 11 3 10 5 0.656 0.04 

Y -26 l3 -28 11 0.227 0.23 

Z 50 17 55 15 0.l39 0.33 
Left hip x -42 10 -40 11 0.l08 0.37 

Y -20 23 -17 21 0.179 0.28 

Y 20 27 27 24 0.003 0.79 
Left -59 7 -60 8 0.465 0.09 x 

shoulder -67 11 -73 9 0.005 0.76 Y 

Left Z 112 12 III 12 0.464 0.09 

elbow y 97 16 99 16 0.014 0.66 

Z -23 17 -21 16 0.146 0.32 
Left wrist -12 14 -l3 l3 0.463 0.09 x 

Z 7 8 7 10 0.765 0.02 
Right 

x 39 9 42 9 0.029 0.58 
ankle 35 10 34 14 0.397 0.l2 Y 

Z -81 10 -73 10 0.010 0.70 
Right 

x 12 10 5 9 0.007 0.72 
knee -18 14 -25 12 0.001 0.88 Y 

Z 49 8 49 9 0.705 0.03 

Right hip x -21 14 -9 9 0.003 0.79 

Y -1 15 3 l3 0.007 0.73 

Y 23 13 26 11 0.341 0.l5 
Right 

x -63 12 -63 12 0.525 0.11 
shoulder -68 11 -70 8 0.945 0.00 

Y 

Right Z III 15 III 14 0.678 0.03 

elbow y 107 9 105 11 0.260 0.21 

Right Z -26 12 -27 9 0.539 0.07 

wrist x -7 6 -8 6 0.267 0.20 
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Table C-2 Mean Joint Rotation angular values, p values between the Inside Edge and Outside Edge 
techniques and the effect size for the twelve joints at the end of phase 2 

IE OE 

Mean SD Mean SD 
Main Effect 
Effect Size 

Left 
Z 29 7 14 7 0.000 0.97 

ankle 
x 19 8 15 10 0.135 0.33 

Y 5 6 12 6 0.001 0.85 

Z -84 12 -58 6 0.002 0.83 
Left knee x 16 6 3 6 0.009 0.77 

Y -23 14 -21 8 0.780 0.01 

Z 36 17 58 14 0.000 0.93 
Left hip x -40 8 -35 13 0.121 0.35 

Y -29 23 -10 19 0.000 0.92 

Left 
y 17 22 24 17 0.074 0.44 

shoulder 
x -47 11 -65 11 0.000 0.97 

Y -61 11 -71 8 0.014 0.66 

Left Z 119 13 III 14 0.022 0.68 
elbow y 95 14 101 13 0.049 0.50 

Left wrist 
Z -26 20 -23 19 0.042 0.53 
x -17 13 -14 13 0.110 0.37 

Right 
Z 9 10 8 9 0.850 0.01 
x 27 9 39 6 0.002 0.81 

ankle 
17 12 39 13 0.000 0.94 Y 

Z -77 9 -76 12 0.697 0.03 
Right 

x 30 7 -10 7 0.000 0.99 
knee -42 13 -24 11 0.001 0.88 Y 

Z 47 13 41 10 0.l14 0.36 

Right hip x -31 9 13 4 0.000 0.98 

Y -8 17 18 15 0.000 0.90 

Y 13 14 17 18 0.177 0.28 
Right 

x -57 14 -46 15 0.014 0.659 
shoulder -62 12 -59 18 0.334 0.16 Y 

Right Z 116 14 119 13 0.208 0.25 

elbow y 105 12 106 9 0.684 0.03 

Right Z -30 12 -33 13 0.022 0.61 

wrist x -10 6 -10 5 0.900 0.00 
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Table C-3 Mean Joint Rotation angular values, p values between the three techniques and the effect 
size for the twelve joints at the end of phase 3 

IE OE TE 

Mean SD Mean SD Mean SD 
Main Effect 
Effect Size 

Left 
Z 19 12 11 5 17 9 0.028 0.45 

ankle 
x 32 9 26 8 27 8 0.051 0.48 
Y 17 12 19 6 15 7 0.382 0.13 

Z _78a,b 18 -55a 9 _64b 14 0.002 0.65 
Left knee x 13* 6 i',a 6 9a 5 0.007 0.56 

Y -21 13 -23 7 -28 10 0.090 0.33 

Z 31 a,b 13 52a,e 12 41b,e 14 0.000 0.87 
Left hip x -43 6 -34 12 -44 8 0.055 0.44 

Y _29a,b 22 _7b,e 14 _19a,e 20 0.000 0.83 

Left 
y -5 14 -3 12 -7 12 0.493 0.l1 

shoulder 
x _45a 4 _66a,b 5 _45b 7 0.000 0.93 

Y -41 a 12 _53a,b 5 _41b 12 0.002 0.66 

Left Z 121 8 118 7 120 11 0.202 0.23 
elbow y 94 12 95 14 95 11 0.835 0.03 

Left wrist 
Z -29* 17 -23* 15 -32* 19 0.006 0.58 
x -19* 15 _14*,a 14 _22a 15 0.001 0.68 

Z 14 11 7 14 9 10 0.303 0.18 
Right 

x 26a,b 10 43a 9 41b 8 0.000 0.79 
ankle 14a,b 12 39a,*? 17 28b,*? 14 0.000 0.76 Y 

Z _78a 13 _85b 13 _63a,b 16 0.000 0.77 
Right 

x 32a,b 6 _10b,e 10 5a,e 11 0.000 0.94 
knee -33 7 -40 13 -32 20 0.308 0.l8 Y 

Z 35 15 31 12 32 13 0.493 0.09 

Right hip x _33a,b 8 23b,e 4 -1 a,e 18 0.000 0.87 

Y _18a,b 18 16b,e 16 Oa,e 17 0.000 0.84 

Y -5 16 -14 19 -2 17 0.074 0.35 
Right 

x _42a,b 11 _29a,* 9 _36b,* 11 0.000 0.72 
shoulder -36* 24 _14*,a 20 _32a 17 0.004 0.60 Y 

Right Z 123* 5 125* 6 121'" 5 0.03 0.441 

elbow y 100 11 100 13 102 12 0.77 0.042 

Right Z -32 13 -37 14 -33 14 0.228 0.22 
wrist x -16 7 -19 8 -19 10 0.302 0.181 

a,b denote where significant differences lie between techniques 
* denotes possible type II error 



204 

Table C-4 Mean Joint Rotation angular values, p values between the three techniques and the effect 
size for the twelve joints at the end of phase 4 

IE OE TE 

Mean SD Mean SD Mean SD 
Main Effect 
Effect Size 

Left 
Z -2 6 -7 6 -6 10 0.252 0.21 

ankle 
x 36a 9 28a 9 32 7 0.028 0.76 
Y 26 12 26 4 24 9 0.765 0.044 

Z -39* 19 -31 * 12 -31* 15 0.039 0.42 
Left knee x 12 7 4 4 7 5 0.074 0.42 

Y -39* 11 -30*,a 9 _36a 9 0.020 0.48 

Z 23a 12 37a,b 12 28b 12 0.000 0.83 
Left hip x -31 7 -25 7 -32 5 0.087 0.34 

Y _18a 15 _7a,b 14 _16b 16 0.001 0.71 

Left 
y _17a 10 _10a,* 10 -16* 12 0.002 0.64 

shoulder 
x _46a 10 _60a,b 7 _48b 9 0.000 0.84 

Y _30a 13 -41 a,b 9 _29b 13 0.001 0.70 

Left Z 116 13 116 6 117 14 0.94 0.01 
elbow y 100* 17 96* 15 102* 15 0.032 0.44 

Left wrist 
Z _37a 12 _28a,b 12 Alb 16 0.001 0.71 
x -28 16 -24 14 -28 15 0.061 0.37 

Right 
Z 11 12 7 13 9 9 0.632 0.07 
x 2r,b 8 40a 10 38b 7 0.005 0.58 

ankle 16a 11 35a 16 24 13 0.006 0.57 Y 

Z _58*,a 19 _69*,b 19 _41 a,b 16 0.000 0.79 
Right 

x 31 a,b 8 _17a,c 10 4b,c 13 0.000 0.93 
knee -40 13 -42 11 -34 12 0.273 0.20 Y 

Z 25 15 22 11 19 13 0.286 0.19 

Right hip x _22a,b 7 18a,* 3 Ob,* 15 0.000 0.82 

Y _26a,b 13 13a,c 13 _7b,c 13 0.000 0.89 

Y -12 12 -12 8 -12 11 0.988 0.002 
Right 

x -105a 9 _93a 10 -99 15 0.001 0.71 
shoulder -116 15 -113 18 -113 25 0.878 0.32 

Y 

Right Z 23 2 24 3 25 3 0.601 0.08 

elbow y 148 22 149 25 148 29 0.965 0.01 

Right Z -13 5 -13 5 -13 8 0.985 0.003 

wrist x 2 8 1 8 0 7 0.282 0.19 
a,b denote where significant differences lie between techniques 
* denotes possible type II error 
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Table C-5 Mean Joint Rotation angular values, p values between the three techniques and the effect 
size for the twelve joints at end of phase 5 

IE OE TE 

Mean SD Mean SD Mean SD 
Main Effect 
Effect Size 

Left 
Z -r 11 _13a 11 -11 12 0.012 0.52 

ankle 
x 26* 8 19* 12 21'" 9 0.027 0.45 

Y 18 9 21 4 17 10 0.407 0.17 

Z -34* 23 -22* 16 -25 18 0.011 0.53 
Left knee x 12 8 5 5 6 3 0.154 0.31 

Y -40* 11 -31'" 9 -36 10 0.078 0.48 

Z 16a 11 31 a,b 10 20b 13 0.000 0.81 
Left hip x -34 7 -26 7 -34 5 0.059 0.38 

Y _24a 15 -11 a,b 16 _23b 16 0.000 0.75 

Left 
y -5* 10 i' 9 O· 11 0.026 0.46 

shoulder 
x -51 a 6 _63a,b 5 _50b 6 0.000 0.82 

Y -46 9 -50 7 -44 12 0.059 0.38 

Left Z 98 13 101 12 96 15 0.325 0.17 

elbow y 104 14 101'" 13 107* 15 0.006 0.57 

Left wrist 
Z _35a 12 _26a,b 12 _39b 16 0.001 0.67 

x -24 13 -25 13 -26 11 0.326 0.17 

Right 
Z 14 12 7 13 10 14 0.291 0.19 

x 28a.* 9 38* 10 35a 8 0.023 0.47 
ankle 14a 11 37a 14 24 9 0.001 0.66 Y 

Z -61 a 17 _70b 17 _44a,b 16 0.000 0.83 
Right 

x 30a,b 6 _16a,c 8 4a,b 12 0.000 0.94 
knee -35 11 -42 12 -30 11 0.095 0.33 Y 

Z 24 12 22 11 19 14 0.315 0.18 

Right hip x _19a,c 7 19b 4 1c 16 0.000 0.81 

Y _25a,* 14 15a,b 15 _5b,* 10 0.000 0.86 

Y -13 14 -14 10 -10 15 0.270 0.20 
Right 

x -107a 15 _96a 14 -103 17 0.003 0.62 
shoulder 

-88 21 -93 20 -84 22 0.172 0.36 
Y 

Right Z 35 17 32 18 35 17 0.351 0.20 

elbow y 130 27 135 30 127 25 0.200 0.24 

Right Z -18 8 -17 9 -19 10 0.379 0.15 

wrist x 5 6 4 5 4 7 0.763 0.04 

a,b denote where significant differences lie between techniques 
* denotes possible type II error 



206 

Appendix D. Medical Questionnaire 

UNIVERSITY OF LEEDS 
SCHOOL OF SPORT AND EXERCISE SCIENCES 

MEDICAL QUESTIONNAIRE 

If you feel unwell on the day of a proposed test, or have been feeling poorly within 
the last two weeks, you are excluded from taking part in an exercise test. The 
considerations that follow apply to people who have been feeling well for the 
preceding two weeks. 

NAME: ................................................................. . 

SEX: M/F AGE: ....... (yr) HEIGHT: ......... (m) WEIGHT: ......... (kg) 
Handed: LeftJRightJAmbi Arm span: ............ cm 

Details of last medical examination (where appropriate): 

Date: ................... . Location: ................................................................ . 

( day/mo/yr) 

Exercise lifestyle: 
What kind(s) of exercise do you regularly do (20 minutes or more per session), and how 

often? (Please circle the number of times per average week): 

Bouldering 1 2 3 4 5+ 

Sport Climbing 1 2 3 4 5+ 

Trad Climbing 1 2 3 4 5+ 

Walking 1 2 3 4 5+ 

Running 1 2 3 4 5+ 

Cycling 1 2 3 4 5+ 

Swimming 1 2 3 4 5+ 

Skiing 1 2 3 4 5+ 

Rowing 1 2 3 4 5+ 

Gymnastics 1 2 3 4 5+ 

Martial Arts 1 2 3 4 5+ 

Weight Training 1 2 3 4 5+ 

Field Athletics 1 2 3 4 5+ 

Racket Sports 1 2 3 4 5+ 

Rugby/soccer/hockey 1 2 3 4 5+ 

Others* 1 2 3 4 5+ 

*(PI -'y) ease speci ................................................................................... 

How long have you been exercising at least twice/week for at least 20 minutes/session? 

.................. years 
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How long have you been rock climbing: ............... years ............ months 

What type of rock do you regularly climb: ................................... . 

Which type of rock did you first learn to climb on: ..................................... .. 

What is your preferred aspect of climbing: ............................................... . 

What grade do you regularly expect to on-sight 
Bouldering: .......... .. 
Traditional Climbing: .............. . 
Sport Climbing: ............. .. 

What is the hardest grade you have climbed on-sight 
Bouldering: .......... .. 
Traditional Climbing: .............. . 
Sport Climbing: ............. .. 

What is the hardest grade you have ever climbed 
Bouldering: .......... .. 
Traditional Climbing: .............. . 
Sport Climbing: .............. . 

Illnesses: Have you ever had any of the following? (Please circle NO or YES) 

Anaemia 

Diabetes 

Heart Disease 

Other* 

NOIYES 

NOIYES 

NOIYES 

NOIYES 

Asthma NOIYES 

Epilepsy NOIYES 

High Blood Pressure NOIYES 

*(Please specify) .................................................................................. . 

Symptoms: 

Have you ever had any of the following symptoms to a significant degree at rest or during 
exercise? That is, have you had to consult a physician relating to any of the following? 

Rest Exercise 

Breathlessness NOIYES NOIYES 

Chest Pain NOIYES NOIYES 

Dizzy Fits/Fainting NOIYES NOIYES 

Heart Murmurs NOIYES NOIYES 

Palpitations NOIYES NOIYES 

Tightness in chest, jaw or arm NOIYES NOIYES 

Other* NOIYES 

*(Please specify) .................................................................................. .. 
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Muscle or joint injury: 

Do you have/or have had any muscle or joint injury which could affect your safety in 
performing exercise (e.g. cycling or running)? NOIYES* 

*(P/ease specify) .................................................................................. . 

Medication: 

Are you currently taking any medication? NOIYES* 

*(P/ease specify) ................................................................................ . 

Family History of Sudden Death: 

Is there a history of sudden death in people under 40 years in your family? 

NOIYES* 

*(P/ease specify) .................................................................................. . 

The following exclusion and inclusion criteria will apply to this study: 
Exclusion criteria: If you have any of the following, you will be excluded from the study:: 

(a) Asthma, diabetes, epilepsy, heart disease, a family history of sudden death at a young 
age, fainting bouts, high blood pressure, anaemia, and muscle or jOint injury. 

(b) A recent illness or viral infection within two weeks of the experiment. 

(c) Taking any medication that may adversely health or exercise performance. 

(d) Taking recreational or performance-enhancing drugs. 

Inclusion criteria: 
(a) Male or female subject aged at least 18 years 

(b) Participating for at least two hours per week in rock climbing activity 

(c) Be able to climb at or above a level of F7a 

(d) In good health at the time of testing. 

If you are involved in more than one visit to the laboratory, you will be asked to complete 
the medical and physical activity questionnaire on each subsequent visit, to establish 
whether or not your health status has changed. If the investigator has any concern in this 
regard (see Exclusion criteria above), you will be excluded. 

Signature ............................................ . Date ....................... . 
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Appendix E. Post-task Questionnaire 

UNIVERSITY OF LEEDS 
SCHOOL OF SPORT AND EXERCISE SCIENCES 

TECHNIQUE PERCEPTION QUESTIONNAIRE 

NAME: ................................................................. . 

Now that you have completed the experiment, please rank the three techniques you have 
performed, using the criteria below. Please try to be honest about how it felt to perform each 
technique and not allow any prior opinions of the techniques influence your answer. 

STABILITY 

MOST STABLE 

1) .......................................................................... . 

2) .......................................................................... . 

3) .......................................................................... . 

LEAST STABLE 

WORK 

MOST EFFORT 

1) .................................. ~ ....................................... . 

2) .......................................................................... . 

3) .......................................................................... . 

LEAST EFFORT 

MOST USEFUL TECHNIQUE ON AN OVERHANGING ROUTE 

1) .......................................................................... . 

2) .......................................................................... . 

3) .......................................................................... . 

LEAST USEFUL TECHNIQUE ON AN OVERHANGING ROUTE 

REASONS: ........................................... ··· ............................................................. . 

.............................................................................................................................. 

.................. ........................................................................................................... . 

..................................................................................................................................... 

..................................................................................................... 
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Appendix F Segment Coordinate Program 

function 
[headlcs,thoraciclcs,pelvislcs,trunklcs,lhandlcs,lforelcs,1 
humlcs,rhandlcs,rforelcs,rhumlcs,lfootIcs,lshanklcs,lfe 
murlcs,rfootIcs,rshanklcs,rfemurlcs,thoraciclcsb,pelvisl 
csb,lhandlcsb,lforelcsb,lhumlcsb,lfootlcsb,lshanklcsb,1f 
emurlcsb] = 

lcscom( mo yemen t, local vectors, CS in vtransmatrix) 
% Matlab function to calculate the a)local coordinate 
system for each segment 
% with the origin at the segmental CoM for a 14 
segment human body in each 
% frame 

% Written by Chris Low IS/6/04 Adapted S/1/0S 
% 
% Local coord systems based on ISB recommendations 
for legs and arms 
% LCS for head and trunk not based on an ISB 
recommendation 

% requires the use of localvectors2 program to give the 
localvectors of the 
% anatomical landmarks in the correct form 

% Ouput: a) Right hand CS for each of 14 body 
segments plus the thorax and 
% pelvis 
% b) Mirrored Right hand CS for the left side of 
the body plus 
% thorax and pelvis (denoted by a b postfix). The 
mirrored CS 
% should be used for parameterising the 
transformation matrices 
% when studying joint orientations. Mirroring 
achieved through 
% negating the saggittal data (y=-y) 

% Identify technical clusters 
% Create transformation matrices for each technical 
cluster 
% which will convert a local vector into a global vector 
[trunk] = transform(movement(:,10:IS»; 
LIC = movement(:,61 :63); 
RIC = movement(:,64:66); 
LPSIS = movement(:,67:69); 
RPSIS = movement(:,70:72); 
MPSIS = (LPSIS+RPSIS)/2; 
pelvistechmarkers = [LIC,MPSIS,RIC]; 
[hip] = transform(pelvistechmarkers); 
[LUA] = transform(movement(:,19:27»; 
[LF] = transform(movement(:,2S:36»; 
% Only 3 markers on thigh 
Lthightechmarkers = [movement(:,73:S1)]; 
[Lthigh] = transform(Lthightechmarkers); 
% Only 3 markers on shank 
Lshanktechmarkers = [movement(:,S2:90)]; 
[Lshank] = transform(Lshanktechmarkers); 

[RUA] = transform(movement(:,40:4S»; 
[RF] = transform(movement(:,49:S7»; 
% Only 3 markers on thigh 
Rthightechmarkers = [movement(:, 1 00: lOS)]; 

[Rthigh] = transform(Rthightechmarkers); 
% Only 3 markers on shank 
Rshanktechmarkers = [movement(:, 1 09: 117)]; 
[Rshank] = transform(Rshanktechmarkers); 

% Identify the movement markers required 
[VER] = movement(:, 1:3); 
[INI] = movement(:,4:6); 
[C7] = movement(:, 1 0: 12); 
[TS] = movement(:, 16: 18); 
[LHl] = movement(:,37:39); 
[RHl] = movement(:,SS:60); 
[LTO] = movement(:,91 :93); 
[LPl] = movement(:,94:96); 
[LHL] = movement(:,97:99); 
[RTO] = movement(:,IIS:120); 
[RPl] = movement(:, 121: 123); 
[RHL] = movement(:,124: 126); 

% Input anatomical markers local vectors and convert 
into 
% global co-ords 
% local vectors in form l,x,y,z; 1 vector per row 
[SCN] = globalanat(trunk,localvectors(l,: )'); 
[XIP] = globalanat(trunk,localvectors(2,: )'); 
[OMP] = globalanat(trunk,localvectors(3,:),); 
[LASIS] = globalanat(hip,localvectors( 4,: )'); 
[RASIS] = globalanat(hip,localvectors(S,: )'); 
[LSH] = globalanat(LUA,localvectors(6,:)'); 
[LEI] = globalanat(LUA,localvectors(7,:),); 
[LE2] = globalanat(LUA,localvectors(S,:),); 
[L WI] = globalanat(LF ,localvectors(9,:),); 
[L W2] = globalanat(LF ,localvectors(l 0,: )'); 
[LK 1] = globalanat(Lthigh,localvectors( 12,: )'); 
[LK2] = globalanat(Lthigh,localvectors(13,:)'); 
[LIT] = globalanat(Lshank,localvectors(14,:)'); 
[LHF] = globalanat(Lshank,localvectors( IS,: )'); 
[LA 1] = globalanat(Lshank,localvectors( 16,:),); 
[LA2] = globalanat(Lshank,localvectors(l7,:)'); 
[RSH] = globalanat(RUA,localvectors(lS,: )'); 
[REI] = globalanat(RUA,localvectors(19,:),); 
[RE2] = globalanat(RUA,localvectors(20,:),); 
[RWl] = globalanat(RF,localvectors(21,:)'); 
[RW2] = globalanat(RF ,localvectors(22,: )'); 
[RK 1] = globalanat(Rthigh,localvectors(24,:),); 
[RK2] = globalanat(Rthigh,localvectors(2S,:),); 
[R IT] = gl 0 balanat(Rshank, localvectors(26,: )'); 
[RHF] = globalanat(Rshank,localvectors(27,: )'); 
[RA 1] = globalanat(Rshank,localvectors(2S,: )'); 
[RA2] = gl 0 balanat(Rshank,1 ocal vectors(29 ,: )'); 

% Local coordinate system pelvis [PelvisCS] 
[pelvislcs] = pelvisref(LASIS,RASIS,LPSIS,RPSIS); 
% now calculate hip joint centres 
[LHJ] = globalanat(pelvislcs,localvectors( 11,: )'); 
[RHJ] = globalanat(pelvislcs,localvectors(23,:)'); 

% Convert global co-ords from ProReflex Global CS to 
Climbing Wall Global 
%CS 
[VER] = climbCS(VER,CSinvtransmatrix); 
[INI] = climbCS(lNI,CSinvtransmatrix); 



[C7] = climbCS(C7,CSinvtransmatrix); 
[T8] = C\imbCS(T8,CSinvtransmatrix); 
[SCN] = climbCS(SCN,CSinvtransmatrix); 
[XIP] = climbCS(XIP,CSinvtransmatrix); 
[OMP] = climbCS(OMP,CSinvtransmatrix); 
[LASIS] = climbCS(LASIS,CSinvtransmatrix); 
[RASIS] = C\imbCS(RASIS,CSinvtransmatrix); 
[LPSIS] = C\imbCS(LPSIS,CSinvtransmatrix); 
[RPSIS] = C\imbCS(RPSIS,CSinvtransmatrix); 
[LSH] = C\imbCS(LSH,CSinvtransmatrix); 
[LEI] = climbCS(LEl,CSinvtransmatrix); 
[LE2] = climbCS(LE2,CSinvtransmatrix); 
[LWI] = climbCS(LWI,CSinvtransmatrix); 
[L W2] = climbCS(LW2,CSinvtransmatrix); 
[LH 1] = C\imbCS(LH 1 ,CSinvtransmatrix); 
[LHJ] = climbCS(LHJ,CSinvtransmatrix); 
[LKI] = C\imbCS(LKl ,CSinvtransmatrix); 
[LK2] = climbCS(LK2,CSinvtransmatrix); 
[L TT] = climbCS(L TT,CSinvtransmatrix); 
[LHF] = C\imbCS(LHF,CSinvtransmatrix); 
[LAI] = C\imbCS(LAI ,CSinvtransmatrix); 
[LA2] = climbCS(LA2,CSinvtransmatrix); 
[LTO] = C\imbCS(LTO,CSinvtransmatrix); 
[LP I] = climbCS(LP 1 ,CSinvtransmatrix); 
[LHL] = C\imbCS(LHL,CSinvtransmatrix); 
[RSH] = climbCS(RSH,CSinvtransmatrix); 
[REI] = climbCS(REl,CSinvtransmatrix); 
[RE2] = C\imbCS(RE2,CSinvtransmatrix); 
[RWl] = C\imbCS(RWI,CSinvtransmatrix); 
[RW2] = climbCS(RW2,CSinvtransmatrix); 
[RHl] = climbCS(RHl,CSinvtransmatrix); 
[RHJ] = climbCS(RHJ,CSinvtransmatrix); 
[RKI] = C\imbCS(RKI ,CSinvtransmatrix); 
[RK2] = climbCS(RK2,CSinvtransmatrix); 
[RIT] = C\imbCS(RTT,CSinvtransmatrix); 
[RHF] = climbCS(RHF,CSinvtransmatrix); 
[RA 1] = climbCS(RA 1 ,CSinvtransmatrix); 
[RA2] = climbCS(RA2,CSinvtransmatrix); 
[RTO] = climbCS(RTO,CSinvtransmatrix); 
[RPI] = C\imbCS(RPl,CSinvtransmatrix); 
[RHL] = climbCS(RHL,CSinvtransmatrix); 

% Mirrored anatomical landmarks 
[LHI b] = [LHI (:,1 ),LH1(:,2)*-1 ,LH1(:,3)]; 
[LWlb] = [LWI(:,1),LW1(:,2)*-I,LWI(:,3)]; 
[LW2b] = [LW2(:,I),LW2(:,2)*-I,LW2(:,3)]; 
[LElb] = [LEI(:,I),LEl(:,2)*-I,LE1(:,3)]; 
[LE2b] = [LE2(:,I),LE2(:,2)*-I,LE2(:,3)]; 
[LSHb] = [LSH(:,I),LSH(:,2)*-I,LSH(:,3)]; 
[LTOb] = [LTO(:,I),LTO(:,2)*-I,LTO(:,3)]; 
[LPI b] = [LP I (:, 1 ),LP 1 (:,2)*-1 ,LPI (:,3)]; 
[LHLb] = [LHL(:,I),LHL(:,2)*-I,LHL(:,3)]; 
[LA I b] = [LAI (:, 1),LAI(:,2)*-1 ,LAI(:,3)]; 
[LA2b] = [LA2(:,I),LA2(:,2)*-1,LA2(:,3)]; 
[LHFb] = [LHF(:,1),LHF(:,2)*-I,LHF(:,3)]; 
[LITb] = [LTT(:,1),LTT(:,2)*-I,LTT(:,3)]; 
[LKlb] = [LKI(:,I),LKl(:,2)*-I,LK1(:,3)]; 
[LK2b] = [LK2(:,I),LK2(:,2)*-I,LK2(:,3)]; 
[LHJb] = [LHJ(:,I),LHJ(:,2)*-I,LHJ(:,3)]; 
[SCNb] = [SCN(:,I),SCN(:,2)*-I,SCN(:,3)]; 
[XIPb] = [XIP(:,I),XIP(:,2)*-I,XIP(:,3)]; 
[C7b] = [C7(:, I ),C7(:,2)*-1 ,C7(:,3)]; 
[T8b] = [T8(:,I),T8(:,2)*-I,T8(:,3)]; 
[LASISb] = [LASIS(:, I ),LASIS(:,2)*-1 ,LASIS(:,3)]; 
[LPSISb] = [LPSIS(:, 1 ),LPSIS(:,2)*-1 ,LPSIS(:,3)]; 
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[RASISb] = [RASIS(:,I),RASIS(:,2)*-1 ,RASIS(:,3)]; 
[RPSISb] = [RPSIS(:, I ),RPSIS(:,2)*-1 ,RPSIS(:,3)]; 

% Calculate the centre of mass of each segment 
% head centre of mass 
[hcom] = headcom(SCN,C7,VER); 
% trunk centre of mass 
[tcom] = trunkcom(SCN,C7,RHJ,LHJ); 
% left and right hand centre of mass 
[lhacom,rhacom] = 
handcom(L WI ,L W2,LH I ,RW I ,R W2,RH I); 
% left and right forearm centre of mass 
[lfcom,rfcom] = 

forecom(L Wl,L W2,LE I ,LE2,RWI ,RW2,RE I ,RE2); 
% left and right humerus centre of mass 
[lhucom,rhucom] = 
humeruscom(LE 1 ,LE2,LSH,RE 1 ,RE2,RSH); 
% left and right foot centre of mass 
[Ifocom,rfocom] = 

footcom(L TO,LP I ,LHL,RTO,RP I ,RHL); 
% left and right shank centre of mass 
[lshcom,rshcom] = 

shankcorn2(LA I ,LA2,LK I ,LK2,RA 1 ,RA2,RK I ,RK2); 
% left and right femur centre of mass 
[lfecom,rfecom] = 

femurcom(LKI ,LK2,LHJ,RK 1 ,RK2,RHJ); 

% calculate the relative mass of each segment at the 
segmental centre of mass 
[headinert] = hcom*6.94; 
[trunkinert] = tcom*43.46; 
[lhuinert] = Ihucom*2.71; 
[lfinert] = Ifcom*1.62; 
[lhainert] = Ihacom*0.61; 
[lfeinert] = Ifecom*14.16; 
[lshinert] = lshcom*4.33; 
[lfoinert] = Ifocom*1.37; 
[rhuinert] = rhucom*2. 71 ; 
[rfinert] = rfcom*1.62; 
[rhainert] = rhacom*0.61 ; 
[rfeinert] = rfecom*14.16; 
[rshinert] = rshcom*4.33; 
[rfoinert] = rfocom*1.37; 

% W should equal 100 
[W] = 
6.94+43.46+2*(2.71 + 1.62+0.61 + 14.16+4.33+ 1.37); 
% com equals sum of inertia values for each segment 
[com] = 
(headinert+trunkinert+lhuinert+lfinert+lhainert+lfeinert 
+lshinert+lfoinert+rhuinert+rfinert+rhainert+rfeinert+rs 
hinert+rfoinert)/W ; 

% Mirrored CS 
% Local coordinate system pelvis 
[pelvislcsb] = 
pelvisrefb(LASISb,RASISb,LPSISb,RPSISb ); 
% Local coordinate system thoracic 
[thoraciclcsb] = thoracicref(SCNb,XIPb,C7b,T8b); 
% Local coordinate system left and right hand 
[lhandlcsb] = handrefb(L WI b,L W2b,LH I b); 
% Local coordinate system left and right forearm 
[lforelcsb] = forerefb(L WI b,L W2b,LE I b,LE2b); 
% Local coordinate system left and right humerus isb 
convention 



[lhumlcsb] = humerusrefb(LE 1 b,LE2b,LSHb,L W2b); 
% Local coordinate system left and right foot 
[lfootlcsb] = footrefb(L TOb,LP 1 b,LHLb); 
% Local coordinate system left and right shank 
[lshanklcsb] = shankrefb(LA 1 b,LA2b,LHFb,L TTb); 
% Local coordinate system left and right femur 
[lfemurlcsb] = femurrefb(LK 1 b,LK2b,LHJb); 

% Right handed CS 
% Local coordinate system head 
[headlcs] = headref(SCN,C7,INI,VER,hcom); 
% Local coordinate system trunk 
[trunklcs] = trunkref(SCN,C7,RHJ,LHJ,tcom); 
% Local coordinate system thoracic 
[thoraciclcs] = thoracicref(SCN,XIP,C7,T8); 
% Local coordinate system pelvis [PelvisCS] 
[pelvislcs] = pelvisref(LASIS,RASIS,LPSIS,RPSIS); 
% Local coordinate system left and right hand 
[lhandlcs,rhandlcs] = 
handref(L WI,L W2,LH 1 ,RWI ,RW2,RH 1 ,lhacom,rhaco 
m); 
% Local coordinate system left and right forearm 
[lforelcs,rforelcs] = 
foreref(L Wl,L W2,LE 1 ,LE2,RWI ,RW2,RE 1 ,RE2,lfco 
m,rfcom); 
% Local coordinate system left and right humerus isb 
convention 
[lhurnlcs,rhurnlcs] = 
humerusrefisb(LE 1 ,LE2,LSH,L W2,RE 1 ,RE2,RSH,RW 
2,lhucom,rhucom); 
% Local coordinate system left and right foot 
[lfootlcs,rfootlcs] = 
footref(L TO,LP 1 ,LHL,R TO,RP 1 ,RHL,lfocom,rfocom); 
% Local coordinate system left and right shank 
[lshanklcs,rshanklcs] = 
shankref(LA 1 ,LA2,LHF,L TT,RA 1 ,RA2,RHF,RTT,lshc 
om,rshcom); 
% Local coordinate system left and right femur 
[lfemurlcs,rfemurlcs] = 
femurref(LK 1 ,LK2,LHJ,RK 1 ,RK2,RHJ,lfecom,rfecom) 

%%%%%%SUB-FUNCTIONS%%%%%%%%%%% 

% transform: Matlab function to determine the 
transformation 
% matrix of the local co-ord system of a rigid body with 
respect to global 
% taking account of skin errors over the total movement 
duration 
% 
% Written by Chris Low 
% Requires the localglobal. m program written by Chris 
Low which utilises 
% the soder.m program written by: 
% Ron Jacobs (R.S. Dow Neurological Institute, 
PorI and OR), 
% adapted by Ton van den Bogert (University of 
Calgary). 
% Using algorithm described in: 
% I. Soederqvist and P.A. Wedin (1993) Determining 
the movement of the skeleton 
% using we11-configured markers. J. Biomech. 
26:1473-1477. 
% Same algorithm is described in: 
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% J.H. Challis (1995) A prodecure for determining 
rigid body transformation 
% parameters, J. Biomech. 28, 733-737. 
% The latter also includes possibilities for scaling, 
reflection, and 
% weighting of marker data. 
% 
% Input: 

% data: Matrix of 3-D marker coordinates of rigid body 
over time (9 columns, 3 for each marker, 
% one row for each frame of data) 
% 
% Output: 
% T: Matrix comprising of each frames Transformation 
matrix to convert co-ordinates from local to global 
reference 
% systems OR gives the rotation and translation of 
the local frame with 
% regard to the global 
% 
% the rigid body model is: y = R *x + d 

function [T] = transform(data) 

%calculate the number of frames of data 
nframe = size( data, 1 ); 

%start the T matrix with a 4x4 identity matrix 
T= eye(4); 

%lterative loop which takes each frame of data, 
reshapes to a 3x3 position 
%matrix, calculates the transformation matrix using the 
localglobal.m 
%program. The transformation matrix is successively 
placed in matrix t 
for a = 1 :nframe 

Aa = [reshape( data( a,:)',3 ,size( data, 2)/3 )]'; 
[Ta] = 10calgloba\(Aa); 
T = [T;Ta]; 

end 

%Remove the first four lines (the identity matrix) from 
T matrix 
T(1 :4,:) = []; 

% localglobal: Matlab function to determine the 
transformation 
% matrix of a rigid body taking account of skin errors 
% Written by Chris Low 
% Using algorithm described in: 
% I. Soederqvist and P.A. Wedin (1993) Determining 
the movement of the skeleton 
% using we11-configured markers. J. Biomech. 
26:1473-1477. 
% Same algorithm is described in: 
% J.H. Challis (1995) A prodecure for determining 
rigid body transformation 
% parameters, J. Biomech. 28, 733-737. 
% The latter also includes possibilities for scaling, 
reflection, and 
% weighting of marker data. 
% 
% Requires the soder.m program written by: 



% Ron Jacobs (R.S. Dow Neurological Institute, 
PorI and OR), 
% adapted by Ton van den Bogert (University of 
Calgary). 
% 
% Input: 
% x: 3-D marker coordinates of rigid body in position 1 
(3 columns, one row for each marker) 
% 
% 
% Output: 
% T: Transformation matrix to convert co-ordinates 
from local to global reference 
% systems OR gives the rotation and translation of the 
local frame with 
% regard to the global 
% 
% 
% the rigid body model is: y = R *x + d 

function [T] = localglobal(x) 

% construct an identity matrix to represent the global 
reference system 
a = eye(3); 

% Use the soder2k.m program to calculate the rigid 
body transformation 
% parameters based around the singular value 
decomposition technique 
[R,d,rms] = soder2k(a,x); 

% Construct the transformation matrix 
T = [1 00 O'd R]' " , 

% soder.m: Matlab function to determine rigid body 
rotation & translation 
% From: 
% I. Soederqvist and P.A. Wedin (1993) Determining 
the movement of the skeleton 
% using well-configured markers. 1. Biomech. 
26:1473-1477. 
% Same algorithm is described in: 
% 1.H. Challis (1995) A prodecure for determining 
rigid body transformation 
% parameters, 1. Biomech. 28, 733-737. 
% The latter also includes possibilities for scaling, 
reflection, and 
% weighting of marker data. 
% 
% Written by Ron Jacobs (R.S. Dow Neurological 
Institute, Porland OR), 
% adapted by Ton van den Bogert (University of 
Calgary). 
% 
% Input: 
% x: 3-D marker coordinates in position 1 (3 columns, 
one row for each marker) 
% y: 3-D marker coordinates in position 2 (same 
format) 
% 
% Output: 
% R: rotation matrix 
% d: translation vector 
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% rrns: the root mean square fit error of the rigid body 
model 
% 
% the rigid body model is: y = R *x + d 
% 
function[R,d,rrns ]=soder2k( x,y) 

[nmarkers,ndimensions ]=size(x); 
% we could give an error message if ndimensions is not 
3 

mx=mean(x); 
my=mean(y); 

% construct matrices A and B, subtract the mean so 
there is only rotation 
for i= 1 :nmarkers, 

A(i,:)=x(i,:)-mx; 
B(i,:)=y(i,:)-my; 

end 
A=A'; 
B=B'; 

% The singular value decomposition to calculate R with 
det(R)=1 
C=B*A'; 
[P,T,Q]=svd(C); 
R=P*diag([1 1 det(P*Q')])*Q'; 

% Calculate the translation vector from the centroid of 
all markers 
d=my'-R *mx'; 

% calculate RMS value of residuals 
sumsq = 0; 
for i= 1 :nmarkers 

ypred = R*x(i,:)' + d; 
sumsq = sumsq + norm(ypred-y(i,:),)"2; 

end 
rms = sqrt(sumsq/3/nmarkers); 

% globalanat: Matlab function to determine the global 
co-ords of an anatomical marker 
% defined in a technical cluster over the total 
movement duration 
% 
% Written by Chris Low 
% 
% Input: 
% data:Matrix of technical clusters' transformation 
matrices for each frame of data 
% x: 3-D anatomical marker local coordinates (1 
column, 4 rows of form 
% [1 ;x;y;z]) 
% 
% Output: 
% d: Matrix of anatomical marker global co-ords in 
each frame of data 
% (nframe rows, 3 columns x,y,z in global reference 
system) 
% 
% the rigid body model is: y = R *x + d 

function [d] = globalanat(data,x) 
% calculate the number of rows 



nrows = size( data, I); 

%ca1culate the number of frames 
nframe = nrows/4; 

%start b matrix 
b = [1;0;0;0]; 

%lterative loop which takes each transformation matrix 
and multiplies it by 
%the local co-ordinate vector of the anatomical marker 
to give the global 
%co-ordinates of the anatomical marker. The global co­
ords are succesively 
%placed in matrix b 
for a = 1 :4:(nrows-3) 

A = (data(a:(a+3),:)*x); 
b = [b;A]; 

end 

%remove the first four elements of matrix b 
b(I:4) = []; 

%reshape matrix b into a nframex4 matrix (I row is one 
frame of data, 1 st 
%column = 1, 2nd, 3rd and 4th columns represent x,y 
and z respectively) 
d = reshape(b,4,nframe)'; 

%Remove the 1 st column to leave x,y,z co-ordinates of 
anatomical marker 
%in each frame 
d(:,I) = []; 

function [NEW] = climbCS(OLD,matrix) 
% Matlab function to convert global co-ords from one 
reference system to a 
% second reference system when there is translation 
and rotation 
nrows = size(OLD,I); 
% Need to add a column of ones to start of OLD data so 
that the data can be 
% multplied by the 4x4 inverse transformation matrix 
OLD = [ones(size(OLD,I),I),OLD]; 
NEW = [1,1,1]; 
for a = I :nrows 

m = matrix*OLD(a,:),; 
% remove the 1 st row from the vector to leave the 3 
coords 

n = m(2:4); 
NEW = [NEW;n']; 

end 
NEW(l,:) = []; 

% Segmental Centre of Mass Programs 
% Input: 
% data: Matrix of3-D marker coordinates of rigid body 
over time (9 columns, 3 for each marker, 
% one row for each frame of data) 
% Output: 
% T: Matrix comprising of centre of mass position of 
segment in each frame 
% References 
% De Leva (1996) Adjustments to Zatsiorsky­
Seluyanov's Segment Inertia 
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% Parameters 

function [Cm] = headcom(SCN,C7,VER) 
data = [SCN,C7,VER]; 
nframe = size( data, 1 ); 
Cm= [1,1,1]; 
for a = 1 :nframe 
% find midpoint SCN and C7 

SCNC7MID = (data(a,I:3)'+data(a,7:9)')/2; %column 
% find yaxis 

y = SCNC7MID - data(a,7:9)'; %column 
% find vector b from vertex to C7 

b = data(a,4:6)'-data(a,7:9)'; %column 
% make unit vector of y 

ymag = norm(y); 
u = y/ymag; %column 

% find c, the magnitude of component of vector b 
along the longitudinal 
% segment of the segment, vector y 

c = dot(b,u); 
% find magnitude of vector from head to centre of 
mass 

d = (c/l00)*50.02; 
% find vector D 

D = d*u; 
% find centre of mass position on longitudinal axis of 
head segment 

cm = data(a,7:9)'+D; 
Cm = [Cm;cm']; 

end 
Cm(l,:) = []; 

function [Cm] = trunkcom(SCN,C7,RHJ,LHJ) 
data = [SCN,C7,RHJ,LHJ]; 
nframe = size( data, 1); 
Cm= [1,1,1]; 
for a = 1 :nframe 
% find midpoint HJC 

HJCMID = (data(a,7:9)'+data(a,10:12)')/2; %colurnn 
% find midpoint SCN and C7 

SCNC7MID = (data(a,I:3)'+data(a,7:9)')/2; %colurnn 
% find yaxis 

y = SCNC7MID - HJCMID; %column 
% find vector b from mid hip to SCN 

b = data(a,1 :3)'-HJCMID; %column 
% make unit vector ofy 

ymag = norm(y); 
u = y/ymag; %column 

% find c, the magnitude of component of vector b 
along the longitudinal 
% segment of the segment, vector y 

c = dot(b,u); 
% find magnitude of vector from mid hip to centre of 
mass 

d = (c/l00)*(lOO-44.86); 
% find vector D 

D =d*u' 
% find dentre of mass position on longitudinal axis of 
trunk segment 

cm = HJCMID+D; 
Cm = [Cm;cm']; 

end 
Cm(l ,:) = []; 



function [LCm,RCm] = 
handcom(LWl ,LW2,LH3,RWI ,RW2,RH3) 
data = [LWl,LW2,LH3,RWl,RW2,RH3]; 
nframe = size( data, 1); 
LCm = [1,1,1]; 
RCm= [1,1,1]; 
for a = 1 :nframe 
% find the origin at Mid wrist joint 

lorigin = (data(a,1 :3)'+data(a,4:6)')/2; 
rorigin = (data( a, 1 0: 12),+data( a, 13: 15)')/2; 

% find yaxis 
Iy = data(a,7:9)'-lorigin; %LH3 
ry = data( a, 16: 18)'-rorigin; %RH3 

% make unit vectors 
Iymag = norm(ly); 
lu = Iy/lymag; 
rymag = norm(ry); 
ru = ry/rymag; 

% find magnitude of vector from mid wrist to centre 
of mass 

Ib = (lymag/l00)*79.0; % was 0.61 this is an error, 
0.61 is actually % of total mass 

rb = (rymag/l00)*79.0; % attributed to the hand 
segment. Correction made 29th Sept 04 
% find vector B, from mid wrist to centre of mass 

IB = Ib*lu; 
rB = rb*ru; 

% find centre of mass position on longitudinal axis of 
wrist segment 

\em = 10rigin+IB; 
rcm = rorigin+rB; 
LCm = [LCm;\em']; 
RCm = [RCm;rcm']; 

end 
LCm(I,:) = []; 
RCm(1 ,:) = []; 

function [LCm,RCm] = 
forecom(L Wl,L W2,LE 1 ,LE2,RWI ,RW2,RE 1 ,RE2) 
data = [L WI ,L W2,LE 1 ,LE2,RW 1 ,RW2,RE 1 ,RE2]; 
nframe = size( data, 1); 
LCm = [1,1,1]; 
RCm= [1,1,1]; 
for a = I :nframe 
% find the origin at Mid elbow joint 

lorigin = (data(a,7:9)'+data(a, 10: 12)')/2; 
rorigin = (data( a, 19:21 )'+data( a,22:24 )')/2; 

% find midpoint of wrist 
LWMID = (data(a,I:3)'+data(a,4:6)')/2; 
R WMID = (data( a, 13 : 15 ),+data( a, 16: 18 )')/2; 

% find y axis 
Iy = L WMID-Iorigin; 
ry = RWMID-rorigin; 

% make unit vectors 
Iymag = norm(ly); 
lu = Iy/lymag; 
rymag = norm(ry); 
ru = ry/rymag; 

% find magnitude of vector from mid elbow to centre 
of mass 

lb = (lymag/l00)*45.74; 
rb = (rymag/l00)*45.74; 

% find vector B, from mid elbow to centre of mass 
IB = lb*lu; 
rB = rb*ru; 
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% find centre of mass position on longitudinal axis of 
forearm segment 

\em = 10rigin+IB; 
rcm = rorigin+rB; 
LCm = [LCm;lcm']; 
RCm = [RCm;rcm']; 

end 
LCm(I,:) = []; 
RCm(I,:) = []; 

function [LCm,RCm] = 
humeruscom(LEI ,LE2,LSH,RE 1 ,RE2,RSH) 
data = [LE 1 ,LE2,LSH,RE 1 ,RE2,RSH]; 
nframe = size( data, 1 ); 
LCm = [1,1,1]; 
RCm = [1,1,1]; 
for a = 1 :nframe 
% find the origin at shoulder joint centre joint 

lorigin = data(a,7:9)'; %LSH 
rorigin = data(a, 16: 18)'; %RSH 

% find midpoint of elbow 
LEMID = (data(a,1 :3)'+data(a,4:6)')/2; 
REMID = (data(a,10: 1 2),+data(a,13: 15)')/2; 

% find yaxis 
Iy = LEMID-Iorigin; 
ry = REMID-rorigin; 

% make unit vectors 
Iymag = norm(ly); 
lu = ly/lymag; 
rymag = norm(ry); 
ru = ry/rymag; 

% find magnitude of vector from shoulder joint 
centre to centre of mass 

Ib = (lymag/I 00)*57.72; 
rb = (rymag/l00)*57.72; 

% find vector B, from shoulder joint centre to centre 
of mass 

IB = Ib*lu; 
rB = rb*ru; 

% find centre of mass position on longitudinal axis of 
humerus segment 

\em = 10rigin+IB; 
rcm = rorigin+rB; 
LCm = [LCm;\em']; 
RCm = [RCm;rcm']; 

end 
LCm(1,:) = []; 
RCm(I,:) = []; 

function [LCm,RCm] = 
footcom(L TO,LP 1 ,LHL,RTO,RP 1 ,RHL) 
data = [LTO,LPl,LHL,RTO,RPl,RHL]; 
nframe = size( data, 1 ); 
LCm = [1,1,1]; 
RCm= [1,1,1]; 
for a = 1 :nframe 
% find the origin at heel 

lorigin = data(a,7:9)'; %LHL 
rorigin = (data(a,16:18»'; %RHL 

% find y axis (longitudinal axis - actually x, not 
matter) 

ly = data(a,1 :3)'-data(a,7:9)'; 
ry = data( a, 1 0: 12),-data( a, 16: 18)'; 

% make unit vectors 
lymag = norm(ly); 



lu = Iy/lymag; 
rymag = norm(ry); 
ru = ry/rymag; 

% find magnitude of vector from heel to centre of 
mass 

Ib = (Iymagll00)*44.l5; 
rb = (rymagll 00)*44.15; 

% find vector B, from heel to centre of mass 
IB = lb*lu; 
rB = rb*ru; 

% find centre of mass position on longitudinal axis of 
foot segment 

\em = 10rigin+lB; 
rcm = rorigin+rB; 
LCm = [LCm;\em']; 
RCm = [RCm;rcm']; 

end 
LCm(l,:) = []; 
RCm(l,:) = []; 

function [LCm,RCm] = 
shankcom2(LA 1 ,LA2,LK 1 ,LK2,RA 1 ,RA2,RK 1 ,RK2) 
data = [LA 1 ,LA2,LK 1 ,LK2,RA 1 ,RA2,RK 1 ,RK2]; 
nframe = size( data, 1 ); 
LCm = [1, 1 , 1 ] ; 
RCm= [1,1,1]; 
for a = 1 :nframe 
% find the origin at the knee joint centre 

lorigin = (data( a, 7 :9)'+data( a, 10: 12)')/2; 
rorigin = (data( a, 19:21 ),+data( a,22:24 )')/2; 

% find the ankle joint centre joint 
IAJC = (data(a,1 :3),+data(a,4:6),)/2; 
r AJC = (data( a, 13: 15)'+data( a, 16: 18)')/2; 

% find yaxis 
Iy = IAJC-Iorigin; 
ry = rAJC-rorigin; 

% make unit vectors 
lymag = norm(ly); 
lu = Iy/lymag; 
rymag = norm(ry); 
ru = ry/rymag; 

% find magnitude of vector from knee joint centre to 
centre of mass 

Ib = (IymagIl00)*43.95; 
rb = (rymag/l00)*43.95; 

% find vector B, from knee joint centre to centre of 
mass 

IB = Ib*lu; 
rB = rb*ru; 

% find centre of mass position on longitudinal axis of 
shank segment 

\em = 10rigin+lB; 
rcm = rorigin+rB; 
LCm = [LCm;\em']; 
RCm = [RCm;rcm']; 

end 
LCm(l ,:) = []; 
RCm(I,:) = []; 

function [LCm,RCm] = 
femurcom(LK 1 ,LK2,LHJ,RK I ,RK2,RHJ) 
data = [LK 1 ,LK2,LHJ,RK 1 ,RK2,RHJ]; 
nframe = size( data, 1); 
LCm = [1,1, 1] ; 
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RCm= [1,1,1]; 
for a = 1 :nframe 
% find the origin at hip joint centre joint 

lorigin = data(a,7:9)'; %LHJ 
rorigin = data(a, 16: 18)'; %RHJ 

% find midpoint of knee 
LKMID = (data(a,1 : 3)'+data(a,4: 6)')/2; 
RKMID = (data(a,1 0: 12),+data(a, 13: 15)')/2; 

% find yaxis 
Iy = LKMID-Iorigin; 
ry = RKMID-rorigin; 

% make unit vectors 
Iymag = norm(ly); 
lu = ly/lymag; 
rymag = norm(ry); 
ru = ry/rymag; 

% find magnitude of vector from hip joint centre to 
centre of mass 

lb = (Iymag/100)*40.95; 
rb = (rymagll 00)*40.95; 

% find vector B, from hip joint centre to centre of 
mass 

IB = Ib*lu; 
rB = rb*ru; 

% find centre of mass position on longitudinal axis of 
femur segment 

\em = lorigin+lB; 
rcm = rorigin+rB; 
LCm = [LCm;\em']; 
RCm = [RCm;rcm']; 

end 
LCm(l,:) = []; 
RCm(l,:) = []; 

% Segment \es programs 
% Input: 
% data: Matrix of3-0 marker coordinates of rigid body 
over time (9 columns, 3 for each marker, 
% one row for each frame of data) 
% 
% Output: 
% T: Matrix comprising of each frames Transformation 
matrix to convert co-ordinates from local to global 
reference 
% systems OR gives the rotation and translation of 
the local frame with 
% regard to the global 
% 
% the rigid body model is: y = R *x + d 
% 

function [T] = headref(SCN,C7,INI,VER,hcom) 
data = [SCN,C7,INI,VER]; 
nframe = size( data, 1 ); 
T= eye(4); 
for a = 1 :nframe 
% find the origin at head com 

origin = hcom(a,:)'; 
% find midpoint of SCN and C7 

SCNC7MID = (data(a,1 : 3)'+data(a,7: 9)')12; 
% find yaxis 

y= data(a,10:12),-SCNC7MID; 
% find z axis perpendicular to plane fitted to points 
SCNC7MID, VER and 
% INI pointing right (if looking at back of head) 



b = data(a,7:9)'-SCNC7MID; 
z = cross(y,b); 
% find x axis perpendicular to z and y 
x = cross(y,z); 

% make unit vectors 
xmag = norm(x); 
x = xlxmag; 
ymag = norm(y); 
y= y/ymag; 
zmag = norm(z); 
z = zlzmag; 

% Calculate the rotation matrix R of the local system in 
the global and the 
% position vector d of the origin of the local co-ordinate 
system (at marker 
% I) 

R = [x,y,z]; 
d = origin; 

% Construct the transformation matrix and the inverse 
transformation matrix 

Ta = [I 00 O;d,R]; 
T= [T;Ta]; 

end 
T(l:4,:) = []; 

function [T] = pelvisref(LASIS,RASIS,LPSIS,RPSIS) 
data = [LASIS,RASIS,LPSIS,RPSIS]; 
nframe = size( data, 1); 
T = eye(4); 
for a = 1 :nframe 
% x = [reshape(data(a,:)',3,size(data,2)/3)]'; 
% find the origin 

origin = (data( a, 1 : 3 ),+data( a,4: 6)')/2; 
% find midpoint PSIS's 

PSISMID = (data(a,7:9),+data(a, 10: 12)')/2; 
% find z axis 

z = data(a,4:6)'-data(a, 1 :3)'; 
% find x axis 

x = origin - PSISMID; 
% find yaxis 

y = cross(z,x); 
% make unit vectors 

xmag = norm(x); 
x = xlxmag; 
ymag = norm(y); 
y= y/ymag; 
zmag = norm(z); 
z = zlzmag; 

% Calculate the rotation matrix R of the local system in 
the global and the 
% position vector d of the origin of the local co-ordinate 
system (at marker 
% I) 

R = [x,y,z]; 
d = origin; 

% Construct the transformation matrix and the inverse 
transformation matrix 

Ta = [I 00 O;d,R]; 
T= [T;Ta]; 

end 
T(I :4,:) = []; 
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function [T] = thoracicref(SCN,XIP,C7,T8) 
data = [SCN,XIP,C7,T8]; 
nframe = size( data, I); 
T= eye(4); 
for a = I :nframe 
% find the origin 

origin = XIP(a,:)'; 
% find midpoint XIP and T8 

XIPT8MID = (data(a,4:6),+data(a,1O: 12)')/2; 
% find midpoint SCN and C7 

SCNC7MID = (data(a,1 :3)'+data(a,7:9)')/2; 
% find yaxis 

y = SCNC7MID-XIPT8MID; 
% find z axis perpendicular to plane fitted to points 
SCN, C7 and 
% XIPT8MID pointing to right 
% b == data(a,7:9)'-data(a,1 :3)'; 

c = data(a,7:9),-XIPT8MID; 
d = data(a,1 :3),-XIPT8MID; 
z = cross(d,c); 

% z = cross(y,b); 
% find x axis perpendicular to x and y, pointing 
forward 

x = cross(y,z); 
% make unit vectors 

xmag = norm(x); 
x = xlxmag; 
ymag = norm(y); 
y= y/ymag; 
zmag = norm(z); 
z = zlzmag; 

% Calculate the rotation matrix R of the local system in 
the global and the 
% position vector d of the origin of the local co-ordinate 
system (at marker 
% I) 

R= [x,y,z]; 
d = origin; 

% Construct the transformation matrix and the inverse 
transformation matrix 

Ta = [1 00 O;d,R]; 
T= [T;Ta]; 

end 
T(I :4,:) = []; 

function [T] = trunkref(SCN,C7,RHJ,LHJ,tcom) 
data = [SCN,C7,RHJ,LHJ]; 
nframe = size( data, I ); 
T = eye(4); 
for a = I :nframe 
% find the origin at Mid hip joint 

origin = tcom(a,:)'; 
% find midpoint HJC 

HJCMID = (data(a,7:9)'+data(a,10:12)')/2; 
% find midpoint SCN and C7 

SCNC7MID = (data(a, I :3)'+data(a,7:9)')/2; 
% find yaxis 

y = SCNC7MID - HJCMID; 
% find z axis perpendicular to plane fitted to points 
SCNC7MID, SCN and 
% mid hip joints pointing left (if looked at front of 
torso) 

b = data(a,1 :3)'-HJCMID; 
z = cross(b,y); 



% find x axis perpendicular to z and y 
x = cross(y,z); 

% make unit vectors 
xmag = norm(x); 
x = xlxmag; 
ymag = norm(y); 
y= y/ymag; 
zmag = norm(z); 
z= zlzmag; 

% Calculate the rotation matrix R of the local system in 
the global and the 
% position vector d of the origin of the local co-ordinate 
system (at marker 
% I) 

R = [x,y,z]; 
d = origin; 

% Construct the transformation matrix and the inverse 
transformation matrix 

Ta = [1 00 O;d,R]; 
T= [T;Ta]; 

end 
T(1 :4,:) = []; 

function [L,R] = 

handref(L WI ,L W2,LH 1 ,R Wl,R W2,RH 1 ,Ihacom,rhaco 
m) 
data = [LWl,LW2,LH1,RWl,RW2,RHl]; 
nframe = size( data, 1 ); 
L = eye(4); 
R = eye(4); 
for a = 1 :nframe 
% find the origin at hand com 

lorigin = Ihacom(a,:)'; 
rorigin = rhacom(a,:)'; 

% find mid wrist 
lmidw = (data(a,1 :3)'+data(a,4:6)')/2; 
rmidw = (data( a, I 0: 12),+data( a, 13: 15)')/2; 

% find yaxis 
ly = Imidw -data(a,7:9)'; %LHI 
ry = rmidw -data(a,16:18)'; %RHI 

% find x axis perpendicular to plane fitted to points 
WI, W2 and 
% H3 pointing anteriorally 

b = data(a,4:6)'-data(a, 1 :3)'; %LW2-LWI 
c = data(a, 10: 12)'-data(a, 13: 15)'; %RWI-RW2 
Ix = cross(\y,b); 
rx = cross(ry,c); 

% find z axis perpendicular to x and y 
Iz = cross(1x,ly); 
rz = cross(rx,ry); 

% make unit vectors 
lxmag = norm(1x); 
Ix = lxllxmag; 
lymag = norm(1y); 
ly = ly/lymag; 
lzmag = norm(1z); 
Iz = Izllzmag; 
rxmag = norm(rx); 
rx == rxlrxmag; 
rymag == norm(ry); 
ry == ry/rymag; 
rzmag = norm(rz); 
rz == rzlrzmag; 
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% Calculate the rotation matrix R of the local system in 
the global and the 
% position vector d of the origin of the local co-ordinate 
system (at marker 
% 1) 

IR == [lx,ly,lz]; 
Id = lorigin; 
rR = [rx,ry,rz]; 
rd == rorigin; 

% Construct the transformation matrix and the inverse 
transformation matrix 

ITa = [1 0 0 O;ld,IR]; 
L= [L;ITa]; 
rTa = [1 00 O;rd,rR]; 
R = [R;rTa]; 

end 
L(l:4,:) == []; 
R(I:4,:) = []; 

function [L,R] == 
foreref(L Wl,L W2,LE 1 ,LE2,RWl,R W2,RE I ,RE2,lfco 
m,rfcom) 
data = [L Wl,L W2,LE 1 ,LE2,RW I ,R W2,RE I ,RE2]; 
nframe == size( data, 1); 
L == eye(4); 
R = eye(4); 
for a == 1 :nframe 
% find the origin at forearm com 

lorigin = Ifcom(a,:)'; 
rorigin == rfcom(a,:)'; 

% find mid elbow 
LEMID = (data(a,7:9)'+data(a, I 0: 12)')/2; 
REMID == (data( a, 19:21 ),+data( a,22:24 )')/2; 

% find midpoint of wrist 
LWMID = (data(a,I:3)'+data(a,4:6)')/2; 
RWMID == (data(a, 13: 15)'+data(a, 16: 18)')/2; 

% find yaxis 
Iy == LEMID - data(a,4:6)'; %LEMID-LW2 
ry== REMID - data(a,16:18)';% REMID-RW2 

% find x axis perpendicular to plane fitted to points 
WI, W2 and Midpoint 
% of epicondyles pointing anteriorally 

b = LEMID - data(a,1 :3)'; %LEMID-LWI 
c = REMID - data(a,13:15),; %REMID-RWI 
Ix == cross(b,ly); 
rx == cross( c,ry); 

% find z axis perpendicular to x and y 
Iz = cross(lx,ly); 
rz == cross(rx,ry); 

% make unit vectors 
Ixmag == norm(1x); 
Ix == IxI1xmag; 
Iymag = norm(ly); 
Iy = Iy/lymag; 
Izmag == norm(1z); 
Iz = Izllzmag; 
rxmag == norm(rx); 
rx == rxlrxmag; 
rymag = norm(ry); 
ry = ry/rymag; 
rzmag = norm(rz); 
rz == rzlrzmag; 

% Calculate the rotation matrix R of the local system in 
the global and the 



% position vector d of the origin of the local co-ordinate 
system (at marker 
% 1) 

lR = [lx,ly,lz]; 
Id = lorigin; 
rR = [rx,ry,rz]; 
rd = rorigin; 

% Construct the transformation matrix and the inverse 
transformation matrix 

ITa = [I 00 O;ld,IR]; 
L = [L;ITa]; 
rTa = [I 00 O;rd,rR]; 
R = [R;rTa]; 

end 
L(l :4,:) = []; 

R(l :4,:) = []; 

function [L,R] = 
humerusrefisb(LE 1 ,LE2,LSH,L W2,RE 1 ,RE2,RSH,RW 
2,lhucom,rhucom) 
data = [LE 1 ,LE2,LSH,L W2,RE 1 ,RE2,RSH,R W2]; 
nframe = size( data, I); 
L = eye(4); 
R= eye(4); 
for a = 1 :nframe 
% find the origin at humerus com 

lorigin = Ihucom(a,:)'; 
rorigin = rhucom(a,:)'; 

% find the shoulder joint centre 
LSH = data(a,7:9)'; %LSH 
RSH = data(a,19:21),; %RSH 

% find midpoint of elbow 
LEMID = (data( a, 1 : 3 ),+data( a, 4: 6)')/2; 
REMID = (data(a, 13: IS)'+data(a, 16: IS)')/2; 

% find yaxis 
ly = LSH - LEMID; 
ry = RSH - REMID; 

% find z axis perpendicular to plane formed by 
yhumerus and yforearm 
% pointing to the right 

lyf= LEMID-data(a, 10: 12)'; % Left mid epicondyle­
ulnar styloid (L W2) 

ryf= REMID-data(a,22:24)'; % Right mid epicondyle 
- ulnar styloid (RW2) 

Iz = cross(ly,Iyf); 
rz = cross(ry,ryf); 

% find x axis perpendicular to x and y 
Ix = cross(ly,lz); 
rx = cross(ry,rz); 

% make unit vectors 
Ixmag = norm(lx); 
Ix = Ixllxmag; 
Iymag = norm(ly); 
Iy = ly/lymag; 
Izmag = norm(lz); 
Iz = Izllzmag; 
rxmag = norm(rx); 
rx = rxlrxmag; 
rymag = norm(ry); 
ry = ry/rymag; 
rzmag = norm(rz); 
rz = rzlrzmag; 

% Calculate the rotation matrix R of the local system in 
the global and the 
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% position vector d of the origin of the local co-ordinate 
system (at marker 
% 1) 

lR = [lx,ly,lz]; 
Id = lorigin; 
rR = [rx,ry,rz]; 
rd = rorigin; 

% Construct the transformation matrix and the inverse 
transformation matrix 

ITa = [1 00 O;ld,IR]; 
L = [L;ITa]; 
rTa = [1 00 O;rd,rR]; 
R = [R;rTa]; 

end 
L(l:4,:) = []; 

R(l :4,:) = []; 

function [L,R] = 
footref(L TO,LP 1 ,LHL,RTO,RP 1 ,RHL,lfocom,rfocom) 
data = [L TO,LP 1 ,LHL,RTO,RP I ,RHL]; 
nframe = size( data, I); 
L = eye(4); 
R = eye(4); 
for a = I :nframe 
% find the origin at centre of mass 

lorigin = Ifocom(a,:)'; 
rorigin = rfocom(a,:)'; 

% find the longitudinal axis, for foot is x 
Ix = data(a,I:3 )'-data(a,7:9)'; 
rx = data(a,10: 12),-data(a,16: IS),; 

% find y axis, pointing cranially 
b = data(a,4:6)'-data(a,7:9)'; %LPI -LHL 
c = data(a, 13: IS)'-data(a, 16: IS),; %RPI-RHL 
ly = cross(lx,b); 
ry = cross(c,rx); 

% find z perpendicular to x and y pointing to the right 
Iz = cross(lx,ly); 
rz = cross(rx,ry); 

% make unit vectors 
lxmag = norm(lx); 
Ix = lxllxmag; 
lymag = norm(ly); 
ly = lyllymag; 
lzmag = norm(lz); 
lz = Izlizmag; 
rxmag = norm(rx); 
rx = rxlrxmag; 
rymag = norm(ry); 
ry = ry/rymag; 
rzmag = norm(rz); 
rz = rzlrzmag; 

% Calculate the rotation matrix R of the local system in 
the global and the 
% position vector d of the origin of the local co-ordinate 
system (at marker 
% 1) 

lR = [lx,ly,lz]; 
Id = lorigin; 
rR = [rx,ry,rz]; 
rd = rorigin; 

% Construct the transformation matrix and the inverse 

transformation matrix 
ITa = [1 00 O;ld,IR]; 
L = [L;ITa]; 



rTa = [I 00 O;rd,rR]; 
R = [R;rTa]; 

end 
L(1 :4,:) = []; 
R(1:4,:) = []; 

function [L,R] = 
shankref(LA I ,LA2,LHF,L IT,RA I ,RA2,RHF,R IT,lshc 
om,rshcom) 
data = [LAI ,LA2,LHF,L IT,RAI ,RA2,RHF,RIT]; 
nframe = size( data, 1 ); 
L = eye(4); 
R = eye(4); 
for a = I :nframe 
% find the origin at shank com 

lorigin = lshcom(a,:)'; 
rorigin = rshcom(a,:),; 

% find the midpoint of ankle 
LAMID = (data(a, I : 3)'+data(a,4: 6)')/2; 
RAMID = (data(a, 13: 15)'+data(a,16: 18)')/2; 

% find x axis perpendicular to plane fitted to points 
AI, A2 and 
% HF pointing anteriorally 

b = data(a,4:6)'-data(a,1 :3)'; %LA2 -LAI 
c = data(a, 13: 15),-data(a, 16: 18)'; %RAl-RA2 
d = data(a,7:9)'-data(a,1 :3)'; %LHF-LAI 
e = data(a, 19:21 ),-data(a, 13: 15)'; %RHF-RAI 
Ix = cross(d,b); 
rx = cross(e,c); 

% find vector m, normal to the plane of the ankle 
midpoint, IT and vector x 

f= data(a,10:12)'-LAMID; 
g = data(a,22:24)'-RAMID; 
1m = cross(lx,f); 
rm = cross(rx,g); 

% find y axis as the line of intersection of the 2 
planes 

ly = cross(lm,lx); 
ry = cross(rm,rx); 

% find z axis perpendicular to x and y 
lz = cross(lx,ly); 
rz = cross(rx,ry); 

% make unit vectors 
lxmag = norm(lx); 
Ix = lxllxmag; 
lymag = norm(ly); 
ly = ly/lymag; 
Izmag = norm(lz); 
Iz = lzllzmag; 
rxmag = norm(rx); 
rx = rxlrxmag; 
rymag = norm(ry); 
ry = ry/rymag; 
rzmag = norm(rz); 
rz = rzlrzmag; 

% Calculate the rotation matrix R of the local system in 
the global and the 
% position vector d of the origin of the local co-ordinate 
system (at marker 
% I) 

IR = [lx,ly,lz]; 
Id = lorigin; 
rR = [rx,ry,rz]; 
rd = rorigin; 
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% Construct the transformation matrix and the inverse 
transformation matrix 

ITa = [I 00 O;ld,IR]; 
L = [L;ITa]; 
rTa = [I 00 O;rd,rR]; 
R= [R;rTa]; 

end 
L(1 :4,:) = 0; 
R(1 :4,:) = []; 

function [L,R] = 

femurref(LK I ,LK2,LHJ,RK I ,RK2,RHJ,lfecom,rfecom) 
data = [LK 1 ,LK2,LHJ,RK I ,RK2,RHJ]; 
nframe = size( data, 1 ); 
L = eye(4); 
R= eye(4); 
for a = 1 :nframe 
% find the origin at femur com 

lorigin = Ifecom(a,:)'; 
rorigin = rfecom(a,:)'; 
LHJ = data(a,7:9)'; %LHJ 
RHJ = data(a,16:18)'; %RHJ 

% find midpoint of knee 
LKMID = (data(a,1 :3)'+data(a,4:6)')/2; 
RKMID = (data(a,lO: 1 2),+data(a,1 3: 15)')/2; 

% find yaxis 
Iy= LHJ - LKMID; 
ry = RHJ - RKMID; 

% find x axis perpendicular to plane fitted to points 
KI, K2 and 
% HJC pointing anteriorally 

b = data(a,4:6),-data(a, 1 :3)'; %LK2 -LK I 
c = data(a,lO: 12),-data(a,13: 15)'; %RKI-RK2 
Ix = cross(ly,b); 
rx = cross(ry,c); 

% find z axis perpendicular to x and y 
lz = cross(lx,ly); 
rz = cross(rx,ry); 

% make unit vectors 
Ixmag = norm(lx); 
Ix = lxllxmag; 
Iymag = norm(ly); 

·ly = Iy/lymag; 
Izmag = norm(lz); 
lz = Izllzmag; 
rxmag = norm(rx); 
rx = rxlrxmag; 
rymag = norm(ry); 
ry = ry/rymag; 
rzmag = norm(rz); 
rz = rzlrzmag; 

% Calculate the rotation matrix R of the local system in 
the global and the 
% position vector d of the origin of the local co-ordinate 
system (at marker 
% I) 

IR = [lx,ly,lz]; 
Id = lorigin; 
rR = [rx,ry,rz]; 
rd = rorigin; 

% Construct the transformation matrix and the inverse 
transformation matrix 

ITa = [I 00 O;ld,IR]; 
L = [L;JTa]; 



rTa = [I 00 O;rd,rR]; 
R = [R;rTa]; 

end 
L(1 :4,:) = []; 

R(I :4,:) = []; 

%%%Velocity and Accel Sub-functions%%%%% 
function [v] = velocity(T) 
% uses double finite difference technique to calculate 
velocity 
% Input: T - matrix of position data in m 
% Output: v - matrix of velocity data 
nframes = size(T, I); 
tau = 1/150; % frame rate 150 Hz 
v=[I]; 
for a = I :nframes 

b = T(a,:); 
if a < nframes-I 

c = T(a+2,:); 
else c = (1); 
end 
m= «c)'-(b)'); 
n = m*(1I(2*tau»; 
v=[v;n]; 

end 
v(1,:) = []; 

v(size(v,I),:) = []; 
v(size(v,I),:) = []; 

function [ac] = accel(v) 
% uses double finite difference technique to calculate 
accel 
% Input: v - matrix of velocity data in m 
% Output: v - matrix of accel data 

nframesac = size( v, I); 
tau = 11150; 
ac = [I]; 
for a = I :nframesac 

b = yea,:); 
if a < nframesac-I 

c = v(a+2,:); 
else c = (1); 
end 
n = c-b; % in m per second 
AC = n/(2*tau); %in m per second"2 
ac = [ac;AC]; 

end 
ac(l,:) = []; 
ac(size(ac,I),:) = []; 
ac(size(ac,I),:) = []; 

%%%%Mirrorred Coordinate systems%%%%% 
function [T] = pelvisrefb(LASIS,RASIS,LPSIS,RPSIS) 
data = [LASIS,RASIS,LPSIS,RPSIS]; 
nframe = size( data, I); 
T = eye(4); 
for a = I :nframe 
% x = [reshape(data(a,:)',3,size(data,2)/3)]'; 
% find the origin 

origin = (data(a, I : 3)'+data(a,4: 6)')/2; 
% find midpoint PSIS's 

PSISMID = (data(a,7:9)'+data(a,10:12)')/2; 
% find z axis 

z = data(a,l :3)'-data(a,4:6)'; %LASIS-RASIS 
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% find x axis 
x = origin - PSISMID; 

% find yaxis 
y = cross(z,x); 

% make unit vectors 
xmag = norm(x); 
x= xlxmag; 
ymag = norm(y); 
y= y/ymag; 
zmag = norm(z); 
z = zlzmag; 

% Calculate the rotation matrix R of the local system in 
the global and the 
% position vector d of the origin of the local co-ordinate 
system (at marker 
% I) 

R= [x,y,z]; 
d = origin; 

% Construct the transformation matrix and the inverse 
transformation matrix 

Ta=[IOOO'dR]' " , 
T= [T;Ta]; 

end 
T(1 :4,:) = []; 

function [L] = handrefb(LWl ,LW2,LH 1) 
data = [LWI,LW2,LHl]; 
nframe = size( data, 1); 
L = eye(4); 
R = eye(4); 
for a = I :nframe 
% find the origin at hand LH 1 

lorigin = LHI(a,:)'; 
% find mid wrist 

lrnidw = (data(a,l :3),+data(a,4:6),)12; 
% find yaxis 

ly = lmidw -data(a,7:9)'; %LH I 
% find x axis perpendicular to plane fitted to points 
WI, W2 and 
% H3 pointing anteriorally 

b = data(a,1 :3)'-data(a,4:6)'; %LWI-LW2 
Ix = cross(ly,b); 

% find z axis perpendicular to x and y 
lz = cross(lx,ly); 

% make unit vectors 
lxmag = norm(lx); 
Ix = lxllxmag; 
lymag = norm(ly); 
ly = lyllymag; 
lzmag = norm(lz); 
lz = Izl1zmag; 

% Calculate the rotation matrix R of the local system in 
the global and the 
% position vector d of the origin of the local co-ordinate 

system (at marker 
% I) 

IR = [lx,ly,lz]; 
ld = lorigin; 

% Construct the transformation matrix and the inverse 

transformation matrix 
ITa = [I 00 O;ld,IR]; 
L = [L;ITa]; 

end 



L(I :4,:) = []; 

function [L] = forerefb(L WI,L W2,LE I ,LE2) 
data = [LWI,LW2,LEI,LE2]; 
nframe = size( data, I); 
L = eye(4); 
for a = I :nframe 
% find the origin at mid epicondyles 

lorigin = (data(a,7:9)'+data(a,IO:12)')/2; 
% find mid elbow 

LEMID = (data(a,7:9),+data(a,IO:12)')/2; 
% find midpoint of wrist 

LWMID = (data(a, I : 3)'+data(a,4: 6)')/2; 
% find yaxis 

Iy = LEMID - data(a,4:6)'; %LEMID-LW2 
% find x axis perpendicular to plane fitted to points 
WI, W2 and Midpoint 
% of epicondyles pointing anteriorally 

b = LEMID - data(a,I:3)'; %LEMID-LWI 
Ix = cross(b,ly); 

% find z axis perpendicular to x and y 
Iz = cross(lx,ly); 

% make unit vectors 
lxmag = norm(lx); 
Ix = Ix/lxmag; 
lymag = norm(ly); 
ly = ly/lymag; 
Izmag = norm(lz); 
Iz = lzllzmag; 

% Calculate the rotation matrix R of the local system in 
the global and the 
% position vector d of the origin of the local co-ordinate 
system (at marker 
% I) 

IR = [lx,ly,lz]; 
Id = lorigin; 

% Construct the transformation matrix and the inverse 
transformation matrix 

ITa = [1 0 OO;ld,IR]; 
L = [L;ITa]; 

end 
L(1:4,:)= []; 

function [L] = humerusrefb(LEI ,LE2,LSH,L W2) 
data = [LE I ,LE2,LSH,L W2]; 
nframe = size( data, I); 
L = eye(4); 
R= eye(4); 
for a = I :nframe 
% find the origin at humerus com 

lorigin = data(a,7:9)'; 
% find the shoulder joint centre 

LSH = data(a,7:9)'; %LSH 
% find midpoint of elbow 

LEMID = (data( a, 1:3 )'+data( a,4:6)')/2; 
% find yaxis 

Iy = LSH - LEMID; 
% find z axis perpendicular to plane formed by 
yhumerus and yforearm 
% pointing to the right 

Iyf= LEMID-data(a,IO:12),; % Left mid epicondyle­
ulnar styloid (L W2) 

Iz = cross(ly,Iyf); 
% find x axis perpendicular to x and y 

Ix = cross(ly,lz); 
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% make unit vectors 
lxmag = norm(lx); 
Ix = lxllxmag; 
Iymag = norm(ly); 
ly = lyllymag; 
lzmag = norm(lz); 
lz = IzIlzmag; 

% Calculate the rotation matrix R of the local system in 
the global and the 
% position vector d of the origin of the local co-ordinate 
system (at marker 
% I) 

IR = [Ix,ly,lz]; 
ld = lorigin; 

% Construct the transformation matrix and the inverse 
transformation matrix 

ITa = [I 00 O;ld,IR]; 
L = [L;ITa]; 

end 
L(1:4,:) = []; 

function [L] = footrefb(LTO,LP I ,LHL) 
data = [LTO,LP I ,LHL]; 
nframe = size( data, I ); 
L = eye(4); 
R = eye(4); 
for a = I :nframe 
% find the origin at heel 

lorigin = data(a,7:9)'; 
% find x axis 
% Iy = data(a,7:9),-data(a, 1:3)'; 

Ix = data(a, I :3)'-data(a,7:9)'; 
% find x axis perpendicular to plane fitted to points 
TO,HLand 
% PI pointing anteriorally 

b = data(a,4:6)'-data(a,7:9)'; %LPI -LHL 
% d = data(a,1 :3)'-data(a,7:9)'; %LTO-LHL 

ly = cross(b,lx); 
% find z axis perpendicular to x and y 

lz = cross(lx,ly); 

% make unit vectors 
lxmag = norm(lx); 
Ix = Ixllxmag; 
Iymag = norm(ly); 
ly = Iy/lymag; 
Izmag = norm(lz); 
Iz = lzllzmag; 

% Calculate the rotation matrix R of the local system in 
the global and the 
% position vector d of the origin of the local co-ordinate 
system (at marker 
% I) 

IR = [lx,ly,lz]; 
ld = lorigin; 

% Construct the transformation matrix and the inverse 
transformation matrix 

ITa = [I 00 O;ld,IR]; 
L = [L;ITa]; 

end 
L(I:4,:) = []; 

function [L] = shankrefb(LA I ,LA2,LHF ,LIT) 
data = [LA I ,LA2,LHF ,LIT]; 
nframe = size( data, I); 



L = eye(4); 
for a = 1 :nframe 
% find the origin at mid ankles 

lorigin = (data(a,1 :3)'+data(a,4:6)')/2; 
% find the midpoint of ankle 

LAMID = (data(a,1 : 3)'+data(a,4: 6)')/2; 
% find x axis perpendicular to plane fitted to points 
AI, A2 and 
% HF pointing anteriorally 
% b = data(a,4:6)'-data(a, I :3)'; %LA2 -LAI 

b = data(a,I:3)'-data(a,4:6)'; %LAI-LA2 
d = data(a,7:9)'-data(a,I :3)'; %LHF-LAI 
Ix = cross( d,b); 

% find vector m, normal to the plane of the ankle 
midpoint, TT and vector x 

f= data(a,lO:12)'-LAMID; 
1m = cross(lx,f); 

% find y axis as the line of intersection of the 2 
planes 

Iy = cross(lm,lx); 
% find z axis perpendicular to x and y 

Iz = cross(lx,ly); 
% make unit vectors 

lxmag = norm(lx); 
Ix = Ixllxmag; 
Iymag = norm(ly); 
Iy = Iy/lymag; 
Izmag = norm(lz); 
Iz = Izllzmag; 

% Calculate the rotation matrix R of the local system in 
the global and the 
% position vector d of the origin of the local co-ordinate 
system (at marker 
% 1) 

IR = [lx,ly,lz]; 
Id = lorigin; 

% Construct the transformation matrix and the inverse 
transformation matrix 

ITa = [1 00 O;ld,IR]; 
L = [L;1Ta]; 

end 
L(l :4,:) = []; 
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function [L] = femurretb(LK 1 ,LK2,LHJ) 
data = [LK 1 ,LK2,LHJ]; 
nframe = size( data, 1 ); 
L = eye(4); 
for a = 1 :nframe 
% find the origin at femur com 

lorigin = data(a, 7:9)'; 
LHJ = data(a,7:9)'; %LHJ 

% find midpoint of knee 
LKMID = (data(a,1 : 3)'+data(a,4: 6)')/2; 

% find yaxis 
Iy = LHJ - LKMID; 

% find x axis perpendicular to plane fitted to points 
Kl, K2 and 
% HJC pointing anteriorally 

b = data(a,1 :3)'-data(a,4:6)'; %LKI -LK2 
Ix = cross(ly,b); 

% find z axis perpendicular to x and y 
Iz = cross(1x,ly); 

% make unit vectors 
Ixmag = norm(1x); 
Ix = IxI1xmag; 
Iymag = norm(ly); 
Iy = ly/lymag; 
lzmag = norm(1z); 
Iz = IzI1zmag; 

% Calculate the rotation matrix R of the local system in 
the global and the 
% position vector d of the origin of the local co-ordinate 
system (at marker 
% I) 

IR = [lx,ly,lz]; 
Id = lorigin; 

% Construct the transformation matrix and the inverse 
transformation matrix 

ITa = [I 00 O;ld,IR]; 
L = [L;1Ta]; 

end 
L(1 :4,:) = []; 



ldix G Spline Filter Program 

_filter: Matlab function to smooth marker data 

en by Chris Low 1710 I 104 
Ion: 
'ing Filter by 
Reina Created: 4/1/1998 
~eurosciences Institute, San Diego, CA 
Jpdate: 4/7/1998 by GAR 

l [coefficients, work, error] = 
ilter2( data, opt_ mode, opt_ val) 

point padding to start data (take first two 
everse them 
dd to start of data) 19101/04 
(I :3,:); 
(I,:); 
:3 
(j,: )-a( I,: ))*-1; 
:I,:)+c; 
:;d]; 

= []; 

Id(g); 
:J'data]' ::" , 
point padding to end of data (take first two 

everse them and add to start of data) 
(size( data, I )-2:size( data, I ),:); 
(size( data, I ),:); 
:3 
IQ,: )-b(3,: ))*-1; 
),:)+c; 
I'd]' , , 

[]; 
,I),:)=[]; 
Id(h); 
lata'h]' , , 

\.141592654; 
. = 5; % Fifth-order (quintic) spline 
, 150; % 100 Hz = sampling frequency 
£NG_TIME_DATA = 0; % Time in s when 
Lta was begun 
I_ Freq = 240; 
ler = (ORDER + I) 1 2; % Order of spline 
, order - I 

for spline 
!lode = I; 

% This is to ensure odd 

: for function GCVSPL (see gcvspl.m for 
ion) 

Lrkers = size( data,2); 
tapoints = size( data, I); 
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~ax:-~um_timepoints_allowed = num_datapoints; 
Yolmhally set to zero. This will be updated based on 
how many 

within the file. 
% datapoints are contained 

timepoints( I :num _ datapoints) = 

STARTING_TIME_DATA + IIFREQ * 
(O:(num_datapoints - 1)); 

weight_x(1 :num_datapoints) = 1.0; 
weighty(1 :num_markers) = 1.0; 
% opt_val = (FREQII000.0)/(2.0*PI*Cutoff]req I 
1000.01 ... 
% «sqrt(2.0) - 1)"(0.5 1 hal Corder)))" 
(2.0*haIC order); 
% opt_val = 1.0e-007; 

[coefficients, work, error] = gcvspl(timepoints, ... 
data, ... 
max_num_timepoints_allowed, ... 
weight_x, ... 
weight_y, '" 
halC order, ... 
num _ datapoints, 
num_markers, ... 
opt_mode, ... 
opt_val, ... 
max _ num _ timepoints _allowed); 

% remove first and last 2 frames (padding) 
coefficients(1 :2,:) = []; 

s = size( coefficients, 1); 
coefficients(s-I :s,:) = []; 

% gcvspl.mexsg 
% 
% Woltring's B-spline Algorithm in MATLAB 
% 
=========--================== 

% 
%Purpose: 
% 
% Natural B-spline data smoothing subroutine, using 
the Generali-
% zed Cross-Validation and Mean-Squared 
Prediction Error Criteria 
% of Craven & Wahba (1979). Alternatively, the 
amount of smoothing 
% can be given explicitly, or it can be based on the 
effective 
% number of degrees of freedom in the smoothing 
process as defined 
% by Wahba (1980). The model assumes 
uncorrelated, additive noise 
% and essentially smooth, underlying functions. The 

noise maybe 
% non-stationary, and the independent co-ordinates 

may be spaced 
% non-equidistantly. Multiple datasets, with 
common independent 
% variables and weight factors are accomodated. 

% 



.1ATLAB Calling convention: 

[C, W, IER] = gcvspl( X, Y, NY, WX, WY, M, N, 
MO, VAL, NC); 

vieaning of parameters: 

pe 

X(N) (I) Independent variables: strictly 
:reasing knot 1-0 array of double 

sequence, with X(l-I).It.X(I), I=2, ... ,N. 
Y(NY,K) ( I) Input data to be smoothed (or 

erpolated). 2-0 array of double 
NY ( I) First dimension of array Y(NY,K), 

th NY.ge.N. Integer 
WX(N) (I) Weight factor array; wx(l) 

rresponds with 1-0 array of double 

I, *). 

~E. 

the relative inverse variance of point 

If no relative weighting information is 
available, the WX(I) should be set to 

All WX(I).gt.ZERO, 1=1, ... ,N. 
WY(K) (I) Weight factor array; WY(J) 

rresponds with 1-0 array of double 

*,J). 

'-IE. 

I,J) is 

the relative inverse variance of point 

Ifno relative weighting information is 
available, the WY(J) should be set to 

All WY(J).gt.ZERO, J=I, ... ,K. 
NB: The effective weight for point 

equal to WX(l)*WY(J). 
M ( I) Half order of the required B-splines 

>line Integer 
degree 2*M-l), with M.gt.O. The values 

1,2,3,4 correspond to linear, cubic, 
intic, 

and heptic splines, respectively. 
N ( I) Number of observations per dataset, 

th N.ge.2*M. Integer 
K ( I) Number of datasets, with K.ge.l. 
MO ( I) Optimization mode switch: 

teger 

<\L 

;test 

:ration 

~or, 

grees of 

IMOI = 1: Prior given value for p in 

(V AL.ge.ZERO). This is the 

use of GCVSPL, since no 

is performed in p. 
IMOI = 2: Generalized cross validation. 
IMOI = 3: True predicted mean-squared 

with prior given variance in VAL. 
IMOI = 4: Prior given number of 

freedom in VAL 
ERO.1e.VAL.le.N-M). 
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% 
contents of 
% 
been 
% 
invoca-
% 
WK(4) 
% 
% 
the 
% 
be> O. 

MO < 0: It is assumed that the 

X, W, M, N, and WK have not 

modified since the previous 

tion of GCVSPL. If MO < -I, 

is used as an initial estimate for 
the smoothing parameter p. At 

first call to GCVSPL, MO must 

% Other values for IMOI, and 
inappropriate values 
% for VAL will result in an error 
condition, or 
% cause a default value for VAL to be 
selected. 
% 
number of 
% 
identical 

After return from MO.ne.l, the same 

degrees of freedom can be obtained, for 

% weight factors and knot positions, by 
selecting 
% IMOI= 1, and by copying the value of p 
from WK(4) 
% into VAL. In this way, no iterative 
optimization 
% is required when processing other data 
in Y. 
% VAL ( I) Mode value, as described above 
under MO. Oouble 
% C(NC,K) ( 0) Spline coefficients, to be used in 
conjunction 2-0 array of double 
% with function SPLOER. NB: the 
dimensions of C 
% in GCVSPL and in SPLOER are 
different! In SPLOER, 
% only a single column ofC(N,K) is 
needed, and the 
% proper column C(t,J), with J=l...K 
should be used 
% when calling SPLOER. 
% NC ( I) First dimension of array C(NC,K), 
NC.ge.N. Integer 
% WK(IWK) (IIWIO) Work vector, with length 
IWK.ge.6*(N*M+ 1 )+N. 1-0 array of double 
% On normal exit, the first 6 values of WK 

are 
% 
% 
% 
value 
% 
% 
degrees of 
% 
squares 
% 
M. 

assigned as follows: 

WK(1) = Generalized Cross Validation 

WK(2) = Mean Squared Residual. 
WK(3) = Estimate of the number of 

freedom of the residual sum of 

per dataset, with O.lt.WK(3).It.N-



WK( 4) = Smoothing parameter p, 
Itiplicative 

with the splines' derivative 
lstraint. 

WK(5) = Estimate of the true mean 
lared error 

(different formula for IMOI = 3). 
WK(6) = Gauss-Markov error variance. 

IfWK(4) --> 0, WK(3) --> 0, and an 
!f-

polating spline is fitted to the data (p --> 

A very small value> 0 is used for p, in 
ler 

to avoid division by zero in the GCV 
lction. 

IfWK(4) --> inf, WK(3) --> N-M, and 
:ast-

squares polynomial of order M (degree 
1) is 

fitted to the data (p --> inf)o For 
nerical 

reasons, a very high value is used for p. 

Upon return, the contents of WK can be 
:d for 

covariance propagation in terms of the 
,trices 

B and WE: see the source listings. The 
'iance 

estimate for dataset J follows as 
K.(6)/WY(J). 

IER ( 0) Error parameter: 
eger 

ictly 

value. 

temarks: 

IER = 0: 
IER = 1: 
IER= 2: 

Normal exit 
M.1e.O .or. N.lt.2*M 
Knot sequence is not 

increasing, or some weight 
factor is not positive. 

IER = 3: Wrong mode parameter 

(1) GCVSPL calculates a natural spline of order 
M (degree 

2*M-I) which smoothes or interpolates a given 
of data 

points, using statistical considerations to 
termine the 

amount of smoothing required (Craven & Wahba, 
79). If the 

error variance is a priori known, it should be 
)plied to 

the routine in VAL, for IMOI= 3. The degree of 
loothing is 
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% then determined to minimize an unbiased estimate 
of the true 

% mean squared error. On the other hand if the error 
variance ' 

% is not known, one may select IMOI=2. The routine 
then deter-

% mines the degree of smoothing to minimize the 
generalized 
% cross validation function. This is asymptotica1\y 
the same 
% as minimizing the true predicted mean squared 
error (Craven & 
% Wahba, 1979). If the estimates from IMOI=2 or 3 
do not appear 
% suitable to the user (as apparent from the 
smoothness of the 
% M-th derivative or from the effective number of 
degrees of 
% freedom returned in WK(3», the user may select 
an other 
% value for the noise variance ifIMOI=3, or a 
reasonably large 
% number of degrees of freedom if IMOI=4. If 
IMOI= 1, the proce-
% dure is non-iterative, and returns a spline for the 
given 
% value of the smoothing parameter p as entered in 
VAL. 
% 
% (2) The number of arithmetic operations and the 
amount of 
% storage required are both proportional to N, so 
very large 
% datasets may be accomodated. The data points do 
not have 
% to be equidistant in the independant variable X or 
uniformly 
% weighted in the dependant variable Y. However, 
the data 
% points in X must be strictly increasing. Multiple 
dataset 
% processing (K.gt.I) is numerica1\y more efficient 
dan 
% separate processing of the individual datasets 
(K.eq.I). 
% 
% (3) If IMOI=3 (a priori known noise variance), any 
value of 
% N.ge.2*M is acceptable. However, it is advisable 

forN-2*M 
% be rather large (at least 20) if IMOI=2 (GCV). 

% 
% (4) For IMOI > 1, GCVSPL tries to iteratively 

minimize the 
% selected criterion function. This minimum is 

unique for IMOI 
% = 4, but not necessarily for IMOI = 2 or 3. 

Consequently, . . 
% local optima rather that the global optimum nught 

be found, . 
% and some actual findings suggest that local optIma 

might 



yield more meaningful results than the global 
timum ifN 

is small. Therefore, the user has some control over 

search procedure. If MD > 1, the iterative search 
.rts 

from a value which yields a number of degrees of 
edom 

which is approximately equal to N/2, until the 
st (local) 

minimum is found via a golden section search 
)cedure 

(Utreras, 1980). If MD < -1, the value for p 
ntained in 

WK(4) is used instead. Thus, ifMD = 2 or 3 yield 
) noisy 

an estimate, the user might try IMDI = 1 or 4, for 
itably 

selected values for p or for the number of degrees 

freedom, and then run GCVSPL with MD = -2 or 
. The con-

tents ofN, M, K, X, WX, WY, and WK are 
sumed unchanged 

since the last call to GCVSPL if MD < O. 

(5) GCVSPL calculates the spline coefficient 
rayC(N,K); 

this array can be used to calculate the spline 
nction 

value and any of its derivatives up to the degree 
M-l 

at any argument T within the knot range, using 
brou-

tines SPLDER and SEARCH, and the knot array 
:N). Since 

the splines are constrained at their Mth derivative, 
lly 

the lower spline derivatives will tend to be 
liable 

estimates of the underlying, true signal 
:rivatives. 

(6) GCVSPL combines elements of subroutine 
~V05 by Utre-

ras (1980), subroutine SMOOTH by Lyche et al. 
983), and 

subroutine CUBGCV by Hutchinson (1985). The 
lce of the 

influence matrix is assessed in a similar way as 
:scribed 

by Hutchinson & de Hoog (1985). The major 
fference is 

that the present approach utilizes non-symmetrical 
·spline 

design matrices as described by Lyche et al. 
983); there-

fore, the original algorithm by Erisman & Tinney 
975) has 

been used, rather than the symmetrical version 
opted by 

Hutchinson & de Hoog. 
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% 

% (7) Our lab uses the following equation to 
calculate VAL: 

% VAL = (EMG_sampling_frequency/lOOO.O) 
I pow(2*PI*EMG_CUTOFF ]REQUENCYIIOOO.O' 
% pow( (sqrt(2.0) - I), O.5M ), 2.0*M ) 
% where PI is 3.1415 ... and the 
EMG_CUTOFF _FREQUENCY is generally 10 Hz for 
the 

% arm data that we use (probably 5-6 Hz for 
normal gait). 
% (equation courtesy of Dan Moran) 
% 
%References: 
% 
% P. Craven & G. Wahba (1979), Smoothing noisy 
data with 
% spline functions. Numerische Mathematik 31, 
377-403. 
% 
% A.M. Erisman & W.F. Tinney (1975), On 
computing certain 
% elements of the inverse of a sparse matrix. 
Communications 
% of the ACM 18(3), 177-179. 
% 
% M.F. Hutchinson & F.R. de Hoog (1985), 
Smoothing noisy data 
% with spline functions. Numerische Mathematik 
47(1),99-106. 
% 
% M.F. Hutchinson (1985), Subroutine CUBGCV. 
CSIRO Division of 
% Mathematics and Statistics, P.O. Box 1965, 
Canberra, ACT 2601, 
% Australia. 
% 
% T. Lyche, L.L. Schumaker, & K. Sepehmoori 
(1983), Fortran 
% subroutines for computing smoothing and 
interpolating natural 
% splines. Advances in Engineering Software 5( 1 ), 
2-5. 
% 
% F. Utreras (1980), Un paquete de programas para 
ajustar curvas 
% mediante funciones spline. Informe Tecnico MA-
80-B-209, Depar-
% tamento de Matematicas, Faculdad de Ciencias 
Fisicas y Matema-
% ticas, Universidad de Chile, Santiago. 
% 
% Wahba, G. (1980). Numerical and statistical 
methods for mildly, 
% moderately and severely iII-posed problems with 

noisy data. 
% Technical report nr. 595 (February 1980). 
Department of Statis-
% tics, University of Madison (WI), U.sA 

% 
% FORTRAN program converted to C by Dwight 

Meglan using f2c converter. 



% MA TLAB 4.x mex file conversion by ChunXiang 
Tian (7/4/96 - was he really working on July 47) 
% MATLAB 4.x mex update by David Carta (3/7/97) 
% MA TLAB 5.1 mex file conversion by Tony Reina 
% 
% Tony Reina Created: 4/2/1998 
% The Neurosciences Institute, San Diego, CA 
% Motor Systems Research Lab 
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Appendix H Work performed by Whole Body Centre of Mass Program 

% Matlab prog to calculate external work performed by 
the whole body centre 
% of mass 

% Etot = Ep + Ek 
% Work = change in energy (Ef-Ei) 
% Input: data - centre of mass data in m in form of 3 
columns (x,y & z) 
% and 1 row per frame 
% mass - participants mass in kg 

% Written by Chris Low 24.09.04, adapted 
22.12.04,23 .12.04( added vertical 
% and horizontal kinetic energy) 

function [Ep,Ek,Ekv,Ekh,Etot,work,worktot] = 
workdone2( data,mass) 
g=9.8I; 
% calculate potential energy 
Ep = [1]; 
h = data(:,3); 
nrows = size(h,I); 
for a = 1 :nrows 

p = mass*g*h(a); 
Ep = [Ep;p]; 

end 
Ep(1) = []; 
nrowsEp = size(Ep, 1); 
Ep(nrowsEp) = []; 
Ep(I)=[]; 
% calulate kinetic energy 
% 1 st calculate the velocity vector in each frame 
[v] = velocityvect(data); 
Ek = [1]; 
nrowsv = size(v,I); 
for a = 1 :nrowsv 

k = 0.5*mass*v(a,:)*v(a,:)'; 
Ek= [Ek;k]; 

end 
Ek(l) = []; 

Ekv = [1]; 
for a = 1 :nrowsv 

kv = 0.5*mass*v(a,3)*v(a,3)'; 
Ekv = [Ekv;kv]; 

end 
Ekv(1) = []; 

Ekh = [1]; 
for a = 1 :nrowsv 

kh = 0.5*mass*v(a,I:2)*v(a,I:2)'; 
Ekh = [Ekh;kh]; 

end 
Ekh(I) = []; 

% calculate total energy 

Etot = Ep+Ek; 

% calculate work done on CoM 
% work = (mg(hf-hi»+«(mvf"2)/2)-(mvV'2)/2) 

% ~alculate mg(hf-hi) starting at second height data 
po lOt so as to mesh 
% with velocity 
WI = [1]; 
for a = 2:nrows-2 

w = mass*g*(h(a+ I)-h(a»; 
WI = [WI;w]; 

end 
WI(1) = []; 

%calculate kinetic energy 
W2 = [1]; 
for a = 1 :nrowsv-I 

w2 = «mass/2)*(v(a+ 1 ,:)*v(a+ 1,:)'»­
«massl2)*(v( a,: )*v(a,: )'»; 

W2 = [W2;w2]; 
end 
W2(1) = []; 
work = W1+W2; 
worktot = sum(work); 
%as a check WI and Dp are the same, W2 and Dk give 
same results as do work 
%and work2 and worktot and worktot2 

%%%%%%%%%SUB­
FUNCTION%%%%%%%%%%% 
function [vvect] = velocityvect(T) 
% uses double finite difference technique to calculate 
translation velocity 
% vector from a set of position vectors 

nframes = size(T, 1); 
tau = 11240; 
vvect = [1,1,1]; 
for a = 1 :nframes 

b = T(a,:); 
if a < nframes-I 

c = T(a+2,:); 
else c= [1,1,1]; 
end 
m= c'-b'; 
n = m*(I/(2*tau»; % in m 
vvect = [vvect;n']; 

end 
vvect(1,:) = []; 

vvect( size( vvect, 1 ),:) = []; 

vvect(size(vvect, 1 ),:) = []; 



Appendix I Moment of Inertia Program 

function [WBI,Ixx,Iyy,Izz] = 
wholeinertia(headlcs,thoraciclcs,pelvislcs,trunklcs,1 
handlcs,lforelcs,lhumlcs,rhandlcs,rforelcs,rhumlcs,1 
footlcs, ... 

Ishanklcs,lfemurlcs,rfootlcs,rshanklcs,rfemurlcs,hti, 
tti,lhuti,lfti,lhati,lfeti,lshti,lfoti,rhuti,rfti,rhati,rfeti,rs 
hti,rfoti,M) 

%input each segement 
% Matlab function to calculate the whole body 
moment of inertia and principal axes of inertia in 
each frame 

% Calculate the local terms 
% head tensor inertia 
[hlocalI] = localterms(headlcs,hti); 
% trunk tensor inertia 
[tlocaU] = localterms(trunklcs,tti); 
% left and right hand tensor inertia 
[lhalocalI] = 10calterms(lhandlcs,lhati); 
[rhalocalI] = localterms(rhandlcs,rhati); 
% left and right forearm tensor inertia 
[lforlocalI] = 10calterms(lforelcs,lfti); 
[rforlocalI] = localterms(rforelcs,rfti); 
% left and right humerus tensor inertia 
[lhulocalI] = 10calterms(lhumlcs,lhuti); 
[rhulocalI] = localterms(rhumlcs,rhuti); 
% left and right foot tensor inertia 
[lfolocalI] = 10calterms(lfootlcs,lfoti); 
[rfolocalI] = localterms(rfootlcs,rfoti); 
% left and right shank tensor inertia 
[lshlocalI] = 10calterms(lshanklcs,lshti); 
[rshlocalI] = localterms(rshanklcs,rshti); 
% left and right femur tensor inertia 
[lfelocalI] = 10calterms(lfemurlcs,lfeti); 
[rfelocalI] = localterms(rfemurlcs,rfeti); 

%Sum of local terms in each frame 
[Local] = 
10cal(hlocalI,tIocaII,lhalocaII,lforlocalI,lhulocaII,lf 
olocalI,lshlocalI,lfelocalI, ... 

rhalocaII,rforlocaII,rhulocaII,rfolocaII,rshlocaII,rfeI 
ocalI); 

%Calculate remote terms 
% Calculate the segmental masses 
[hm] = (Mil 00)*6.94; 
[tm] = (M/lOO)*43.46; 
[Ihum] = (MlIOO)*2.7I; 
[Iform] = {Mil 00)* 1.62; 
[Iham] = (MIl00)*0.6l; 
[Ifem] = (Mil 00)*14.16; 
[Ishm] = (M/100)*4.33; 
[Ifom] = (Mil 00)* 1.37; 
[rhum] = (M/100)*2.71; 
[rform] = (M/lOO)*1.62; 
[rham] = (Mil 00)*0.61; 
[rfem] = (M/I00)*14.16; 
[rshm] = (Mil 00)*4.33; 
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[rfom] = (MlIOO)*1.37; 

% Calculate remote term index 1 1 
[h] = remo 11 (headlcs,hm); , 
[t] = remolI(trunklcs,tm); 
[Ihu] = remoII(lhumlcs,lhum); 
[Ifor] = remo II (lforelcs,lform); 
[Iha] = remoII(lhandlcs,lham); 
[Ife] = remoII(lfemurlcs,lfem); 
[Ish] = remo 11 (lshanklcs,lshm); 
[Ifo] = remoll(lfootlcs,lfom); 
[rhu] = remoIl(rhumlcs,rhum); 
[rfor] = remoll(rforelcs,rform); 
[rha] = remoIl(rhandlcs,rham); 
[rfe] = remoII(rfemurlcs,rfem); 
[rsh] = remoll(rshanklcs,rshm); 
[rfo] = remoll(rfootlcs,rfom); 
[remote 1 1] = 

h+t+ lh u+ I for+ Iha+ I fe+ Ish+ I fo+rh u+rfor+rh a+rfe+r 
sh+rfo; 
% [remote 1 1] = 

t+ Ih u+ I for+ Iha+ Ife+ Ish+ I fo+rh u+rfor+rha+rfe+rsh 
+rfo; 

% Calculate remote term index 1,2 
[h] = remo I2(headlcs,hm); 
[t] = remo I2(trunklcs,tm); 
[lhu] = remo 12(lhumlcs,lhum); 
[lfor] = remo 12(lforelcs,lform); 
[lha] = remo 12(lhandlcs,lham); 
[lfe] = remo I2(lfemurlcs,lfem); 
[Ish] = remo I2(lshanklcs,lshm); 
[lfo] = remo 12(lfootlcs,lfom); 
[rhu] = remo12(rhumlcs,rhum); 
[rfor] = remo 12(rforelcs,rform); 
[rha] = remo12(rhandlcs,rham); 
[rfe] = remoI2(rfemurlcs,rfem); 
[rsh] = remoI2(rshanklcs,rshm); 
[rfo] = remo I2(rfootlcs,rfom); 
[remote 1 2] = 

h+t+lhu+lfor+lha+lfe+lsh+lfo+rhu+rfor+rha+rfe+r 
sh+rfo; 
% [remote 1 2] = 

t+lhu+lfor+lha+lfe+lsh+lfo+rhu+rfor+rha+rfe+rsh 
+rfo; 

% Calculate remote term index 1,3 
[h] = remo I3(headlcs,hm); 
[t] = remo 1 3 (trunklcs,tm); 
[Ihu] = remoI3(1humlcs,lhum); 
[Ifor] = remo1 3(lforelcs,lform); 
[Jha] = remo13(lhandlcs,lham); 
[lfe] = remo I3(lfemurlcs,lfem); 
[Ish] = remo 13(1shanklcs,lshm); 
[Ifo] = remo 13(1footIcs,lfom); 
[rhu] = remo13(rhumlcs,rhum); 
[rfor] = remo13(rforeics,rform); 
[rha] = remo13(rhandlcs,rham); 
[rfe] = remo13(rfemurlcs,rfem); 
[rsh] = remo13(rshanklcs,rshm); 
[rfo] = remoI 3(rfootlcs,rfom); 



[remote13] = 

h+t+lhu+lfor+ Iha+lfe+ Ish+lfo+rhu+rfor+rha+rfe+r 
sh+rfo; 
% [remote13] = 

t+lhu+ Ifor+lha+ Ife+lsh+1 fo+rh u+rfor+rha+rfe+rsh 
+rfo; 

% Calculate remote term index 2,1 
[h] = rem021 (headlcs,hm); 
[t] = rem021 (trunklcs,tm); 
[Ihu] = rem021 (Ihumlcs,lhum); 
[Ifor] = rem021 (Iforelcs,lform); 
[Iha] = rem021 (Ihandlcs,lham); 
[Ife] = rem021 (Ifemurlcs,lfem); 
[Ish] = rem021 (Ishanklcs,lshm); 
[Ifo] = rem021 (Ifootlcs,lfom); 
[rhu] = rem021 (rhumlcs,rhum); 
[rfor] = rem021(rforelcs,rform); 
[rha] = rem021 (rhandlcs,rham); 
[rfe] = rem021 (rfemurlcs,rfem); 
[rsh] = rem021 (rshanklcs,rshm); 
[rfo] = rem021 (rfootlcs,rfom); 
[ remote21] = 

h+t+lhu+lfor+lha+lfe+lsh+lfo+rhu+rfor+rha+rfe+r 
sh+rfo; 
% [remote21] = 

t+lhu+lfor+lha+lfe+ lsh+lfo+rhu+rfor+rha+rfe+rsh 
+rfo; 

% Calculate remote term index 2,2 
[h] = rem022(headlcs,hm); 
[t] = rem022(trunklcs,tm); 
[Ihu] = rem022(1humlcs,lhum); 
[Ifor] = rem022(1forelcs,lform); 
[Iha] = rem022(1handlcs,lham); 
[Ife] = rem022(1femurlcs,lfem); 
[Ish] = rem022(1shanklcs,lshm); 
[lfo] = rem022(lfootlcs,lfom); 
[rhu] = rem022(rhumlcs,rhum); 
[rfor] = rem022(rforelcs,rform); 
[rha] = rem022(rhandlcs,rham); 
[rfe] = rem022(rfemurlcs,rfem); 
[rsh] = rem022(rshanklcs,rshm); 
[rfo] = rem022(rfootlcs,rfom); 
[remote22] = 

h+t+lhu+lfor+lha+lfe+lsh+lfo+rhu+rfor+rha+rfe+r 
sh+rfo; 
% [remote22] = 

t+lhu+lfor+lha+ Ife+lsh+ Ifo+rhu+rfor+rha+rfe+rsh 
+rfo; 

% Calculate remote term index 2,3 
[h] = rem023(headlcs,hm); 
[t] = rem023(trunklcs,tm); 
[Ihu] = rem023(lhumlcs,lhum); 
[Ifor] = rem023(lforelcs,lform); 
[Iha] = rem023(lhandlcs,lham); 
[Ife] = rem023(lfemurlcs,lfem); 
[Ish] = rem023(lshanklcs,lshm); 
[Ifo] = rem023(lfootlcs,lfom); 
[rhu] = rem023(rhumlcs,rhum); 
[rfor] = rem023(rforelcs,rform); 
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[rha] = rem023(rhandlcs,rham); 
[rfe] = rem023(rfemurlcs,rfem); 
[rsh] = rem023(rshanklcs,rshm); 
[rfo] = rem023(rfootlcs,rfom); 
[remote23] = 

h+t+lhu+lfor+lha+lfe+lsh+lfo+rhu+rfor+rha+rfe+r 
sh+rfo; 
% [remote23] = 

t+lhu+lfor+lha+lfe+lsh+lfo+rhu+rfor+rha+rfe+rsh 
+rfo; 

% Calculate remote term index 3 I 
[h] = rem031 (headlcs,hm); , 
[t] = rem031 (trunklcs,tm); 
[Ihu] = rem031 (lhumlcs,lhum); 
[lfor] = rem031 (Iforelcs,lform); 
[lha] = rem031 (lhandlcs,lham); 
[Ife] = rem031 (Ifemurlcs,lfem); 
[Ish] = rem031 (Ishanklcs,lshm); 
[Ifo] = rem031(lfootlcs,lfom); 
[rhu] = rem031(rhumlcs,rhum); 
[rfor] = rem031(rforelcs,rform); 
[rha] = rem031 (rhandlcs,rham); 
[rfe] = rem031(rfemurlcs,rfem); 
[rsh] = rem031(rshanklcs,rshm); 
[rfo] = rem031(rfootlcs,rfom); 
[remote3 1] = 

h+t+lhu+lfor+lha+lfe+lsh+lfo+rhu+rfor+rha+rfe+r 
sh+rfo; 
% [remote31] = 

t+lhu+lfor+lha+lfe+lsh+lfo+rhu+rfor+rha+rfe+rsh 
+rfo; 

% Calculate remote term index 3,2 
[h] = rem032(headlcs,hm); 
[t] = rem032(trunklcs,tm); 
[lhu] = rem032(1humlcs,lhum); 
[lfor] = rem032(1forelcs,lform); 
[lha] = rem032(1handlcs,lham); 
[lfe] = rem032(lfemurlcs,lfem); 
[Ish] = rem032(lshanklcs,lshm); 
[lfo] = rem032(lfootlcs,lfom); 
[rhu] = rem032(rhumlcs,rhum); 
[rfor] = rem032(rforelcs,rform); 
[rha] = rem032(rhandlcs,rham); 
[rfe] = rem032(rfemurlcs,rfem); 
[rsh] = rem032(rshanklcs,rshm); 
[rfo] = rem032(rfootlcs,rfom); 
[remote32] = 

h+t+lhu+lfor+lha+lfe+lsh+lfo+rhu+rfor+rha+rfe+r 
sh+rfo; 
% [remote32] = 

t+lhu+lfor+lha+lfe+lsh+lfo+rhu+rfor+rha+rfe+rsh 
+rfo; 

% Calculate remote term index 3,3 
[h] = rem033(headlcs,hm); 
[t] = rem033(trunklcs,tm); 
[Ihu] = rem033(lhumlcs,lhum); 
[lfor] = rem033(lforelcs,lform); 
[lha] = rem033(lhandlcs,lham); 
[lfe] = rem033(lfemurlcs,lfem); 



[Ish] = rem033(lshanklcs,lshm); 
[lfo] = rem033(lfootlcs,lfom); 
[rhu] = rem033(rhumlcs,rhum); 
[rfor] = rem033(rforelcs,rform); 
[rha] = rem033(rhandlcs,rham); 
[rfe] = rem033(rfemurlcs,rfem); 
[rsh] = rem033(rshanklcs,rshm); 
[rfo] = rem033(rfootlcs,rfom); 
[remote33] = 
h+t+ Ihu+ Ifor+ Iha+ Ife+ lsh+ 1 fo+rh u+rfor+rha+rfe+r 
sh+rfo; 
% [remote33] = 
t+ Ih u+ Ifor+ Iha+ Ife+ lsh+ 1 fo+rh u+rfor+rha+rfe+rsh 
+rfo; 

% Calculate the remote terms matrix at each frame 
[Remote] = 
remote(remote 11 ,remote 12,remote 13 ,remote21 ,re 
mote22,remote23,remote31 ,remote32,remote33); 

% Calculate the whole body tensor of inertia in 
each frame 
[WBI] = whole(Local,Remote); 

% Calculate lxx, Iyy and Izz 
[lxx,lyy,lzz] = princaxes(WBI); 
% figure 
% plot(Ixx,'r') 
% xlabel('frames') 
% ylabel('Principal Moment of Inertia kg.mA 2') 
% hold on 
% plot(lyy,'m') 
% plot(lzz,'b') 
% legend('Ixx','lyy','Izz',O) 
% titIe('Whole body Moment ofInertia about the 
Global Axes') 

%%%%%%SUB­
FUNCTIONS%%%%%%%%% 
% Local terms sub-functions 
function [local] = 10calterms(lcs,TI) 

nrows = size(lcs, 1); 
[R] = diag(ones(3,I)); 
for a = 1 :4:(nrows-3) 

x = (lcs(a:(a+3),:)); 

r=x(2:4,2:4); 
d = x(2:4, 1); 
[R] = [R;r]; 

end 
R(I:3,:) = []; 
nrowsR = size(R, 1 ); 
nrowsTI = size(TI, 1); 
ifnrowsR-=nrowsTI disp('error'); 
else 
end 
local = diag( ones(3, 1 )); 
for a = 1 :3:(nrowsR-2) 

f= R(a:(a+2),:); 
g = TI(a:(a+2),:); 
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h= f; 
1 = f*g*h; 
[local] = [local;!]; 

end 
local(l :3,:) = 0; 

% function [Local] = 
10cal(tIocalI,lhalocaII,lforlocaII,lhulocaII,lfolocaII,1 
shlocalI,lfelocalI, ... 
% 
rhalocalI,rforlocalI,rhulocaII,rfolocaII,rshlocall,rfel 
ocalI) 
function [Local] = 

10cal(hlocalI,tIocaII,lhalocalI,lforlocaII,lhulocaII,lf 
olocalI,lshlocalI,lfelocalI, ... 

rhalocaII,rforlocalI,rhulocalI,rfolocaII,rshlocaII,rfel 
ocal!) 
nrows = size( tlocalI, 1); 
[Local] = diag( ones(3, 1)); 
for a = 1 :3:(nrows-2) 

h = hlocalI(a:(a+2),:); 
t = tlocalI(a:(a+2),:); 
Iha = IhalocalI(a:(a+2),:); 
Ifor = IforlocalI(a:(a+2),:); 
Ihu = IhulocalI(a:(a+2),:); 
Ifo = IfolocalI(a:(a+2),:); 
Ish = IshlocalI(a:(a+2),:); 
Ife = IfelocalI(a:(a+2),:); 
rha = rhalocalI(a:(a+2),:); 
rfor = rforlocalI(a:(a+2),:); 
rhu = rhulocalI(a:(a+2),:); 
rfo = rfolocalI(a:(a+2),:); 
rsh = rshlocalI(a:(a+2),:); 
rfe = rfelocalI(a:(a+2),:); 
1= 

h+t+lha+lfor+lhu+lfo+lsh+lhu+rha+rfor+rhu+rfo+r 
sh+rhu; 
% 1= 
t+lha+lfor+lhu+lfo+lsh+lhu+rha+rfor+rhu+rfo+rsh 
+rhu; 

Local = [Local;I]; 
end 
Local(1 :3,:) = []; 

% Remote term sub-functions 
function [R] = remo 11 (lcs,m) 
nrows = size(lcs, 1); 
[R] = [1]; 
for a = 1 :4:(nrows-3) 

t = (lcs(a:(a+3),:)); 
y=t(3,I); 
z=t(4,I); 
r = m*«y"2)+(zA 2)); 
R= [R;r]; 

end 
R(I) = []; 

function [R] = remo I2(lcs,m) 
nrows = size(lcs,I); 
[R] = [1]; 
for a = 1 :4: (nrows-3) 



t = (1cs(a:(a+3),:»; 
x = t(2,I); 
y=t(3,I); 
r = m*x*y; 
R= [R;r]; 

end 
R(1) = []; 

function [R] = remo13(1cs,m) 
nrows = size(1cs, 1); 
[R] = [1]; 
for a = 1 :4:(nrows-3) 

t = (1cs(a:(a+3),:»; 
x = t(2,1); 
z = t(4,1); 
r = m*x*z; 
R = [R;r]; 

end 
R(1) = []; 

function [R] = remo21 (1cs,m) 
nrows = size(1cs, 1); 
[R] = [1]; 
for a = 1 :4: (nrows-3 ) 

t = (lcs(a:(a+3),:»; 
x = t(2,I); 
y=t(3,I); 
r= m*y*x; 
R = [R;r]; 

end 
R(1) = []; 

function [R] = remo22(1cs,m) 
nrows = size(lcs, 1); 
[R] = [1]; 
for a = 1 :4:(nrows-3) 

t = (lcs(a:(a+3),:»; 
x = t(2,1); 
z=t(4,I); 
r = m*«x"2)+(z"2»; 
R = [R;r]; 

end 
R(I) = []; 

function [R] = remo23(1cs,m) 
nrows = size(lcs,I); 
[R] = [1]; 
for a = 1 :4:(nrows-3) 

t = (lcs(a:(a+3),:»; 
y=t(3,1); 
z=t(4,1); 
r = m*y*z; 
R= [R;r]; 

end 
R(1) = []; 

function [R] = remo31 (1cs,m) 
nrows = size(lcs, 1); 
[R] = [1]; 
for a = 1 :4:(nrows-3); 

t = (lcs(a:(a+3),:»; 
x=t(2,I); 
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z= t(4,1); 
r = m*z*x; 
R= [R;r]; 

end 
R(1) = 0; 

function [R] = remo32(\cs,m) 
nrows = size(lcs, 1); 
[R]=[I]; 
for a = 1 :4:(nrows-3) 

t= (lcs(a:(a+3),:»; 
y=t(3,I); 
z=t(4,I); 
r= m*z*y; 
R= [R;r]; 

end 
R(1) = []; 

function [R] = remo33(lcs,m) 
nrows = size(lcs, 1); 
[R] = [1]; 
for a = 1 :4:(nrows-3) 

t = (lcs(a:(a+3),:»; 
x=t(2,I); 
y=t(3,I); 
r = m*«x"2)+(y"2»; 
R= [R;r]; 

end 
R(1) = []; 

function [Remote] = 
remote(remote 11 ,remote I2,remote 13 ,remote2I ,re 
mote22,remote23,remote3I ,remote32,remote33); 

nrows = size(remote 11,1); 
[Remote] = diag(ones(3,1»; 
for a = 1 :nrows 

rlI = remoteII(a); 
rl2 = remoteI2(a); 
r13 = remote13(a); 
r2I = remote2I(a); 
r22 = remote22(a); 
r23 = remote23(a); 
r3I = remote3I(a); 
r32 = remote32(a); 
r33 = remote33(a); 
r = [rll ,-rl2,-rl3;-r2I ,r22,-r23;-r31 ,-r32,r33]; 
Remote = [Remote;r]; 

end 
Remote(I :3,:) = []; 

% Whole body Tensor of Inertia calculation in each 

frame 
function [WBI] = whole(Local,Remote); 

nrows = size(Local, 1); 
[WBI] = diag(ones(3,1»; 
for a = 1 :3:(nrows-2) 

1= Local(a:a+2,:); 
r = Remote(a:a+2,:); 
w = l+r; 
WBI = [WBI;w]; 



end 
WBI(I:3,:) = []; 

% Matrices ofIxx, Iyy and Izz over time 
function [Ixx,Iyy,Izz] = princaxes(WBI); 

nrows = size(WBI,I); 
[Ixx] = [1]; 
[Iyy] = [1]; 
[Izz] = [1]; 
for a = 1 :3:(nrows-2) 
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m = WBI(a:(a+2),:); 
ixx = m(l,l); 
iyy = m(2,2); 
izz = m(3,3); 
lxx = [Ixx;ixx]; 
Iyy = [Iyy;iyy]; 
Izz = [Izz;izz]; 

end 
Ixx(l) = 0; 
Iyy(l) = 0; 
Izz(l) = []; 



Appendix J Efficiency Program 

function [disp,dist,e] = efficiency2(data) 

st = data(l,:); 
fin = data(size(data, 1),:); 
disp = fin-st; 
length = norm(disp); 

dist = lengthcurve(data); 
e = distllength; 
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Appendix K Orientation Angle Program 

function 
[lankle,lknee,lhip,lshoulder,lelbow,lwrist,rankle,rk 
nee, ... 

rhip,rshoulder,relbow,rwrist]=orient(thoraciclcs,pel 
vislcs, ... 

thoraciclcsb,pelvislcsb,lhandlcsb,lforelcsb,lhumlcs 
b,rhandlcs, ... 

rforelcs,rhumlcs,lfootlcsb,lshanklcsb,lfemurlcsb,rfo 
otlcs,rshanklcs,rfemurlcs) 
% matlab function to calculate the relative 
orientation of the distal 
% segment relative to the proxmal segment at the 
major joints 

% Wrist 
[Tlwrist] = posetrans(lforelcsb,lhandlcsb); 
[lwrist] = rotzxy(Tlwrist); 
% [lwrist] = continuity(lwrist); 
[Trwrist] = posetrans(rforelcs,rhandlcs); 
[rwrist] = rotzxy(Trwrist); 
% [rwrist] = continuity(rwrist); 

% Elbow 
[Tlelbow] = posetrans(lhumlcsb,lforelcsb); 
[lelbow] = rotzxy(Tlelbow); 
% [lelbow] = continuity(lelbow); 
[Trelbow] = posetrans(rhumlcs,rforelcs); 
[relbow] = rotzxy(Trelbow); 
% [rei bow] = continuity(relbow); 

% Shoulder 
[Tlshoulder] = posetrans(thoraciclcsb,lhumlcsb); 
[lshoulder] = rotyxy2(Tlshoulder); 
% [1 shoulder] = 
[lshoulder(:,l :2),lshoulder(:,3)+90]; 
% [lshoulder] = continuity(lshoulder); 
[Trshoulder] = posetrans(thoraciclcs,rhumlcs); 
[rshoulder] = rotyxy2(Trshoulder); 
% [rshoulder] = 
[rshoulder(:,l :2),rshoulder( :,3 )+90]; 
% [rshoulder] = continuity(rshoulder); 

%Hip 
[Tlhip] = posetrans(pelvislcsb,lfemurlcsb); 
[lhip] = rotzxy(Tlhip); 
% [lhip] = continuity(lhip); 
[Trhip] = posetrans(pelvislcs,rfemurlcs); 
[rhip] = rotzxy(Trhip); 
% [rhip] = continuity(rhip); 

% Knee 
[Tlknee] = posetrans(lfemurlcsb,lshanklcsb); 
[lknee] = rotzxy(Tlknee); 
% [lknee] = continuity(lknee); 
[Trknee] = posetrans(rfemurlcs,rshanklcs); 
[rknee] = rotzxy(Trknee); 
% [rknee] = continuity(rknee); 

% Ankle 
[Tlankle] = posetrans(lshanklcsb,lfootlcsb); 

-----
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[lankle] = rotzxy(TlankJe); 
% [lwrist] = continuity(lankJe); 
[Trankle] = posetrans(rshanklcs,rfoot\cs); 
[ rankle] = rotzxy(Trankle); 
% [rwrist] = continuity(rankle); 

% figure 
% plot(lwrist) 
% title('lwrist') 
% legend('z','x','y') 
% figure 
% plot(rwrist) 
% title('rwrist') 
% legend('z','x','y') 
% figure 
% plot(lelbow) 
% title('lelbow') 
% legend('z','x','y') 
% figure 
% plot(relbow) 
% title('relbow') 
% legend('z','x','y') 
% figure 
% plot(lshoulder) 
% title('lshoulder') 
% legend('y','x','y') 
% figure 
% plot(rshoulder) 
% title('rshoulder') 
% legend('y','x','y') 
% figure 
% plot(lhip) 
% title('lhip') 
% legend('z','x','y') 
% figure 
% plot(rhip) 
% title('rhip') 
% legend('z','x','y') 
% figure 
% plot(lknee) 
% title('lknee') 
% legend('z','x','y') 
% figure 
% plot(rknee) 
% title('rknee') 
% legend('z','x','y') 
% figure 
% plot(lankle) 
% title('lankle') 
% legend('z','x','y') 
% figure 
% plot(rankle) 
% title('rankle') 
% legend('z','x','y') 

function [Tpd] = posetrans(Tp,Td) 
%posetrans: Matlab function to calculate the pose 
transformation matrix 
%from two coordinate systems 
%Tpd - transformation matrix describing the distal 

coordinate system with 
% respect to proximal coordinate system 



Tpd = eye(4); 
nrows = size(Tp,1 ); 
for a = 1 :4:(nrows-3) 

Rp = (Tp«a+ 1 ):(a+3),2:4)); 
Rd = (Td«a+ I ):(a+3),2:4)); 
rpd = Rp'*Rd; 
Pp = Tp(a+I:a+3,1); 
Pd = Td(a+I:a+3,1); 
ppd = Rp'*(Pd-Pp); 
Ta = [1 ,0,0,0;ppd,rpd]; 
Tpd = [Tpd;Ta]; 

end 
Tpd(1 :4,:) = []; 

function [out]=rotzxy(Tdata) 
% 
% programma voor het berekenen van de rotaties 
z,x, en y res. rond de Z-, 
% x- en y-as uit de gegeven matrix R. 

% calculate the number of rows 
nrows = size(Tdata, I); 

%calculate the number of frames 
nframe = nrows/4; 

%start out matrix 
out = [1,0,0]; 

%Iterative loop which takes each transformation 
matrix and calculates 
%alpha,beta and gama for each frame of data. The 
rotations are succesively 
%placed in matrix out 
for a = 1 :4:(nrows-3) 

t = (Tdata(a:(a+3),:)); 
R = [t(2:4,2:4)]; 
xl = asin(R(3,2)); 

sy =-R(3, l)/cos(xl); 
cy= R(3,3)/cos(xI); 
yl = atan2(sy,cy); 
sz =-R( 1 ,2)/cos(x I); 
cz = R(2,2)/cos(x 1); 
zl = atan2(sz,cz); 
ifxI >= 0, 

x2 = pi - xl; 
else 

x2 = -pi - x I; 
end 
sy =-R(3, I )/cos(x2); 
cy = R(3,3)/cos(x2); 
y2 = atan2(sy,cy); 
sz =-R(l ,2)/cos(x2); 
cz = R(2,2)/cos(x2); 
z2 = atan2(sz,cz); 
if (-pi/2 <= xl & xl <= pil2) 

y=yI; 
z=zl; 
x=xI; 

else 
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y=y2; 
z=z2; 
x=x2; 

end 

0=[ rad2deg(z ),rad2deg( x ),rad2deg(y)]; 

out = [out;o]; 

end 
%remove I st line of out matrix 

out(l,:) = 0; 

function [out]=rotyxy2(Tdata) 
% 
% programma voor het berekenen van de rotaties 
rond achtereenvolgens 
% de y-, z- en lokale y-as uit de rotatiematrix r. 
er zijn twee 
% oplossingen: de oplossing met de kleinste 
rotaties wordt uitgekozen. 
% 
% calculate the number of rows 
nrows = size(Tdata, I); 

%calculate the number of frames 
nframe = nrowsl4; 

%start out matrix 
out = [1,0,0]; 

%Iterative loop which takes each transformation 
matrix and calculates 
%alpha,beta and gama for each frame of data. The 
rotations are succesively 
%placed in matrix out 
for a = I :4:(nrows-3) 

t = (Tdata(a:(a+3),:)); 
r = [t(2:4,2:4)]; 

x I = acos(r(2,2)); 
if(xI=O) then 

y=acos(-r(3,3)); 
x=x1; 
ya=O.O; 
return 

end 
cy = r(3,2)/sin(x I); 
sy = r(l ,2)/sin(x I); 
yl = atan2(sy,cy); 
cya= -r(2,3)/sin(xI); 
sya = r(2, 1 )/sin(x I); 
yal = atan2(sya,cya); 
x2 = -xl; 
cy = r(3,2)/sin(x2); 
sy = r(I ,2)/sin(x2); 
y2 = atan2(sy,cy); 
cya = -r(2,3)1sin(x2); 
sya = r(2, I )/sin(x2); 
ya2 = atan2(sya,cya); 
if(O<=xI &xI <=pi) 

y=y2; 
x = x2; 



else 

end 

ya = ya2; 

y = yl; 
x = xl; 
ya = yal; 

0=[ rad2deg(y),rad2deg( x ),rad2deg(ya)]; 

out = [out;o]; 

end 
%remove 1 st line of out matrix 

out(1,:) = []; 
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function [out]=rad2deg(in) 

% function [out]=rad2deg(in) 
% Description: Conversion of radians to 
degrees applied to the entire matrix 
% Input: in (values in radians) 
% Output: out (values in degrees) 
% Author: Christoph Reinschmidt, HPL, 
The University of Calgary 
% Date: October, 1994 
% Last Changes: November 29, 1996 
% Version: 1.0 

out=in. *(180/pi); 
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