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Thesis Abstract

THESIS ABSTRACT

Background: Power output during resistance exercise is measured using a
variety of different methods. The reliability and comparability of results obtained
from different methods of assessment has been the source of debate for the last
decade. Aim: To investigate the reliability and comparability of measurements of
force, velocity and power measured simultaneously during upper and lower
body resistance exercises for the following three methods: a) power derived from
ground reaction force, i.e. using a force plate (FP), b) power derived from the
displacement of the bar, i.e. displacement tracking laser (L) and c) power as a
combination of force derived from ground reaction force (FP) and velocity
derived from the displacement of the bar (L) (FPL). Methods: 15 Males with a
history of resistance training of at least one year participated in the study. Data
were acquired simultaneously for each method (FP, L and FPL) during the squat
jump and bench throw exercises performed with the unloaded bar and at loads
of 20, 30, 40, 50, 60, 70 and 80% 1RM. Results: All methods of assessment
showed good levels or reliability for each variable (i.e. measures of force,
velocity and power), but these were generally higher for peak compared to mean
values. Measures of reliability ranged from 0.90 to 1.00 for the intraclass
correlation coefficient, from 1.3 to 7.9% for the relative typical error of
measurement and from 0.93 to 0.99 for the test-retest correlation coefficient.
Measures of power output were significantly different between the three methods
in the power-load relationship at lighter loads in both the squat jump and bench
throw exercises. Power outputs derived from FPL were generally highest during
squat jumps, whereas power outputs derived from FP were consistently higher
during bench throws compared to respective measures for the other methods of
assessment. The correlation coefficients for measures of power were moderate
to high between all three methods (r = 0.79 - 0.99). Conclusion: Power output
assessed simultaneously with different data acquisition technologies and
methods of calculating power are not directly comparable. Based on the
moderate to high correlation coefficients it would be useful to evaluate prediction
equations (e.g. regression analysis) which correct for the anomalies between

methods in future research.

vii|Page



List of Figures

LIST OF FIGURES

Figure 1: inter relationship between performance, research question, assessment
AN reSEAICH OULCOME .ovviiiiii it e e e e e e e e e s e e e eeeeeeessannas 3

Figure 2: Research question on reliability and comparability of technical equipment
in context with the interrelation of research and performance...................ccoe. 7

Figure 3: Basic procedure of muscle power assessments (a) in context with the inter
relation of research and performance (b) emphasizing the importance of accurate
testing equipment and calculations methods............couuvviieeiiiiiiiiiiiiiie e, 9

Figure 4: General force-, velocity-, power curve during muscle function under
various loading conditions; a = maximum force, b = maximum velocity, ¢ = maximum
power and d = loading condition coincided with maximum power, e = velocity

generation coincided with maximum power OUtPUL.......cceeeeeiiiiiiiiiiiieee e, 11
Figure 5: Conversion of a continuous signal (a) to discrete data (b).........cccvvvvvunnnn... 21
Figure 6: Schematic of data acquisition and pProcessing........cccccvvvvvveeeeeeereeerevrieeennn. 22

Figure 7: a) principle of load cell and strain gauge, b) schematic of force plate and
Tor=To ol=]| W o Yo R 14 To] s U PRPRRR 31

Figure 8: Schematic of the Smith machine and the integrated Time-of-Flight - laser

Figure 9: Example of the graphical programming software LabVIEW™ .................... 33

Figure 10: Example of a raw signal (spiky) and the filtered signal (smooth) using a
MEAIAN FIILEE ceeiiiii e e e e e e e e e e e e e naaes 34

Figure 11: Example of scaling factor configuration and graphical representation of
the relationship between voltage and force for the force plate ..........eevvvvevevenennnnens 35

Figure 12: Calibration check-feature to determine the regression equitation for the
voltage-load relationship for the force plate .........couvvvvevieiiiiiiiiiiiiiiiiiieeeeaees 36

Figure 13: Calibration check-feature to determine the regression equitation for the

voltage-displacement relationship for the [aser ............eevviiviiiiiiiiiiiiiiiiiieeeraaes 37
Figure 14: Interface of the NAMS-Unit analysis software .......ccccccoeeeeeiiiiieeiiiiineenn.n. 39
Figure 15: Example of the “zoom” function.........ccoovviiiiii i, 40

Figure 16: Example of force data (top) and bar displacement data (bottom) during a
Yo (U F= LA 1012 4] o PNt 41

Figure 17: Example of force data (top) and bar displacement data (bottom) during a
DENCN TAIOW . s 42
vii|Page



List of Figures

Figure 18: Schematic of data processing and methods of deriving force, velocity and
power output via three methods: FP, Land FPL ..........uueeiiiiiiiiiiiiicceee e, 52

Figure 19: Test-retest correlation for measures of peak and mean power between
trial one and two during squat jumps for each method, (n = 15 for each group). ....58

Figure 20: Test-retest correlation for measures of peak and mean force and velocity
between trial one and two during squat jumps for each method, (n = 15 for each
BIOUD ).t eiiieie et a e e e e e e e e e 59

Figure 21: Test-retest correlation coefficient for measures of peak and mean power
during bench throws between trial one and two for each method, (n = 15 for each
=d Lo 10T ) IR PUPUORR 63

Figure 22: Test-retest correlation for measures of force and velocity during bench
throws between trial one and two for each method, (n = 15 for each group).......... 64

Figure 23: Peak power-load relationship for the squat jump derived from FP, L and
o PRI 67

Figure 24: Mean power-load relationship for the squat jump derived from FP, L and
o PR 68

Figure 25: Limits of agreement for peak and mean power between FP, L and FPL
(o [ gl o T o LU F= X A U2 0] o 1St 69

Figure 26: Peak force-load relationship for the squat jump derived from FP and L. .72
Figure 27: Mean force-load relationship for the squat jump derived from FP and L.72

Figure 28: Limits of agreement for peak and mean force between FP and L during
ToY=To [=To Yo [UF: | A 18T 2'0] o L3 73

Figure 29: Relationship between peak force (FP vs. L) and mean force (FP vs. L) for
the squat jump. Data are shown as the correlation coefficient (r) and the 95%
Confidence intervals of the correlation coefficient in brackets........cccccvvveeeeennns 74

Figure 30: Peak velocity-load relationship for the squat jump derived from FP and L.

Figure 32: Limits of agreement for peak and mean velocity between FP and L during
Tor=To (Yo Yo [UF: | A TV 2'0] o X3 78

Figure 33: Relationship between peak velocity (FP vs. L) and mean velocity (FP vs. L)
for the squat jump. Data are shown as the correlation coefficient (r) and the 95%
Confidence intervals of the correlation coefficient in brackets...........cccccceeeiiiii. 78

x| Page



List of Figures

Figure 34: Peak power-load relationship for the bench throw derived from FP, L and
o O 80

Figure 35: Mean power-load relationship for the bench throw derived from FP, L
F= Yo 1N 5 > R 81

Figure 36: Limits of agreement for peak and mean power between FP, L and FPL
dUring BENCH thrOWS. ..o e e e e e et e e e e e aeeees 82

Figure 37: Peak force-load relationship for the bench throw derived from FP and L.

Figure 39: Limits of agreement for peak and mean force between FP and L during
DENCN LAIOWS. ... s 86

Figure 40: Relationship between peak force (FP vs. L) and mean force (FP vs. L) for
the bench throw. Data are shown as the correlation coefficient (r) and the 95%
Confidence intervals of the correlation coefficient in brackets.......................l. 87

Figure 41: Peak velocity-load relationship for the bench throw derived from FP and

Figure 43: Limits of agreement for peak and mean velocity between FP and L during
DENCN TAIOWS. .. s 90

Figure 44: Relationship between peak velocity (FP vs. L) and mean velocity (FP vs. L)
for the bench throws. Data are shown as the correlation coefficient (r) and the 95%
Confidence intervals of the correlation coefficient in brackets................................ 91

Figure 45: Schematic of reference point of measurement..........ccccceeeeiiiiiiicieicieennn. 95

Figure 46: lllustration of the magnitude for measures of power, force and velocity
Lo Tl o SR =Y T I 1 o I 96

x|Page



List of Tables

LIST OF TABLES

Table 1: Summary of testing equipment and respective configurations used in
research associated with muscle power output during resistance exercises ........... 25

Table 2: Indicators of the technical error of measurement of displacement from the
NN R U o T o = LYY R 38

Table 3: Indicators of the technical error of measurement of ground reaction force
from the NAMS-UNit fOrce plate ....ccoeeeeevieeiiiiiiie e 38

Table 4: Descriptive data of subjects. Values are presented as mean + SD, minimum
aNd MaXiMUM, (N =15). curiieiiei e e e e et e e e e e e e eeesssa e eeeeeeeeessnanas 54

Table 5: Indicators of reliability for measures of power, force and velocity between
trial one and two during loaded squat jumps for each method, (n = 15 for each
BIOUD). cetteetttuiteeeeetteeettteateeeeeeeeasttaaaseeeeseessstanseeeesesssrssaiaaeseeesesssssnnaaeeeessssssrsnnnnenes 56

Table 6: Limits of agreement, relative change in mean and test-retest correlation
coefficient for measures of power, force and velocity between trial one and two
during loaded squat jumps for each method, (n = 15 for each group). .....ccceeeeeeennees 57

Table 7: Indicators of reliability for measures of power, force and velocity between
trial one and two during bench throws for each method, (n = 15 for each group)...61

Table 8: Limits of agreement and test-retest correlation coefficient for measures of
power, force and velocity between trial one and two during bench throws for each
method, (N =15 for @aCh rouUpP). .....uuueeei s 62

Table 9: Measures of peak and mean power output during the squat jump from
each method*. Values are presented as group mean and £ SD, (n = 15 in each
=0T o) PPNt 66

Table 10: Relationship between FP, L and FPL for the measurements of mean and
peak power for the squat jump. Data are shown as the correlation coefficient (r)
and the 95% Confidence intervals of the correlation coefficient in brackets. .......... 70

Table 11: Peak and mean force (N) measures obtained from FP and L for each load
during the squat jump. Values presented as mean + SD, (n = 15 in each group). .....71

Table 12: Peak and mean velocity (m.s™) measures obtained from FP and L for each
load during the squat jump*. Values presented as mean = SD, (n = 15 in each
BIOUD) . e, 75

Table 13: Measures of peak and mean power output obtained from three
techniques during the bench throw*. Values are presented as group mean and %



List of Tables

Table 14: Relationship between FP, L and FPL for the measurements of mean and
peak power for the bench throw. Data are shown as the correlation coefficient (r)
and the 95% Confidence intervals of the correlation coefficient in brackets. .......... 83

Table 15: Peak and mean force (N) measures obtained from FP and L for each load
during the bench throw. Values presented as mean + SD, (n = 15 in each group)....84

Table 16: Peak and mean velocity (m.s™) measures obtained from FP and L for each
load during the bench throw*. Values presented as mean = SD, (n = 15 in each
F={ Lo 101 ) FAP TP 88

Table 17: Summary of results for indicators of reliability for the squat jump and
beNCh throw EXErCiSESs. * ... s 92

Table 18:Measures of peak velocity, force and power derived from different
methods as reported by Hori et al. (63)...c.uueeieiiiiiiieiiicceeee e 96

Table 19: Effects of changes in system mass for calculating force velocity and power
during the bench throw eXercise™ ........veeeiiiiiiiiiiiiiiiiee e e aeeens 99

xii|[Page



Chapter 1

LITERATURE REVIEW



Chapter 1

1.1 INTRODUCTION AND SCOPE OF THE THESIS

The ability to express high explosive strength in sporting movements is a
prerequisite for successful athletic performance (6; 39; 74). Explosive
strength or “power” is a consequence of the generation of force and velocity
during muscle function (19). Improving dynamic muscle strength and speed
of contraction by integrating various resistance exercises to athletic training
has a long history (39). Accordingly, many different strength training
strategies have evolved and have been adopted in a wide range of sports
(67; 113). Strength and conditioning training has therefore become a
specialization within athletic training (116). Unconditioned athletes benefit
from almost any type of structured resistance training (36; 83). However, in
well-trained athletes it becomes more complex to design strength training
programs that induce muscle adaptations with a significant transfer to
performance (29). For these athletes, it is important to identify training
methods that stimulate aspects of force and velocity specific to the sporting

tasks encountered during competition (11).

A key matter for coaches and athletes is to achieve optimal training
adaptations within a given time frame to ensure adequate contest preparation
(116). Sports scientists and coaches are therefore challenged to develop
evidence-based training strategies that can improve sport specific muscle
performance in an efficient and predictable way (64). Consequently, the
assessment of force, velocity and power output during dynamic muscle
function has become a common procedure in exercise science research.
Such assessments enable performance capacities of the neuromuscular
system under different conditions to be evaluated, monitored and compared
(37). Such tests evaluate the power generation capacities of an athlete for a
specific exercise movement under different loading conditions. In particular,
the power-load relationship associated with resistance exercises has been
explored in many studies (53). For example, such investigations have
focused on:
e muscle power adaptations to different training strategies (53; 80; 80);

e relationship of power output to other qualities of strength (38);
2|Page
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e relationship between power output and sporting performance (16), and
e comparisons of power output capacities of athletes from different

sporting backgrounds (67; 69).

Various practical applications have been derived from respective research
findings (82). Accordingly, many practitioners assess power output to
obtain integrative information about the performance qualities of an
individual as required in athlete profiling (16; 86), talent evaluation (23)
and/or training prescription as well as monitoring of subsequent (long
term) adaptations (7; 67). The competitive nature of many sports requires

progressive development of athletic performance.

Research
/' question \

Methods of Optimizing
assessment performance
\ Outcome / J
Conclusion

Figure 1: inter relationship between performance, research question, assessment and
research outcome

As high power output capacities are considered to be a key factor for
successful sports participation scientists are motivated to advance research
related to the generation of power output during muscle function.
Consequently, researchers have developed a variety of customized
equipment to accommodate power testing (2; 48). In particular, over the last
decade the equipment designed to measure power output has become more
sophisticated. Based on the outcomes of respective research many
recommendations have been suggested to improve athletic performance
(42). The inter-relationship between performance, research question,
assessments and outcome is shown in Figure 1. Within this inter-relationship
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the methods of assessment form a significant link between the research
question and consequent recommendations to coaches and athletes. In other
words, the outcome of a study designed to answer questions about
performance is dependent on the reliability and accuracy of the testing
methods used. As there are no standardized procedures for the assessment
of muscle power, knowledge about reliability and accuracy of the different

testing methods are imperative (2; 3; 48).

Researchers have criticized the lack of standard procedures consistently
over the last decade. More specifically, scientists argue that the diversity of
assessment procedures and testing equipment may be a key reason for the
contradictive study outcomes associated with some areas of power output
research (41; 44). The following concerns have been repeatedly emphasized:

e Reliability of equipment and performance tests (37)

e Differences in calculating and presenting power output (44)

e Comparability of measurements from different assessments (32)
¢ Insufficient reporting on exact data acquisition procedures (2)

As a result, there is no consensus about which training loads are most
beneficial to advance functional power output and offer the most effective
transference to performance (76). In particular, there has been extensive
debate on the diversity of technical equipment used to assess power output

in dynamic muscle function.

Surprisingly, despite the fundamental criticism related to certain
methodological aspects of power output assessments, most of the concerns
are based on theoretical arguments (44). Only recently, investigators have
assessed power output derived from independent measurements obtained
simultaneously during resistance exercises (32; 44; 63). At present, research
comparing measures of power of different assessments is limited. For
example, there are two investigations in lower body movements at a single
absolute load of 40 kg (63) and two relative loads of 30% and 90% of
maximum strength (32). Both research groups reported significant

4|Page



Chapter 1

differences in power output measurements derived from independent

methods.

Uncertainty about the reliability and comparability of measures acquired with
different methods clearly diminishes the value of subsequent information and
reduces its application to research and practice. In particular, for the
assessment of power output in elite athletes it is important to ensure that
even small, though meaningful changes in muscle power performance can
be detected (31). From a practical perspective measurements conducted at
different venues or with different types of equipment often have to be
compared (41). Therefore, further research is needed to clarify the

methodological concerns outlined above (2; 3; 32; 41).

1.1.1 Scope of the thesis

The key objective of the present study is to investigate measures of power
output derived simultaneously from different technical equipment namely:
force plate, bar displacement sensor and the combination of force plate and
bar displacement sensor. These three methods are frequently used in
research to assess muscle power (32). The comparison between measures
of power derived from these methods might therefore be relevant to resolving
some of the methodological concerns mentioned above. Novel aspects of the
study are:

a) to investigate the effect of methodological differences over a broader

power - load spectrum
b) to study power outputs derived simultaneously from different methods

in lower and upper body resistance exercises

To meet these objectives the thesis was divided into four phases as follows:

Phase One:
Review of the literature to expand on the background of the debate and
explore the technical considerations and underlying principles of different

methodologies;
5|Page
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Phase Two:

Modify the existing equipment to enable force, velocity and power output data
to be measured simultaneously with three different techniques;

Phase Three:

Simultaneous data collection of force, velocity and power output during the
bench throw and squat jump over a range of loads; The brief pause (1-2
seconds) after the eccentric phase allowed the movement of the subject to
be controlled accurately (i.e. during the concentric phase) - we felt this
control was important as the focus of the study was on the measurement of
force, velocity and power generation during the concentric phase.

Phase Four:

Data analysis, interpretation and discussion on the practical application of the

data;

In particular, this study attempts to answer the questions:
For data acquired simultaneously during the squat jump and bench throw
exercises with three different methods of assessment, i.e. force plate, bar
displacement sensor, and a combination of force plate and bar displacement
Sensor:

1) How reliable are measurements of force, velocity and power for each

method? '

2) Are there significant differences in the power-load relationship derived
from these three methods for the squat jump and bench throw

exercises?

The context of these questions is shown in Figure 2.

! Indicators of reliability for variables within each technique are examined by calculating limits
of agreement, interclass correlation coefficient, test-retest correlation and typical error of

measurement.
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Research
/ question

Methods of

Optimizing
assessment performance
ﬂ Outcome /
) Conclusion

technical equipment

i

[ Simultaneous assessment of power during lower }

[ Reliability & comparability of }

and upper body exercises over a range of loads

Bar displacement Force plate + bar
Force plate .
sensor displacement sensor

Figure 2: Research question on reliability and comparability of technical equipment in
context with the interrelation of research and performance
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1.1.2 General procedures for assessments of muscle power

The following section aims to provide a general overview of procedures for

assessments of muscle power as a base for further discussions.

The measurement of force, velocity and power is sometimes termed
“‘dynamometry” (73). Dynamometry can be defined as the measurement of
energy used in doing mechanical work. In the present context this term refers
to the assessment of kinematic and kinetic energy during various muscle
actions (37). The assessment of isokinetic and isometric muscle function
offers limited information to athletic performance, as most sporting
movements incorporate phases of acceleration and deceleration (40).
Isoinertial (constant gravitational load) testing of muscle function simulates
dynamic sporting movements more closely than assessments of isometric or
isokinetic muscle actions (41). The following discussion therefore, refers to

dynamic, isoinertial dynamometry.

Even though research designs vary, the general structure of testing
procedures is similar (2), and can be summarised as follows (please also

refer to Figure 3a).

For most studies athletes are asked to maintain similar pre-test conditions for
training intensity and nutrition. During the first testing session the athletes
have the opportunity to familiarize themselves with the testing process, in
particular with the correct movement technique of the exercise investigated
(36; 53). Next, the maximum dynamic strength of each athlete in the exercise
concerned is assessed (32; 34; 39; 40). This is defined as the maximum load
at which an athlete can perform only one repetition of the exercise with good
form and technique, i.e. one repetition maximum (1RM) (19). After adequate
rest, each athlete performs the exercise at predefined percentages of the
1RM, ensuring that the relative loading intensity is similar for all athletes (34).
Each trial should be performed with maximum voluntary effort to obtain a
realistic indication of the maximal power output capacity at the time of testing
(92; 98).

8|Page



Chapter 1

Force and velocity during the movement are gathered with specific
equipment to derive power. Data can be analyzed and presented for the
power generation during a single movement, resulting in a power-time curve.
The power-load curve represents the changes in maximum power output
over the range of loads tested. Depending on the aim of a study, this
assessment can be repeated to track possible alterations in the power-time

and/or power-load relationship.

a) b)

Training level Testing Type of
of athletes loads exercise
N\ y,

Research

question
N

Testing
equipment
—

Methods of Optimizing

assessment performance
N

Calculating
power
—

( N\ ( N\ (

Force & or Force & or Force &
Velocity Velocity Velocity
_ J J U J

4 4 4

Power or Power or Power

4 4 4

Power- time-, / power-load relationship

Figure 3: Basic procedure of muscle power assessments and different methods to derive
force and velocity (a) in context with the inter relation of research and performance (b)
emphasizing the importance of accurate testing equipment and calculations methods

This illustrates that a sound understanding of the respective testing
equipment used in a study is important for accurate interpretation of the

outcome measures.
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To expand on this further the following review is divided into four parts:

Part One:

Outline of the general relationship between force, velocity and power during
muscle function, with some references to the alteration of this relationship
during various resistance exercises;

Part Two:

Discussion of the different underlying physical principles and calculation
methods used to measure power output;

Part Three:

Description of the key concepts and technical details of dynamometers;

Part Four:

Summary of the methodological concerns associated with equipment to

assess power output reported in the literature;

1.2 PART ONE - BASIC RELATIONSHIP BETWEEN FORCE,
VELOCITY AND POWER

There is some debate as to which terminology describes muscle function
most accurately (49). However, for the purpose of this review the terms
“eccentric action” (i.e. muscle lengthening under tension), “isometric action”
(i.e. no movement of the respective body part) and “concentric action” (i.e.
muscle shortening and force generation) are used to describe muscle
function. The following section describes the interplay of force, velocity and

power generation of muscle during resistance exercise movements.

“The force-velocity relationship characterizes the capability of the
neuromuscular system to function under various loading conditions.” (40). In
other words, the force-velocity curve represents the results from several trials
of an exercise performed with different loads (1). Maximum force achieved at
zero velocity, i.e. in the isometric state is higher than the maximum force for
the concentric action (Figure 4,a) (17). The higher the shortening velocity of a
muscle, the less force the muscle can produce. This is primarily due to the
reduced time available for the actin-myosin cross-bridges to form

connections at fast shortening velocities (19). Consequently, maximum
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velocity may occur in the unloaded condition (Figure 4,b) (28). Applying
forces greater then maximal isometric force results in a lengthening of the
muscle. Forces produced during this phase can exceed maximal isometric
force by up to 100% (106). This can be partly explained by the greater
amount of force needed to detach the cross-bridges under lengthening
conditions (28). The force-velocity relationship can best be described by a

double hyperbolic curve (Figure 4) (54; 57).

Eccentric Phase Concentric Phase

v

Velocity €}

- - Power Curve

Figure 4: General force-, velocity-, power curve during muscle function under various
loading conditions; a = maximum force, b = maximum velocity, c = maximum power
and d = loading condition coincided with maximum power, e = velocity generation
coincided with maximum power output

Power output (P) is a function of the force and velocity generation during any
muscle action. The following equations describe the physical relationship of

force (F in N), velocity (vin m.s™') and power (in W):

Whereby force (F) represents the acceleration (a in m.s?) of a respective mass
(mass in kg):
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And work (U in Nm™ or J) is the product of force and displacement of the object the
force is applied on:

U S F ¥ Qe (v)
Moreover, power can be defined as the amount of work performed per unit of time:
P = U ™ b (vi)
Therefore mechanical power can be described as follows:
P=(Mm*a)*d)/t=(F*d)/t= U/t (vi)
or expressed in units:

P=kg*ms?*ms’ = kg ” més'2 mooNtmst =N *sm =W

As shown from the above equations power output varies according to the
movement velocity that can be generated at various loads (Figure 4).
Maximum concentric force (Figure 4,a) and maximum velocity (Figure 4,b)
clearly represent two extreme points of the force velocity spectrum. Maximum
power output (Figure 4,c), however, is achieved at a compromised level of
maximal force (Figure 4,d) and maximal velocity (Figure 4,e) (98). In other
words, the contribution of force and velocity to the movement is optimal
(though not maximal) to generate maximum power output (71; 89). The
corresponding load (Figure 4,d) is often referred to as “optimal load” or Pmax

(power maximum) load (34; 110).

The relationship between force, velocity and power varies according to
factors such as type of exercise and the specific training level of the athlete

(39; 98). The following sections outline these factors in more detail.

1.2.1 Exercise modality

A variety of exercise modes have been investigated (41; 66; 72; 98; 112). In
the upper body, for example, concentric only flat bench press (70; 98),
traditional bench press (98) pure concentric bench throws (8; 13; 39), incline
rebound bench throws (13) and flat rebound bench throws (12; 13; 39; 85)
have been assessed. In the lower body exercises examined have ranged
from pure concentric squat jump movements (14; 26; 44; 46; 59; 80) over
traditional squats (98; 112; 117), double leg press (103) to weighted
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countermovement jumps (20; 27; 40; 100). All these movements are
derivatives of the traditional bench press or squat exercises, yet have
distinctive movement qualities and power-load relationships (39; 98). The
term “traditional exercises” has been used extensively in the literature and
refers to the following (40; 50; 56; 71; 89; 98): The main characteristic of
traditional exercises is the pronounced deceleration phase towards the end
of the concentric movement (85). For example, Eliot et al. (47) found that
during a traditional bench press with a load of 81% 1RM, deceleration of the
bar occurs for 52% of the concentric phase. Velocity of the movement for the

respective load is therefore sub maximal (102).

In ballistic exercises the athlete accelerates continuously throughout the
concentric movement, where after the bar gets released (e.g. bench throw) or

the athlete takes off the ground (e.g. squat jump) (58; 72).

At near-maximum loads the movement profiles of traditional and ballistic
exercises become similar (40), because the load gets too heavy to be
progressively accelerated throughout the movement (96). Thus, calculating
relative loads for the ballistic version of an exercises based on the 1RM for
the traditional exercise version is a common approach (13; 14; 38). For
example, in a description about methods of testing muscle power, one
paragraph might explain the maximal strength testing for the squat and
another paragraph might deal with the power testing during jump squats at
different loads relative to the squat 1RM (12; 36).

Both, traditional and ballistic exercises can be performed with or without a
brief pause between the eccentric and concentric movement phase.
Exercises with a brief break after the eccentric phase are often called “pure
concentric’ movements. In exercises with a quick transition from the
eccentric to the concentric phase, the effects of the stretch shortening cycle
(SSC) can be measured (84; 111). Briefly, the stretch shortening cycle
involves an active lengthening phase followed immediately by an active
shortening phase (28). Such muscle actions demonstrate a substantial

augmentation of muscle performance during the concentric phase of the
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movement. Several underlying mechanisms have been suggested and can
be summarised as follows: a) release of potential/elastic energy stored in the
musculotendinous system during the active pre stretch, b) relatively
increased muscle activation at the onset of concentric contraction in stretch
shortening cycle muscle actions allowing for greater force production c)
myoelectric potentiation, i.e. increased neuromuscular activity, d) optimized
muscle-tendon interaction improves length tension relationship and shifts
storage of elastic energy to the serial elastic sections other than the
contractile components (for further information please refer to reference 108).
Many dynamic muscle functions incorporate the stretch shortening cycle.
The potentiating effect of the stretch shortening cycle on the concentric
muscle performance results from the synergistic interaction of the

mechanisms highlighted above (28; 39).

Explosive execution of a movement refers to the intention to move the object
as quickly as possible. This is often associated with exercises performed at
light to moderate loads and high movement velocities (87). However, under
relatively heavy loading conditions the athlete can still intend to move the
object as quickly as possible, but this does not result in high movement
velocities. Maximum force application from the very start of the movement
independent of movement velocity might be a clearer description of explosive

muscle actions (13; 21; 97).

Due to the pronounced deceleration at the end of the concentric phase,
power generation in traditional exercises is sub maximal (32; 41; 84; 93; 100;
108; 111). Power is maximized at relatively heavy loads (80; 81). Ballistic
exercises allow for continuous acceleration throughout the concentric phase,
resulting in higher power outputs than may occur during traditional exercises.
The load that maximizes power output (i.e. Pmax) in ballistic exercises shifts
towards lighter loads (39; 41). Exercises combining countermovement,
explosive and ballistic qualities generate the highest power outputs (84; 98;
100). Research suggests that these exercises most closely evoke

neuromuscular responses which are similar to those responses occurring
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during jumping, running, throwing and tackling movements (6; 14; 35; 41; 44,
48).

1.2.2 Subject characteristics

Typically, the training status of subjects investigated for power output have
ranged from untrained women (103), sedentary older men (68; 83),
sportspersons of different backgrounds (67; 86; 87; 94; 114), to strength and
power specific athletes (4; 6; 12; 13; 51; 53; 100). It may be concluded from
these studies that motor abilities such as maximum strength and power
production depend not only on the type of exercise, but are also specific to
factors such as the individual’s gender, current training status and long term
resistance training experience (15; 67; 96). It follows, that one has to be
cautious to generalize individual findings for wuniversal training
recommendations (44). For example, in referring to recommendations for
maximum power output training Cronin (41) states: “The predilection of
research to train all subjects at one load (e.g. 30 % one repetition maximum
[LRM]) is fundamentally flawed due to inter-individual Pyax [maximum power]
differences, which may be ascribed to factors such as training status

(strength level) and the exercise (muscle groups) used.”

In summary, the first part of the literature shows, that a variety of research
questions related to muscle power output have been addressed. Most
importantly, the research findings show that the relationship of force, velocity
and power output varies under different conditions. Power output seems to
be specific to the combination of conditioning level of the athlete, particular
movement qualities of the exercise tested and respective muscle groups

involved.

The next part of the review introduces the underlying physical principles that

have been applied to derive power output.
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1.3 PART TWO - PHYSICAL PRINCIPLES ASSOCIATED WITH
MEASURING MUSCLE POWER OUTPUT

At this stage it might be important to restate that mechanical power is defined
as a mathematical product of force and velocity. Consequently power output
cannot be measured directly, but is derived from measures of variables
contributing to the calculation of power (page11). Thus, researchers have
applied various physical laws to derive power output based on
measurements such as acceleration (104), displacement (6; 12; 37) or force
(31; 117) acquired during the test of performance. For the sake of clarity the
term “object” is used from now on to refer either to the body, body part,
barbell or any mass involved in the movement investigated. Also, “system
mass” refers to the total sum of masses lifted. For example, in movements
that involve the propulsion of the athletes’ body and a loaded bar, system
mass compromises body mass (of the athlete) and any external load lifted
(41; 62; 89). Furthermore, “change in time” (short: A time) refers to the
predefined time intervals over which force, displacement or acceleration data
are sampled throughout the movement. The most common approaches to
derive power output by applying various physical principles are outlined in the

following sections.

1.3.1 Ground reaction force (GRF)

Some research groups measure ground reaction forces exerted during the a
movement by means of a force plate (37; 44). This approach is based on the
third Newtonian law that states: “To every action there is an equal and
opposite reaction” (117). The ground reaction force is considered to act upon
the total body centre of mass, thereby accelerating the object upwards (63).
Subsequently, the impulse-momentum relationship for linear movements has
been applied to derive power (44; 63): Impulse is equal to a change in
momentum: the force multiplied by the time-period over which it is applied is
equal to the product of the total mass lifted and the change in velocity (63):

Impulse = A MomMENtUM ... ..ot (i)
Force * Time = System Mass * AVelocCity ............c.coooviiiiiiinnn. (i)
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For calculating absolute vertical velocity (velocity:) from ground reaction forces, the
force data minus the effect of body weight (or the total weight lifted) is used,
because it is ultimately the net vertical force (Force,e:), which leads to changes in
vertical velocity (55). In other words, one has to overcome the specific inertia of the
object first before movement can occur.

AVelocity = (Forcepe * Time) / System Mass..........cccoovvviviinn.. (iii)
(Where Forcene: = GRF - System Mass * gravity)

Assuming that the initial velocity is zero, absolute vertical velocity is calculated by
adding each AVelocity value to the absolute velocity (velocityy) at the beginning of
the previous time interval, starting at zero e.qg.:

VelOCitYiort = 0 oneeieiee e (iv)
Velocityiorz = Velocityior + AVelOCity 12 covvevieiiii, (v)
Velocityios = VeloCityier + AVelOCityss covvvevviiiiiiii (vi)

Corresponding power output is calculated as follows:

Power = Force * VeloCityiot - .« vvvvueueeiiiiiiiiiie e (vii)

1.3.2 Displacement

Some research groups track the displacement of the bar over time to derive
force, velocity and power data (6; 80; 98). Knowing the system mass and the
time period for the respective change in displacement enables the calculation
of velocity, acceleration, force and power. The following equations are
applicable using this approach:

Velocity = A Displacement /A Time ..., ()

Acceleration is calculated by subtracting the final velocity from the initial velocity and
dividing this difference by the time taken for the change in velocity:

Acceleration = AVelocCity / ATIME ....cooiiiiiii e, (i)
Force is calculated by multiplying system mass and acceleration:

Force = System Mass * Acceleration ..., (iii)
Power is calculated by multiplying force and velocity:

Power = Force * VeloCity .........cooiiiiiiii e (iv)

1.3.3 Acceleration

Another way to derive power is to measure acceleration during the

movement (44; 63; 95). First, the change in velocity over the respective time
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interval is derived by multiplying acceleration by the change in time. To
initiate an upwards movement gravity has to be overcome first. Therefore,
acceleration without the effect of gravity (Accnet) is used to derive change in
movement velocity:

AVelocCity = ACChet ™ TIME ..ueuii i (i)
Absolute velocity is the sum of AVelocity:

VeloCityiot = AVEIOCHY 1424, i «vneneneniiii e (i)

Multiplying system mass by acceleration including the effect of gravity (Accio)
derives corresponding force data:

Force = ACCit * SYStemM Mass ......ooviiiiiiiiii e, (iii)
Power output is then calculated by multiplying force and velocity data:

Power = FOrce * VeloCityiot « .« .vuveeieieiiiiiiiiiiee i (iv)

1.3.4 Methods of calculating power output

There are some differences in the way researchers have calculated power

output. The following sections outline these differences.

1.3.4.1 Inclusion versus exclusion of body mass for calculating power
in lower body movements

For movements involving propulsion of the entire body as in squat exercises,
power has been calculated based on the external load only (68; 98), or based
on the sum of external load plus body mass (14; 34; 100). Both calculation
methods are theoretically valid. However, including body mass results in
higher absolute power values (44). More importantly, the effect of inclusion or
exclusion of body mass on the power-load relationship is poorly understood.
Recently, Cormie et al. reported significant differences in the power-load
curve derived from either including or excluding body mass to calculate
power during lower body exercises (32). Research findings representing
power values based either on external load only (68; 69; 98) or external load
plus body mass (34; 41; 63; 117) should therefore be interpreted and
compared with caution (2; 41).
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1.3.4.2 Average versus peak power output

Contentious opinions exist about whether, peak or average power output, is
more valuable and which reference value should be used for practical
application and training recommendations (41; 44). From a practical
perspective, to assess average power output, one has to determine the start
and end points of the respective phase of a movement. This can sometimes
be difficult and subjective. Small errors in determining this range might be
amplified during subsequent calculations of average power output (63). In
comparison, determining the peak value in the power data is much easier
and less influenced by subjective decision-making during data analysis. It is
technically correct to report power output either as an average or peak value
(44). Unfortunately most studies only report either average (10; 13; 15; 22;
67; 84; 99) or peak power output (78; 80; 98; 101; 103; 113). More
information would be provided if both average and peak power values would

be reported.

1.4 PART THREE - KEY TECHNICAL CONCEPTS IN
DYNAMOMETRY

The previous section highlighted the importance of a sound understanding of
physical principles and their application for an accurate calculation of power
output during muscle function. A comprehensive knowledge of the technical
equipment used to derive force, velocity and power data is of equal
importance, as subsequent calculations are based on this acquired
information. The majority of research groups use customized equipment such
as force plates (37; 44), position transducers (37; 70), accelerometers (104)
or ultrasound and infrared technology (71). The diversity of dynamometers
used in research is partly due to the specific field of interest, availability of
resources such as technology, space, labour and financial constraints(37).
Being familiar with the first principles of such technical devices is important
for obtaining accurate measurements and interpreting subsequent outcomes

appropriately (24; 48; 115).
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In the following section general concepts and relevant terminology related to
equipment used to assess power output are discussed. However, it is beyond
the scope of this thesis. to explore all underlying details of technical

engineering.

1.4.1 Basic design of dynamometer

As mentioned earlier, dynamometry refers to the assessment of kinematic
and kinetic energy during muscle function (65). Therefore, such energy
signals need to be translated into a digital format for further computing. This
is generally referred to as “data acquisition” (24; 77). Despite the variety of
dynamometers used in research, the equipment used to acquire data share a
basic design structure (24), which is outlined in the following section and
summarized in Figure 6.

Transducer

A “transducer” is a sensor which detects energy in one form and reports it in
another form (18). In the present context the kinematic or kinetic energy
signal received during resistance exercise movements is proportionally
converted into a voltage or current signal. In technical terms this process is

called “analog conversion” (i.e. mechanical to electrical) (18; 77).

Amplifier
The acquired analog signal is by nature small and needs to be enlarged by

an amplifier to facilitate further processing (24).

Analog-to-digital converter

The amplified analog signal is converted into a digital format by means of an
analog-to-digital converter card (or A/D card). This is a crucial process as the
continuous signal (Figure 5a) is reduced to discrete digital data (Figure 5b).
More precisely, the A/D card extracts samples of the continuous input signal
in predetermined time intervals and passes this information on in digital form
(18). Customized programming software such as LabVIEW™ (34; 56) or
MatLab (5; 43; 88) is used for further computing.
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Figure 5: Conversion of a continuous signal (a) to discrete data (b)

Input - Output Relationship

To acquire an accurate digital reflection of the analog input, it is essential to
define an appropriate correspondence between the analog input signal and
the discrete digital output value representing the physical property in question
(18). The correlation between input and output can be evaluated by
producing inputs of known quantity and assigning digital outputs accordingly.

This procedure is known as “calibration” (24).

Sampling Frequency

The sampling frequency (f) refers to the number of samples measured per
time period (24).The reference time period is usually one second. In this case
the sampling frequency is referred to as a Hertz (Hz) (88). Sample rate
describes the time interval or change in time from sample point to sample
point. For example, for frequencies presented in Hz, the sample rate 1/ fsX is

represented as one second divided by the according sampling frequency.
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Figure 6: Schematic of data acquisition and processing

The signals acquired from a transducer can be effected by disturbances
which can reduce the accuracy of measurement if appropriate adjustments

are not made (77). The following section discusses this phenomenon.

1.4.2 Digital filtering and noise

Every signal inherits disturbances to some extent and additional modification
of the signal is necessary to extract meaningful information for subsequent
calculations (109). Therefore, the “raw data” are smoothed. Smoothing or
filtering data is based on complex mathematical operations with the aim to
eliminate excessive interference while preserving the original characteristics
of the raw signal (107). The following section discusses various sources of

interferences and the impact of different digital filtering on the raw signal.
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1.4.2.1 Noise - Signal inherent interferences

Ideally, the acquired signal should only represent information of the
movement investigated. However, the accuracy of the signal may be effected
by artefacts and interferences during the process of acquisition (77). These
interferences are called “signal noise” and can be described as additional
signals representing sources other than those from the desired source (i.e.

the movement) investigated (24).

“Ambient noise” refers to interferences from the environment. For example,
magnetic or electric fields from power points and electric cables can be
sources of ambient noise (77). Air conditions or machinery in use while
testing can cause vibrations that may also affect the signal acquisition

negatively.

“Internal noise” refers to interferences from sources within the apparatus
(88). Every transducer inherits noise to some extent. This is mainly based on
random fluctuations of the electrical current in these conductors (88). The
internal noise level varies widely and is dependent on the technology used as
well as the manufacturing quality (88). Most companies provide detailed
information about the performance of their devices under specific conditions

as a guideline for optimal operation.

“System noise” refers to the sum of noise that a signal shows in its digital
form, which is used for all subsequent analysis. Therefore, system noise
represents the technical error of the testing equipment (61). For example, if
the technical error of a device measuring force is £+ 5 N, then this device can

measure force and any changes thereof within an accuracy range of £ 5 N.

Minimizing the technical error is therefore important to improve the accuracy
of measurements and subsequently optimizes the reliability of an
assessment method. Shielded wire, properly isolated wire connections and

reduction of distances covered with wiring reduce the impact of noise to the
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signal (88). For further improvement of the data quality the acquired signals

are smooth or filtered as described in the following section.

1.4.2.2 Effects of different digital filter configurations

To determine the most accurate filter can be complex depending on the
original signal and the various noise levels. Some guidelines for the filtering
of biomechanical data can be found in the literature (91).

“Probably the most widely used method in human movement analysis was
first published by Winter et al. (in (91)) and later confirmed by Pezzack et al.
(in (91)). Winter suggested a so called Butterworth filter to successfully
reduce the noise in kinematic signals and their derivates” (91).

Consequently, many scientists have used a Butterworth filter for data
smoothing (91). However, the specific configuration of the filter differs
between research groups (Table 1). One example of such differences is the
setting of the cut-off frequency. Briefly, cut-off frequencies determine the
range of frequency signals that are preserved for subsequent data analysis
as they are likely to be a source of the energy signals produced during the
movement investigated (115). For example, Newton et al. (84) and Baker et
al. (8) used a Butterworth filter with a cut-off frequency of 14 Hz, whereas LiLi
et al. (75) and Harris et al. (56) chose a cut-off frequency of 5 Hz in their
respective studies. It might therefore be useful to investigate the effects of
different filter settings on the outcome of the data analysis. The results of
such an investigation are presented in Appendix A. Table 1 presents the filter
types and respective configurations used in research to process

biomechanical data.
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Table 1: Summary of testing equipment and respective configurations used in
research associated with muscle power output during resistance exercises

Sampling Frequency / Filter / Cut-off

Author Equipment ey
Asci (5) LPT 100 Hz, low pass filter, 8 Hz cut-off
Baker (8) Smith machine, LPT (PPS) 1000 Hz, 4™ Butterworth, 14 Hz cut-off
. Power rack, Force plate, 1000 Hz, rectangular smoothing with
Cormie (32) LPT moving average half width of 12
Cronin (38) Smith machine, LPT 200 Hz, low pass filter, 10 Hz cut-off
Cronin (37) Force plate, LPT 1000 Hz, Hamming, 10 Hz cut-off
Harris (56) Custo.mlzed Hack squat 200-1000 Hz, 2" Butterworth, 5 Hz cut-off
machine, LPT
.. th
. Power rack, LPT and Force 200 Hz, Velocity = 4" Butterworth 16 Hz
Hori (62) late cut-off,
P Acceleration = same filter, but 10 Hz cut-off
LiLi (75) High speed camera, Force Camera 60 Hz / Force Plate 960 Hz,

McBride (80)

Newton (84)

Wilson (113)

Plate

Smith Machine, Force
plate, LPT

Smith machine, Force plate,
LPT (PPS)

Smith machine, Force plate,
LPT (PPS)

Butterworth, 5 Hz cut-off
1000 Hz, 4" Butterworth, 14 Hz cut-off

1000 Hz Rotary: 4" Butterworth, 14 Hz cut-
off

1000 Hz, 4" Butterworth, 14 Hz cut-off

LPT = linear position transducer,
PPS = Plyometric Power System (Plyopower Technologies, Lismore, Australia);

In summary, data acquisition entails sampling of real world phenomena,
conversion into electrical equivalents with the aim to generate an accurate
digital reflection of the observed phenomenon (77). This requires several
conversions and modifications, resulting in approximated “snap shots” (i.e.
discrete sample sets) of the originally continuous signals. Every raw signal is
affected by noise and artefacts to some extent (88). Reducing ambient noise,
whilst optimizing equipment design, can minimize the effect of noise to the
signal. Subsequent signal filtering may further improve the data quality, but
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involves additional modifications of the original signal. Such modifications
vary depending on the filter type and its specific configurations used for data
smoothing. The typical error indicates the precision of measurement of the
specific device and is an important component of the all over reliability of an

assessment method (61).

The following section addresses the methodological concerns associated

with muscle power assessment equipment.

1.5 PART FOUR - METHODOLOGICAL CONCERNS
ASSOCIATED WITH TECHNICAL EQUIPMENT USED TO
ASSESS MUSCLE POWER

So far, only a few research groups have compared power outcome measures
derived simultaneously from different testing equipment (32). Each study
addresses important though different methodological aspects of assessments
associated with muscle power output which are summarised in the following

section.

In a frequently cited paper by Dugan et al. (44), measures of power output
during jump squats performed at loads of 20, 30, 50 and 70% 1RM from two
subjects were discussed. The data were sampled simultaneously from a
force plate, a linear position transducer and the combination of force plate
and linear position transducer. It was demonstrated that there were
substantial differences in measurements of power output between these
commonly used techniques of assessment. Moreover, applying different
methods of calculating power output for lower body resistance exercises
resulted in distinctive representations of the power-load relationship. As both,
assessment techniques and specific calculations showed substantial
differences in measures of power output, Dugan et al. (44) emphasized the
need for standardized testing procedures and detailed reporting of the
methods and calculations used in research assessing muscle power. It is
important to note, that in this study all interpretations were based on
graphical presentation for only two subjects without any statistical analysis.
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More recently, Cormie et al. (32) investigated peak power output derived
from independent methods during free weight jump squats performed at
loads of 30% 1RM and 90% 1RM. Data from nine subjects were sampled
simultaneously using following three methods:

a) one linear position transducer (LPT) tracking vertical displacement of the
bar; b) one LPT tracking vertical displacement + a force plate measuring
ground reaction force, and c) two LPT tracking vertical & horizontal
displacement of the bar + a force plate measuring ground reaction force;
Peak power outputs for the 90% 1RM load were significantly different
between all three methods. However, only peak power output derived from
the single LPT showed significant differences in measures of power output at
30% 1RM compared to the other two methods investigated. Not only were
the measures of power output derived from the three methods significantly
different at the same load (i.e. 90% 1RM), but the relationship between these
differences seems to change under different loading conditions. Measures of

mean power were not discussed in this study.

In another recent study Hori et al. (63) investigated simultaneously derived
measurements of power output from four different methods during the jump
squat. 30 Semi-professional Australian rules football players performed jump
squats with an absolute load of 40 kg. Average and peak power was
assessed using the following methods:

a) one LPT tracking vertical displacement of the bar, excluding body mass to
calculate power; b) one LPT tracking vertical displacement of the bar, yet
including body mass; c) a force plate measuring ground reaction force,
including body mass to calculate; d) one LPT tracking vertical displacement
of the bar + a force plate measuring ground reaction force, including body
mass;

Measures of peak power were significantly different between these methods.
In contrast, average power derived from method b and ¢ showed no
significant differences. This is a rather unexpected finding, as one would
assume that mean and peak power are related and should therefore show
similar statistical correlations. As expected, excluding body mass to calculate
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power (method a) resulted in significantly lower power outputs compared to

all other methods.

In summary, all three studies showed distinct differences between commonly
used methods for assessing power output during resistance exercises.
Interestingly, in the study by Cormie et al. (32) the relationship of measures
of power output between the methods changed under different loading
conditions. It may be concluded that the information on the comparability
between various assessments of power is inadequate at present. In
particular, there is only information for lower body free weight exercises (32;
63). No study has explored the effects of different methods to assess power
output over a wider range of loads for both upper and lower exercises in a
single study. It is therefore important to address these shortcomings in

additional research.

1.6 SUMMARY OF THE LITERATURE REVIEW

Power output and the development thereof is thought to be a key component
to successful performance in many sports. Thus, a large volume of research
on dynamic muscle power output has been conducted. The research findings
discussed in the first part of the literature review show that force, velocity and
power share a variable relationship specific to exercise modality, loading
condition and individual characteristics of the athlete tested (i.e gender,
conditioning level, etc.). Therefore, a sound understanding of physical
principles and technical details related to the assessment of dynamic muscle
function is essential to acquire accurate measurements and interpret
respective outcomes appropriately. The differences in equipment and
calculation methods make it difficult to provide substantial information on
power output in resistance training and its value to the improvement of
athletic performance (2; 41). Furthermore, the effects of such methodological

differences are poorly understood (44).
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2.1 THE DATA ACQUISITION EQUIPMENT

The “NAMS-Unit” (Neuromuscular and Musculotendinous Stiffness-Unit) was
developed by the University of Cape Town’s Research Unit for Exercise
Science and Sports Medicine in cooperation with a local equipment
manufacturer (Zest Manufacturing PTY, (Ltd), South Africa) (108). Initially,
the unit consisted of a customized force plate and a modified Smith machine.
In cooperation with a technical engineer a laser to track bar displacement
was integrated and the data acquisition software was modified to meet the

specific research questions.

The following sections introduce the different features of the NAMS-Unit.

2.1.1 The Smith machine

A Smith machine has a bar attached to vertical steel shafts on either side.
The size and weight of the bar is similar to that of an Olympic bar. The linear
bearings restrict bar movements to the vertical plane with minimal friction.
Attached to the bar are hooks that latch into lockouts located on the frame of
the machine. The Smith machine of the NAMS-Unit was designed to allow for
the testing of various exercises including isometric and ballistic movements
for the upper and lower body. It features a three meter tall frame structure,
providing a bar movement range of up to 2.8 meters. The mass of the bar
plus its linear bearings is 21.3 kg. Safety lockouts are provided every 20 cm
along the frame. For additional safety, stoppers can be placed at any height,
preventing major injury, should a subject being tested fail to control the
(loaded) bar. The entire frame is reinforced to limit movements of the system
and minimize additional friction of the bearings even during high force and/or
velocity generation. For assessments of upper body exercises a bench can

be bolted onto the force plate.
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2.1.2 Force plate

Force plates are commonly installed on, or even into, the floor and measure
the forces exerted on them (31; 117). One method is to install four load cells
(Figure 7a) between a pair of squared plates, one in each corner of the plate
(Figure 7b). Load cells have specific strain responds to force application.
“Strain gauges” attached in line with the vertical plane of the load cell
produce a voltage output analog to the forces exerted upon the cell. The sum
of forces from all four load cells represents the total amount of vertical force

ground reaction forces applied upon the force plate (31; 117).

The force plate of the NAMS-Unit was installed into the floor, so that the top
plate was flush with the ground. The top and bottom steel plates measure
120 cm x 120 cm x 1 cm and were manufactured by Zest Manufacturing
PTY, (Ltd), South Africa. Four load cells (Route Industrial Automation,
Johannesburg, South Africa) each with a maximum load capacity of 2000 kg,

were placed between the two steel plates as shown in Figure 7b.

a) Force b)
Strain gauge l

5>

Strain [
proportionally
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analog-to-digital
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Figure 7: a) principle of load cell and strain gauge, b) schematic of force plate
and load cell position

The signals from all four load cells are amplified by a strain gauge amplifier
(RS Components International PTY (Ltd.)).
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2.1.3 Time-of-flight - laser (displacement transducer)

A laser (LT3, Banner Engineering Corp. Minneapolis, MN U.S.A) was placed
directly under the bar onto the lower right frame of the Smith machine to track
bar displacement (Figure 8a). Measurement of displacement using this type
of laser is based on the following principal (please also refer to Figure 8b). A
short electrical pulse drives a semiconductor laser diode to emit a pulse of
light. The emitted light is collimated though a lens, which produces a narrow
laser beam. The laser beam bounces off the target, scattering some of its
light through the sensor’s receiving lens to a photodiode (receiver element),
which creates an electrical pulse. The time interval between the electrical
pulses (i.e. transmitting to receiving the beam) is used to calculate the

distance to the target, using the speed of light as a constant.
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Change in time between emission and
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Figure 8: Schematic of the Smith machine and the integrated Time-of-Flight - laser

2.1.4 Analog-to-digital converter card

The signals from the force plate and laser are converted using an analog-to-
digital converter card (PCI-MIO-16E-4, National Instruments, Austin, Texas,
U.S.A). Ground reaction force and displacement signals are sampled at 2000
Hz.
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2.1.5 Data acquisition software

LabVIEW™ programming software (Full Development System Version 7.1,
National Instruments, Austin, Texas, U.S.A) was used for data processing.
LabVIEW™ is a graphical programming language that presents the flow of

the data in block diagrams (Figure 9).

A
A

Figure 9: Example of the graphical programming software LabVIEW™

Digital filtering
Force and displacement data were filtered using a 2™ order Butterworth low-
pass filter with a cut-off frequency of 5 Hz. Using only displacement data to
derive force and power output, data underwent additional filtering using a
Median filter with a rank of 20. Next to various other types of filters, this filter
is part of the programming software package. Figure 10 shows a raw signal
(spiky line) and the respective filtered signal (smooth line) using the median

filter.
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Moisy Pulse
Median Filtered Pulse

Figure 10: Example of a raw signal (spiky) and the filtered signal (smooth) using a
median filter

2.1.6 Calibration procedure

The correlation between input and output can be determined by producing
inputs of known quantity and assigning digital outputs accordingly.
Measurement and automation explorer (Version 2.0.3.6, National

Instruments, Austin, Texas, U.S.A) was used for calibration purposes.

To determine the relationship between force and voltage signals from the
load cells the force plate was loaded with twelve different loads. Using
statistical software (Graphpad Instat Version 4.0, Graphpad Inc., San Diego,
CA, U.S.A) a linear regression equation was used to determine the line of
best fit:

N 1 1 T G TSRS (i)
Y =7806.7 * (voltage output) - 1017. 2., (i)
(Where y = force)

and a correlation coefficient of r = 0.9999 (p < 0.0001).This equation was

then used to configure the analog-to-digital conversion process.

Figure 11 shows the “custom scale configuration” feature, which was used to

define the described input-output relationship as described above.
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Custom Scale Configuration
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Figure 11: Example of scaling factor configuration and graphical representation of the
relationship between voltage and force for the force plate
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Figure 12 shows a sub function of the customized software that allows for
time efficient calibration checks. The values of the voltage signal and
corresponding loading can be entered into the table. Next, the regression
equation is automatically generated and adjustments of the scale

configurations can be made if applicable.
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Figure 12: Calibration check-feature to determine the regression equitation for the
voltage-load relationship for the force plate

The relationship between voltage signal from the laser and displacement of
the bar is determined by moving the bar through seven distances and
recording the corresponding voltage using the same procedure as described

for the force plate.

The linear regression equation for the displacement-voltage relationship
resulted in following line of best fit:

Y= % X Do (i)
Y =487.79 * (voltage output) - 492.30.........cevvvveereinnnns (i)
(Where y = displacement)
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and a correlation coefficient of r = 1.0000 (p < 0.0001) indicating a perfect
linear relationship. Figure 13 shows the calibration check feature for the

laser.
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Figure 13: Calibration check-feature to determine the regression equitation for the
voltage-displacement relationship for the laser

2.1.7 Technical error of measurement

The technical error can be represented by the accuracy and precision for a
specific measurement (61). Similar to the calibration procedure a range of
loads or distances of known quantity are measured repeatedly. Subsequent
results are then compared to the predefined loads or distances. To determine
the technical error for displacement measurements the bar was moved
through distances of 300 mm, 900 mm and 1500 mm. This was repeated ten
times for each predefined distance during a single occasion. The distances
were predefined using a steel tape measure (King CRAFT, pro, Batavia, IL,
U.S.A.). To determine the technical error of measurements of ground
reaction force, the force plate was loaded with weight plates of 20 kg, 100 kg,
180 kg and 220 kg resulting in forces of 196.20 N, 981.00 N, 1765.80 N and
2158.20 N respectively. Again ten trials per load were performed during a
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single occasion. The mean and standard deviation of the ten measurements
for each predefined force or displacement input was used for subsequent
calculations. Using the displacement data as an example, the relative
accuracy of measurement was determined as follows:

Accuracy of measurement = (mean of measurements - predefined displacement) /
predefined displacement * 100............coooiiiiiiiiiiiniiiiiee e (i)

The relative precision of measurement for displacement readings from the
laser was calculated as follows:

Precision of measurement = standard deviation of measurements /
mean of measurements * 100...........oooiiiiin e (i)

The resulting indicators of technical error are presented in Table 2 and 3 for

measurements of displacement and force respectively.

Table 2: Indicators of the technical error of measurement of displacement from the
NAMS-Unit laser

. Measurements of
Predefined . . .
. displacement Difference Accuracy of Precision of
Displacement
(mm) (mm) (mm) measurement (%) | measurement (%)
Mean + SD
300.00 301.52 +1.93 1.52 0.51 0.64
900.00 902.74 £ 2.25 2.74 0.30 0.25
1500.00 1503.00 + 1.84 3.00 0.20 0.12

Table 3: Indicators of the technical error of measurement of ground reaction force
from the NAMS-Unit force plate

Predefined Measurements of
force force Difference Accuracy of Precision of
(N) (N) (N) measurement (%) | measurement (%)
Mean + SD
196.20 195.12 + 1.53 1.08 0.55 0.78
981.00 980.78 + 2.73 0.22 0.02 0.28
1765.80 1764.64 + 4.13 1.16 0.07 0.23
2158.20 2159.34 £ 4.32 -1.44 -0.05 -0.20
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2.1.8 Example of data analysis using the NAMS-Unit

The next section outlines the analysis of squat jump and bench throw data
using the NAMS-Unit.
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Figure 14: Interface of the NAMS-Unit analysis software

Figure 14 shows the interface of the customized NAMS-software during the
analysis of a squat jump. The top graph represents ground reaction force
data as sampled during an assessment. The bottom graph indicates bar
displacement. The controls next to the graphs on the left allow the
configuration of the filter settings. The displays to the right of the graphs
show various measures of force such as peak and average force or rate of
force development. The indicators at the bottom show measurements of
force, velocity and power derived from the three different methods, i.e. force
plate data only (FP) (Figure 14a), laser data only (L) (Figure 14b) and the
combination of force plate and laser data (FPL) (Figure 14c). All
measurements refer to the data between the two cursors on the force graph.
A “zoom” function allows for examining a particular part of the data to

facilitate precise data analysis (Figure 15). The readings from all displays
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plus the corresponding sample set (i.e. between the cursers) can be saved to

spreadsheets for further analysis.
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Figure 15: Example of the “zoom” function

Specific movement phases for the squat jump and bench throw exercises are

discussed on the following pages.
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Figure 16: Example of force data (top) and bar displacement data (bottom) during a
squat jump

Figure 16 shows force and displacement curves acquired during a loaded
squat jump. The top graph represents ground reaction force:

a = unhooking the bar,

b = remaining in the lowest position,

¢ = increase in force production, i.e. beginning of concentric phase,

d = peak force output,

e = take off, i.e. end of concentric phase,

f = landing phase,

g = maximum force during landing;

The bottom graph in Figure 16 shows corresponding bar displacement as
follows:

a = initial bar position,

b = downwards movement,

¢ = remaining in the lowest position,

d = beginning of upwards movement,

e = peak bar displacement,
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f = transition from the downwards movement to the upwards movement;

A81.5770 0.00

Figure 17: Example of force data (top) and bar displacement data (bottom) during a
bench throw

Figure 17 shows data collected during a bench throw. The top graph
represents ground reaction force:

a = remaining in the lowest position,

b = increase in force production, i.e. beginning of concentric phase,

¢ = peak force output,

d = force below zero (dotted line), i.e. end of concentric phase,

e = beginning of catching the bar;

The bottom graph in Figure 17 represents corresponding bar displacement
as follows:

a = remaining in the lowest position,

b = beginning of upwards movement,

¢ = peak bar displacement,

d = beginning of catching the bar;

Note: The weight of the bench and the subject was neglected for the analysis
of force, velocity and power during bench throws.
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Chapter 3
EXPERIMENTAL PHASE
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3.1 METHODOLOGY

In the following sections the methodology of the investigation is described.

3.1.1 Experimental approach

This study was an acute randomized design. Fifteen subjects were recruited
for the study. Muscle power output for their lower and upper bodies was
assessed on the NAMS-Unit during the loaded squat jump and bench throw
exercises respectively. Ground reaction force and displacement data were
measured simultaneously during all tests. Force, velocity and power were
derived using the three methods outlined above. The resulting data
underwent statistical analysis to reveal similarities and differences for

measurements of force, velocity and power between the three methods.

3.1.2 Subjects

Fifteen male subjects between the ages of age 18 - 35 years participated in
this study. All subjects were involved in structured resistance training for at
least 12 month prior to the onset of this project. Their sporting background
was club level rugby (6 subjects), semi-professional level rugby (2 subjects),
club level basketball (2 subjects) and recreational strength training (5
subjects). These criteria were chosen to reduce the risk of injury, limit any
familiarization effect and make the results applicable to the moderately

trained population.

Subjects with a history of anabolic steroid, human growth hormone,
stimulants or any other related performance enhancement drug use were
excluded from the study. Prior to testing, possible candidates were screened
for the inclusion and exclusion criteria. Each subject completed a personal
questionnaire regarding medical, training and general information according
to the guidelines of the American College of Sports Medicine for exercise

testing and prescription (17) (Appendix B).
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Subjects were asked to refrain from any high intensity training that may
cause severe muscle soreness for least 24 hours before testing and to keep
any intense training to a minimum throughout the duration of the study. A
logbook was provided to every subject to document all sporting and training
activities (Appendix C). All potential subjects were informed about the study
and the potential risks involved. Once the subjects’ questions were answered
their satisfaction they were required to sign a written informed consent form

(Appendix D) before participating in the study (17).

3.1.3 Time line

The assessment was divided into three separate sessions, with at least 48-
hours between sessions to ensure adequate recovery. The testing structure
was as follows:
Day one:
e Body composition
o Mass and stature
o Percentage body fat
e Familiarization session on the subsequent power testing procedures
for the bench throw and loaded squat jump
e One repetition maximum (1RM) test for the bench press and squat
exercises
Day two and three:

e Randomized power testing for the bench throw or loaded squat jump

Body composition
Body mass was measured with an electronic scale (Seca, Model 708,
Germany). Stature in centimetres was measured using a steel tape measure
(King CRAFT, pro, Batavia, IL, U.S.A.). Body fat was assessed using the
seven-site sum of skin folds method to approximate body fat content (92).
Percentage body fat was determined using the equations of Durnin and
Womersly (45).
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3.1.4 Familiarization

During this session subjects were provided with information on the exact
testing procedures. After every question was addressed individually, the
informed consent was signed. This session also involved a detailed
explanation and familiarization with the technical requirements of both, the
loaded squat jump and the bench throw exercises. Emphasis was placed on
the correct range of motion and technique of movement. Subjects performed
test trials for both the upper and lower body exercises at various loads. If

necessary, feedback and guidance was provided by the researcher.

3.1.5 Standardized Warm-up protocol

All testing was preceded by a standardized warm-up procedure (19).
Subjects cycled continuously for 10 minutes at a self-selected pace followed
by self-selected stretches for either the lower or upper body. Thereafter, the
subject performed one set of either 10 full squat or bench press repetitions
with a 21.3 kg load (i.e. bar only), followed by one minute rest. The subject
then performed the relevant exercise (i.e. full squat or bench press) starting
with a load that comfortably allowed seven to 10 repetitions. . After two
minutes rest the load was then increased so that three to five repetitions
could be completed and then after another rest period of two minutes the
load was increased again so that two to three repetitions could be completed
(19). During this procedure the foot and hand position of each subject was
determined. Subjects were allowed to choose their positions within a
predefined range of + 5 cm (56). These positions were marked and
maintained throughout the study. This method was used to allow for a certain
degree of standardization, with reduced impact on performance, which might
have occurred with feet and hand positioning restricted to one specific

position.
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3.1.6 1IRM-Testing

After completing the warm-up and two to four minutes rest the subject
performed the first 1RM attempt. All subjects did the 1RM test for the squat
first, followed by a rest period of at least 10 minutes before doing the 1RM
test for the bench press. If he failed, two to four minutes rest was provided
and the load was decreased by approximately 2.5 - 5.0% for the upper body
exercise and 5.0 - 10.0% for the lower body exercise. If the subject was
successful the load was increased by approximately 2.5 - 5.0% for the upper
body exercise and 5.0 - 10.0% for the lower body exercise. The subject was
allowed to attempt another load, or loads, until both he and the researcher
were confident that a 1RM was attained. This ideally occurred within two to

three attempts (19).

For a valid 1RM attempt in the squat subjects had to bend their knees and
hips, down until the upper thigh was parallel to the floor, hold briefly in this
position, and then be able to move upwards again with good form and
technique (19). For a valid bench press 1RM subjects had to lower the bar to
1 - 2 cm above the chest, hold briefly, and then be able to push the barbell
up again, with the buttocks remaining in contact with the bench and
straightening the arms to the initial position of the exercise (12). With the
knees bent the feet were positioned onto the end of the bench. Verbal

encouragement was provided during every 1RM attempt (105).

3.1.7 Tests of muscle power performances

The assessment of power outputs during the bench throw and the squat jump
exercises were done on separate days following the familiarization day. As
mentioned in the section “exercise modality” (page 12) the bench throw and
squat jump are pure concentric and ballistic exercises. Pure concentric
exercises allow for precise standardization of the movement. Adding the
ballistic quality to the exercise allows for higher power outputs and is similar
to the concentric phase during jumping and throwing (13; 14). Pure

concentric ballistic exercises were chosen as a compromise between the
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sometimes complementary aims in research to closely simulate sporting
movements while at the same time trying to standardize the testing

procedures (60).

Loaded Squat Jump
The bar had to be centred on the base of the subject’s neck, i.e. supported
on the trapezius and deltoid muscles. The barbell was supported in the “high”
carrying position, which is located between vertebrae C7 and T1 (19; 100).
The subject had to grip the bar slightly wider than shoulder width and was
instructed to pull the bar tight against the body throughout the movement.
Foot position had to be exactly the same as determined in the previous 1RM
session. Four sub maximal squat jumps with the unloaded bar were
performed. The subject was instructed to bend his knees and squat down to
the point where his upper thighs were parallel to the floor. The subject had to
remain in this position for one to two seconds, and then on command move
upwards with maximum effort aiming for maximum jump height. If any

countermovement occurred, that trial was repeated.

Bench Throw
For this test to be considered valid, subjects had to lie flat on their backs with
their knees bent, and their feet resting on the end of the bench. Subjects
were positioned so that the bar of the NAMS unit moved in the line of the
nipples or 2 - 3 cm superior to the xyphoid process of the sternum. Grip width
had to be exactly the same as determined in the previous 1RM session. The
bar was lowered from lockout position to 2 - 3 cm above the chest. The
subject was instructed to hold the bar in this position for one to two seconds
and then on command throw the bar upwards with maximum effort. The
subject was instructed to catch the bar at the highest point possible and
focus on the controlled lowering of the bar. Safety precautions i.e. stoppers to
prevent injury in the event of missing the bar or not being able to control it
down were included. Once again, if there was evidence of any

countermovement, the trial was repeated.
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Range of loads tested
The subjects randomly performed testing with six loads at different
percentages of their 1RM: 30, 40, 50, 60, 70, 80% 1RM and one absolute
load of 21.3 kg (i.e. bar only). Two valid trials per load were required. A
technique of stratified randomization was used. This method ensured that
lighter loads (bar only, 30, 40, and 50%) were performed before heavier
loads (60, 70, 80%) to minimize the risk of injury during testing. Subjects

were given two minutes rest between the trials and loads.

3.1.8 Data acquisition

All technical specifications for the equipment used were discussed in detail in
the previous chapter. However, the following paragraph summarizes the key
facts in a manner that meets the requirements of “detailed reporting of

research procedures” as suggested earlier on by Dugan et al (44) (page 26).

3.1.8.1 Acquisition equipment

The Neuromuscular and Musculotendinous Stiffness-Unit (NAMS-Unit) (Zest
Manufacturing PTY, (Ltd) and University of Cape Town, Cape Town, South
Africa) incorporates a customized force plate installed under a customized
Smith machine (Zest Manufacturing PTY, (Ltd), South Africa) and a time-of-
flight - laser (LT3, Banner Engineering Corp. Minneapolis, MN U.S.A)
mounted directly under the guided bar tracking the displacement of the bar
(page 32f). The force plate measures 120 cm x 120 cm x 1 cm and consists
of a top and a bottom steel plate (Zest Manufacturing PTY, (Ltd), South
Africa) and four load cells (manufactured by Route Industrial Automation,
South Africa). Force and displacement signals were sampled at 2000 Hz by
means of an analog-to-digital converter card (PCI-MIO-16E-4, National
Instruments’, Austin, Texas, U.S.A). During testing the temperature of the
load cells ranged between 13.8 - 16.9 °C and environmental temperature
ranged between 15.3 - 18.7 °C, indicating that the accuracy of measurement

was not influenced by changes in temperature.
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3.1.8.2 Data processing

All subsequent processing was automated using customized LabVIEW™
software (LabVIEW™, Full Development System Version 7.1, National
Instruments, USA). Data underwent digital smoothing using a 2™ order,
Butterworth low-pass filter with a cut-off frequency of 5 Hz. Using only
displacement data to derive force and power output, data underwent
additional median filtering with a rank of 20. For the bench throw the following
applies: Once the subject lay on the bench the force plate reading was set to

zero Newton to correct for the weight of the subject and the bench.

3.1.8.3 Methods of calculating power output

Force plate data only (FP):

Applying the impulse-momentum relationship velocity of the centre of gravity
was derived from ground reaction force data. Power was calculated as the
product of force and velocity for every sample point. Ground reaction force,
as a sum of the total load lifted, was used to derive power output (i.e. body
weight + bar weight in the lower body and bar weight only for the upper
body).

Laser data only (L):

The distance the object travelled over time between two samples, divided by
the respective time interval, yielded bar velocity data. Bar velocity data
underwent additional median filtering with a rank of 20. Acceleration data
were calculated by dividing the change in velocity between two samples by
the respective change in time. The sum of bar acceleration and acceleration
due to gravity (9.81 m.s™) was multiplied by the total mass lifted (i.e. body
weight + bar weight in the lower body and bar weight only for the upper body)

to derive corresponding power output data.

Force plate + laser data (FPL)

Bar velocity was obtained as described for method L. Power was calculated
by multiplying bar velocity and ground reaction force (body weight + bar
50|Page



Chapter 3

weight in the lower body and bar weight only for the upper body) for each

sample point.

Peak and mean measures of force, velocity and power for the concentric
phase of the squat jump and bench throw were obtained for method FP, L
and FPL. The onset of the concentric phase was defined as the last point
where velocity was less than 0.001 (m.s™) followed by a continuous increase
in velocity up to its maximum (top graphs in Figure 16d and Figure 17b). For
the squat jumps, the end of the concentric phase was defined as the last
sample point of ground reaction force greater than 5 N before take off (Figure
16e). If the subject failed to take off, as it was the case at heavier loads, the
end of the concentric phase was defined as the point coinciding with the

smallest ground reaction force at the end of the upwards movement.
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Figure 18: Schematic of data processing and methods of deriving force, velocity and power
output via three methods: FP, L and FPL

3.1.9 Data analysis

Data are presented as mean and standard deviation (mean + SD). The trial
with the higher peak power output derived from the force plate method of the
two trials per load was used for statistical analysis. Data analysis was
performed with STATISTICA version 8.0 (Stat-Soft Inc., Tulsa, OK, USA).
Statistical significance for all analyses was defined as p < 0.05. One-way

analysis of variance (ANOVA) for repeated measures was used to determine
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whether significant differences existed between the measurements obtained
from the three different techniques. If significant main effects (method and
load) or interactions (method * load) were identified a Tukey’s post-hoc test
was performed to determine the specific nature of the differences. All the
data met the precondition assumption of sphericity. Along with this analysis,
the load that maximized mechanical power output (Pmax) was determined for
each method. The measures of power output for Py.x were compared to the
first subsequent load at either side of the load spectrum within the respective
method and between the methods at the same load. Pearson’s product
moment correlation coefficients and the Bland-Altman limits of agreement
(LOA) were obtained to further examine the relationship between the
techniques (25). According to this test the mean of the difference (x 2SD)
between two data sets was calculated. These results were plotted against the
average measure of the two data sets. The closer the mean difference is to
zero and the smaller the bandwidth between -2SD and +2SD, the more the
agreement is between these sets of data. Furthermore, the relationship
between the distributions of the differences between the two data sets,
compared to the magnitude of the average measurement, indicates whether
the data are homoscedastic (even distribution) or heteroscedastic (uneven

distribution).

In addition, differences in means between variables were calculated and
presented as relative percentages. Effect sizes, as suggested by Cohen (30)
were determined to obtain additional information about the relationships
between the techniques. Effect size was derived by dividing the change in
mean between two groups by the SD of the whole group (30); the magnitude
of which were interpreted using Cohen’s scale (30): < 0.10, trivial; 0.10 -
0.29, small; 0.30 - 0.49, moderate; = 0.50, large.

Indicators of reliability for variables within each technique were examined by
calculating limits of agreement (following the same procedure as outlined
above), interclass correlation coefficient (ICC) and typical error of
measurement (TEM) expressed as absolute values and as percentages of
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the mean change scores (TEM%) between trial one and trial two and the
test-retest correlation across all loads. The ICC, TEM, TEM% and test-retest
correlation were calculated using a spreadsheet downloaded from
www.sportsci.org. 95% Confidence intervals are presented in brackets for
ICC, test-retest correlations, TEM and TEM%.

3.2 RESULTS

The following sections of results are divided into two main parts. In the first
part indicators of reliability for each method are presented, and in the second
part measures of force, velocity and power are compared between the three
methods. In both parts of this section, results for the loaded squat jump are

addressed first, followed by the results for the bench throw exercise.

The descriptive data of the fifteen research subjects are presented in Table
4,

Table 4: Descriptive data of subjects. Values are presented as
mean * SD, minimum and maximum, (n =15).

Variable Mean Minimum Maximum

Age (years) 23+4 20 35

Body mass (kg) 87 +10 74 105
Stature (cm) 178+ 6 167 187

Sum of 7 skin folds (mm) 73124 38 129
Percentage body fat (%) 16.6 +3.7 9.8 22.9
Squat 1RM (kg) 137 26 105 190
1RM body mass ratio 1.6+0.3 1.2 2.0
Bench Press 1RM (kg) 107 + 22 80 160
1RM body mass ratio 1.2+0.2 0.9 1.7
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3.2.1 Reliability of assessments for measures of power, force and
velocity
The following sections present the results for measures of reliability of each

method for the jump squat exercise.

3.2.1.1 Loaded Squat Jump

Indicators of reliability for the three methods are shown in Table 5; i.e. force
plate only (FP), laser only (L) and force plate and laser (FPL). The data which
are summarized in Table 5 are: Peak and mean values of power, force and
velocity for trial one (T1) and two (T2), expressed as mean + SD together
with the corresponding intraclass correlation coefficient (ICC), absolute
typical error of measurement (TEM) and typical error of measurement
expressed as a percentage (TEM%). 95% Confidence intervals are
presented in brackets for ICC, TEM and TEM%.

All measures showed good reliability with high ICC’s (0.88 to 1.00), and
relatively low TEM%’s (7.2 to 1.3%). Measures of peak power, force and
velocity generally showed better reliability compared to respective measures
of mean power, force and velocity (Table 5). Measures of mean force for L
however, showed higher ICC’s (0.97) and lower TEM%’s (2.1%) compared to
ICC’s and TEM%’s for measures of peak force (ICC = 0.92 and TEM% =
3.6% respectively) (Table 5).
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Table 5: Indicators of reliability for measures of power, force and velocity between trial
one and two during loaded squat jumps for each method, (n = 15 for each group).

Variable T1 T2 Icc TEM TEM%
Force Plate only

R:Ia)k POWer | 3742+695 3768+702 | 0.97(0.96-098) | 116 (101-135) 3.3 (29-3.9)
:V"A;a" Power | 13714350 13774342 | 0.93(0.92-094) | 88(77-103) 6.7(59-7.9)
Peak Force (N) | 2376 +383 2374 +386 | 1.00 (0.99 - 1.00) 37 (32-43) 1.6 (1.4-1.8)
Mean Force (N) | 1790+ 295 1792+293 | 1.00(0.99-1.00) | 22(19-25) 1.3 (1.2-1.6)
r:f's'fl‘)'e'“ity 1.80£0.38 1.81+0.38 | 0.99 (0.98-0.99) |0.05 (0.04-0.05) 2.7 (2.4-3.2)
m::.'})ve'“ity 0.81£0.25 0.81+0.25 | 0.95(0.93-0.97) | 0.05(0.05-0.06) 7.2 (6.3-8.4)
Laser only

R;‘;k POWer | 3936+755 39324767 | 0.90(0.85-093) | 176 (153-205) 4.7 (4.1-5.6)
:V'V\;a" POWer | 1436+379 14334370 | 0.88(0.82-091) | 94(82-110)  7.0(6.1-8.2)
Peak Force (N) | 2499 + 465 2495+ 465 | 0.92(0.88-0.94) | 92(80-107)  3.6(3.2-4.2)
Mean Force (N) | 1729+295 1730291 | 0.97 (0.96-0.98) | 35(30-40)  2.1(L8-2.5)
T:fs'fl\)’e'“"y 1.86+0.43 1.85:0.41 | 0.97 (0.96-0.98) | 0.05 (0.04-0.06) 2.6 (2.3-3.1)
m"::_'})ve'“ity 0.90£0.31 0.90+0.30 | 0.92(0.88-0.94) | 0.06 (0.05-0.07) 6.7 (5.9-7.9)
Force Plate + Laser

R:;;k POWer | 4049+846 4053+850 | 0.96(0.94-097) | 120 (105-140) 3.2 (2.8-3.7)
?"‘A‘;)a" POWer | 15e6+447 15674439 | 0.94(0.93-095) | 101(89-118) 6.4 (5.9-6.7)
Peak Force (N) see Force Plate only

Mean Force (N)

Peak Velocity
(m.s™)
Mean Velocity

(m.s™)

see Force Plate only

see Laser only

see Laser only

T1 and T2 = trial one and trial two, ICC = intraclass correlation coefficient,
TEM / TEM% = absolute and relative typical error of measurement respectively,
95% Confidence intervals are presented in brackets for ICC, TEM and TEM%;

Table 6 shows the limits of agreement (LOA) £+ 2SD with corresponding

upper and lower limits of agreements (+LOA and -LOA respectively), relative

change in mean (% Change mean) and test-retest correlation coefficient (r)
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between trial one and two for measures of power, force and velocity for the
three methods. All variables for each method showed good reliability with a
low relative change in mean (-0.7 to 0.2%) and high correlations (r = 0.93 to
0.98) (Table 6).

Table 6: Limits of agreement, relative change in mean and test-retest correlation
coefficient for measures of power, force and velocity between trial one and two during
loaded squat jumps for each method, (n = 15 for each group).

0,
.Mean +LOA -LOA % Change R
difference mean
Force Plate only
Peak Power (W) -25+ 328 303 -354 -0.7 0.97 (0.96 - 0.98)
Mean Power (W) -6 250 244 -256 -0.4 0.94 (0.90 - 0.96)
Laser only
Peak Power (W) 3 +497 500 -494 -0.1 0.95 (0.92 - 0.96)
Mean Power (W) 3+264 270 -264 0.2 0.93 (0.90 - 0.96)
Force Plate + Laser
Peak Power (W) -3+341 338 -345 -0.1 0.98 (0.97 - 0.99)
Mean Power (W) -1+287 286 -288 -0.1 0.95 (0.92 - 0.97)
Peak Force (N)
Force Plate 2+105 106 -103 0.1 0.99 (0.98 - 1.00)
Laser 4+ 260 263 -256 0.2 0.96 (0.94 - 0.98)
Mean Force (N)
Force Plate -1+62 61 -63 -0.1 0.99 (0.99 - 1.00)
Laser -1+99 98 -100 -0.1 0.98 (0.98 - 0.99)
Peak Velocity (m.s™)
Force Plate -0.01£0.13 0.12 -0.14 -0.7 0.99 (0.98 - 0.99)
Laser 0.01+0.14 0.14 -0.13 0.2 0.99 (0.98 - 0.99)
Mean Velocity (m.s™)
Force Plate -0.01 £0.15 0.14 -0.15 -0.6 0.96 (0.93-0.97)
Laser 0.01 £0.17 0.18 -0.17 0.2 0.96 (0.94 - 0.97)

Mean difference + the two standard deviations of the mean differences,

LOA = limits of agreement, % Change mean = relative change in mean,

r = test-retest correlation coefficient, 95% Confidence interval of the correlation coefficient in
brackets;
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Figure 19 presents the graphs of the test-retest correlation coefficient for

measures of power between trial one (T1) and two (T2) during squat jumps

for each method.
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Figure 19: Test-retest correlation for measures of peak and mean power between
trial one and two during squat jumps for each method, (n = 15 for each group).

r = correlation coefficient,T1 and T2 = trial one and trial two,
FP = force plate only, L = laser only, FPL = force plate + laser;
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Figure 20 presents the graphs of the test-retest correlation coefficient for
measures of force and velocity between trial one (T1) and two (T2) during
squat jumps for each method.
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Figure 20: Test-retest correlation for measures of peak and mean force and velocity
between trial one and two during squat jumps for each method, (n = 15 for each

group).

r = correlation coefficient, T1 and T2 = trial one and trial two,
FP = force plate only, L = laser only, FPL = force plate + laser;
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3.2.1.2 Bench Throw

Table 7 presents indicators of reliability for measures of power, force and
velocity for the three methods in the same format as outlined for the squat
jump exercise. All measures showed good reliability with high ICC’s (0.91 to
0.99), and low TEM%'s (7.9 to 2.9%) (Table 7).
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Table 7: Indicators of reliability for measures of power, force and velocity between trial
one and two during bench throws for each method, (n = 15 for each group).

Variable T1 T2 ICC TEM TEM%

Force Plate only

Peak Power (W) 1151 +410 1171 +406 | 0.96 (0.94-0.97) 81 (70-93) 7.9 (6.9-9.3)

Mean Power (W) 660 +224 667 +223 | 0.96 (0.93-0.98) 41 (36 - 48) 6.7 (5.8-7.9)

Peak Force (N) 917 + 218 925 + 225 0.96 (0.93-0.97) 48 (42-55) 4.9 (43-528)
Mean Force (N) 691+178 696+178 | 0.99 (0.98-0.99) 18 (16-22) 2.9 (2.5-3.4)
r:j‘:l\)lemdty 192+1.04 194+1.03 | 0.99(0.98-0.99) |0.08(0.07-0.09) 5.6 (4.9-6.7)
m::.'})ve'“ity 1.13£0.61 111059 | 0.98(0.98-099) |0.07 (0.06-0.08) 6.7 (5.8-80)
Laser only

Peak Power (W) 986+ 254 1002 + 267 | 0.94 (0.91-0.96) 44 (38-52) 4.5(3.9-53)

Mean Power (W) 516+ 128 525+131 | 0.91 (0.85-0.94) 27 (24-32) 5.9 (5.1-6.9)

Peak Force (N) 884 +247  886+248 | 0.96 (0.93-0.97) 37 (32-43) 4.5(3.9-5.2)
Mean Force (N) 659+192 651+161 | 0.98 (0.97-0.99) 17 (15-20) 3.0 (2.6-3.6)
r:f:l\)’e'“"y 1.58+0.71 1.60£0.72 | 0.99(0.98-0.99) |0.04 (0.04-005) 3.6 (3.2-4.3)
m%:_T)Velocity 0.95+0.41 0.96+0.42 | 0.98(0.97-0.99) |0.04 (0.04-0.05) 5.0 (4.3-5.9)

Force Plate + Laser

Peak Power (W) 983+ 272 1002 %279 | 0.92 (0.89-0.94) 55 (48 - 64) 5.8 (5.0-6.8)

Mean Power (W) 569+ 160 579 162 | 0.93 (0.89-0.95) 30 (26 - 35) 5.7 (5.0-6.8)

Peak Force (N) see Force Plate only
Mean Force (N) see Force Plate only
Peak Velocity

-1 see Laser only
(m.s™)
Mean Velocity

-1 see Laser only
(m.s™)

T1 and T2 = trial one and trial two, ICC = intraclass correlation coefficient,
TEM / TEM% = absolute and relative typical error of measurement respectively,
95% Confidence intervals are presented in brackets for ICC, TEM and TEM%;

Next, the limits of agreement the limits of agreement (LOA) + 2SD with
corresponding upper and lower limits of agreements (+LOA and -LOA
respectively), relative change in mean and test-retest correlation coefficient
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between trial one and two for measures of power, force and velocity are
presented (Table 8). For each method all variables showed low relative
change in mean (-1.7 to 0.9%) and high correlations (r = 0.95 to 0.99) (Table
8).

Table 8: Limits of agreement and test-retest correlation coefficient for measures of
power, force and velocity between trial one and two during bench throws for each
method, (n = 15 for each group).

[v)
.Mean +LOA -LOA % Change .
difference mean
Force Plate only
Peak power (W) -19 + 299 210 -248 -1.7 0.96 (0.94 - 0.97)
Mean power (W) -7 £117 110 -124 -1.1 0.97 (0.95 - 0.98)
Laser only
Peak power (W) -15+ 126 111 -141 -1.5 0.97 (0.95 - 0.98)
Mean power (W) -9+78 69 -87 -1.7 0.95 (0.93 - 0.97)
Force Plate + Laser
Peak power (W) -19 £ 156 137 -174 -1.9 0.96 (0.94-0.97)
Mean power (W) -7+ 87 79 -94 -1.3 0.96 (0.94 - 0.98)
Peak Force (N)
Force Plate -8 +137 129 -146 -0.9 0.95 (0.93-0.97)
Laser -2+105 103 -107 -0.2 0.98 (0.97 - 0.99)
Mean Force (N)
Force Plate -5+53 49 -58 -0.7 0.99 (0.98 - 0.99)
Laser 2+49 51 -47 0.9 0.99 (0.96 - 0.99)
Peak Velocity (m.s™)
Force Plate -0.01+£0.23 0.21 -0.24 -0.7 0.99 (0.98 - 0.99)
Laser -0.01 £0.13 0.11 -0.14 -0.7 0.99 (0.98 - 0.99)
Mean Velocity (m.s™)
Force Plate -0.01 £0.19 0.17 -0.20 -1.3 0.99 (0.98 - 0.99)
Laser -0.01 £0.12 0.11 -0.13 -1.3 0.99 (0.98 - 0.99)

Mean difference + the two standard deviations of the mean differences,

LOA = limits of agreement, % Change mean = relative change in mean,

r = test-retest correlation coefficient , 95% Confidence interval of the correlation coefficient in
brackets;
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Figure 21 illustrates the test-retest correlation of peak and mean power

between trial one (T1) and two (T2) for each method.
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Figure 21: Test-retest correlation coefficient for measures of peak and mean power
during bench throws between trial one and two for each method, (n = 15 for each

group).

r = correlation coefficient,

FP = force plate only, L = laser only, FPL = force plate + laser;
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Figure 22 illustrates the test-retest correlation for measures of force and

velocity between trial one (T1) and two (T2).
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Figure 22: Test-retest correlation for measures of force and velocity during
bench throws between trial one and two for each method, (n = 15 for each
group).

r = correlation coefficient,

FP = force plate only, L = laser only, FPL = force plate + laser;
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3.2.2 Comparison between the methods of assessment for
measures of power, force and velocity

The subsequent sections present the results for measures of power, force
and velocity derived from the three methods investigated; i.e. force plate only
(FP), laser only (L) and the combination of force plate and laser (FPL). In an
attempt to clarify the presentation of the results the same structure has been
adopted for each variable, i.e.: a) table of peak and mean measures derived
from respective methods at each workload; b) main effect (method), main
effect (load), interaction effect (method * load); c¢) limits of agreements and
effect sizes (Cohen’s d); d) relative change in mean and Pearson’s product

moment correlation coefficient (r);

In addition, “lighter load(s)” or “heavier load(s)” always refer to the relative

loads as derived from the subject's 1RM (e.g. “heavier load(s)” refer to

heavier relative to the respective 1RM).
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3.2.2.1 Loaded Squat Jump

Power-load relationship
Table 9 shows the measures of peak and mean power output for each
workload derived from the three different methods. Maximum power (Pmax)
occurred at 30% 1RM for FP and L, whereas Pnax occurred at the “bar only”
workload for FPL. Power outputs for the subsequent loads at either side of

Pmax were not significantly different for all methods.

Table 9: Measures of peak and mean power output during the squat jump from each
method*. Values are presented as group mean and + SD, (n = 15 in each group).

Load (%1RM) FP L FPL
Peak Power (W)

Bar only 4097 + 671 4317 + 800 4710 + 892
30 4118 + 700 4342 + 766 4543 + 801
40 3897 + 599 4194 + 714 4291 + 755
50 3849 + 639 4059 + 610 4136 + 686
60 3660 £ 552 3873 £ 663 3883 £ 679
70 3581 + 622 3709 + 588 3702 + 625
80 3194 £ 578 3302 £ 642 3337 +£623

Mean Power (W)

Bar only 1647 £ 358 1739 + 413 2007 £ 478
30 1589 + 300 1684 + 337 1850 + 386
40 1475 + 258 1572 + 298 1703 + 335
50 1395 + 285 1450 + 302 1553 + 315
60 1292 + 212 1339+ 251 1435 + 266
70 1206 + 250 1218 + 265 1282 + 284
80 1008 + 233 1063 + 261 1136 + 264

*Load at which maximum power occurred in bold, Bar only = absolute load of 21.3 kg,
FP = force plate only, L = laser only, FPL = force plate + laser;

Figure 23 illustrates the peak power-load relationship for each method of
assessment. There was no significant difference for the main effect “method”.
However, there were significant differences within the main effect “load” and
the interaction effect (method * load) (p < 0.01 respectively). Differences in

the power-load relationship were more obvious at lighter loads and became
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less apparent towards heavier loads (Figure 23). In FPL peak power was
maximised at the “bar only” load followed by a constant decrease of the
power curve towards the heaviest load. Yet, the curves for FP and L showed
an incline from “bar only” to 30% 1RM (i.e. Pmax load), before gradually

decreasing towards the heaviest load.

Squat Jump Peak Power - Load Spectrum

6000- .,

g 5000- —Oo—FP

g —o— FPL

& 4000- l l l

X
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2000-
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Load (% 1RM)

Figure 23: Peak power-load relationship for the squat jump derived from FP, L and FPL.
#: significance (p<0.01) method * load,
*. significance (p<0.01) load;

Figure 24 shows the mean power-load relationship for each method of
assessment. There was no significant difference for the main effect “method”.
However, there were significant differences for the main effect “load” and the
interaction effect (method * load) (p < 0.01 respectively). Maximum mean
power occurred at “bar only” for all methods. Power outputs for the
subsequent load of Pmax (i.€. 30% 1RM) were not significantly different for all
methods. Differences in the power-load relationship were more obvious at
lighter loads and became less apparent towards heavier loads (Figure 24).
The power curves of all methods showed a constant decline from the “bar

only” load towards the heaviest load.
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Squat Jump Mean Power - Load Spectrum
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Figure 24: Mean power-load relationship for the squat jump derived from FP, L and FPL.
#: significance (p<0.01) method * load,
*. significance (p<0.01) load;

Differences in the power-load relationship between the methods were more
evident for measures of peak power compared to measures of mean power
(Figure 23 and 24 respectively). Mean and peak power outputs derived from
FPL were consistently higher than respective measures derived from FP and

L (Figure 23 and 24 respectively).

In the following graphs the limits of agreement (LOA) between the three
methods for peak and mean power are presented (Figure 25). The
distribution of the data generally shows a heteroscedastic pattern (i.e.
uneven scatter), particularly for those comparisons involving method FPL (i.e.
Figure 25 d,c,e,f). In other words, the differences between the measures of
power increases as the magnitude of power output increases. Therefore, it
should be noted that the mean differences and limits of agreements
represent a summation of all the values (61). The heteroscedasticity was

more obvious for mean power compared to peak power (Figure 25).
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The effect size statistics are shown in the legend of Figure 25. These were

highest in peak and mean power between FP and FPL (d = 0.41 and d = 0.49

respectively); and for mean power between FPL and L (d = 0.32).
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Figure 25: Limits of agreement for peak and mean power between FP, L and FPL during

squat jumps.

LOA for peak power between

a) FPandL

(-199 £ 637 W), d = 0.28, %A mean =-5.1%

b) FPL and FP
(305 + 496 W), d = 0.41, %A mean = 7.5%

c) FPLand L
(112 £ 562 W), d = 0.15, %A mean = 2.8%

LOA for mean power between

d) FPand L

(-63 £ 189 W), d = 0.18, %A mean = -4.6%
e) FPLand FP

(189 +126 W), d =0.49, %A mean = 12.8%

f) FPLand L
(126 + 164 W), d = 0.32, %A mean = 8.1%

LOA = limits of agreement; %A mean = relative change in mean, d = Cohen’s d effect size,
FP = force plate only, L = laser only, FPL = force plate + laser;
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Table 10 presents the correlation for mean and peak power between the
methods. All measures showed good correlations (r = 0.89 to 0.99).
Nonetheless, correlations were higher for measures of mean power

compared to respective measures of peak power (Table 10).

Table 10: Relationship between FP, L and FPL for the measurements of mean and
peak power for the squat jump. Data are shown as the correlation coefficient (r) and
the 95% Confidence intervals of the correlation coefficient in brackets.

FP L FPL
Peak Po Mean Po Peak Po Mean Po Peak Po Mean Po
0.96 0.97
FP --
(0.94-0.97) (0.96 - 0.98)
L 0.89 0.97 _
(0.85-0.93)  (0.95-0.98)
FPL 0.94 0.99 _
(0.91-0.95) (0.98-0.99)

Po = Power (W), FP = force plate only, L = laser only, FPL = force plate + laser;

The following section presents the results for measures of peak and mean
force.
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Force -load relationship
Comparisons between measures of force apply only to method FP and L, as
power from method FPL was a combination of the force derived from the

force plate (FP) and velocity derived from the laser (L).

Table 11 shows the measures of peak and mean force output for each
workload derived from the two different methods. Maximum force output

occurred at 80% 1RM for peak and mean measures for both methods.

Table 11: Peak and mean force (N) measures obtained from FP and L for each load
during the squat jump. Values presented as mean + SD, (n = 15 in each group).

Load (%1RM) FP L
Peak Force (N)
Bar only 1950+ 178 2065 + 187
30 2188 + 261 2265 + 264
40 2284 + 276 2387 + 299
50 2397 + 288 2552 + 310
60 2520 + 316 2654 + 397
70 2646 + 331 2794 + 394
80 2700 * 354 2874 + 458

Mean Force (N)

Bar only 1460 + 153 1394 + 152
30 1619 + 193 1561 + 186
40 1714 + 202 1658 + 195
50 1794 + 212 1738 + 201
60 1897 + 217 1838 + 219
70 1992 + 245 1924 + 237
80 2075 £ 264 2013 + 259

*Load at which maximum force occurred in bold, Bar only = absolute load of 21.3 kg,
FP = force plate only, L = laser only, FPL = force plate + laser;

Figure 26 shows the peak force-load relationship for FP and L. Significant

differences were found for the main effect “load” only (p < 0.01).
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Squat Jump Peak Force - Load Spectrum
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Figure 26: Peak force-load relationship for the squat jump derived from FP and L.
*. significance (p<0.01) load

Figure 27 illustrates the mean force-load relationship for FP and L. There
were no significant differences within the main effect “method” and the

interaction effect (method * load). The main effect “load” however, was
significant (p < 0.01).

Squat Jump Mean Force - Load Spectrum
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Figure 27: Mean force-load relationship for the squat jump derived from FP and L.
*: significance (p<0.01) load
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Figure 28a shows the limits of agreement for peak force between FP and L.
The magnitude of differences was moderate (d = 0.32) and relative change in

mean was 5.4% (Figure 28a).

Figure 28b shows the limits of agreement for measures of mean force
between FP an L. The magnitude of differences was small (d = 0.21) and

relative change was 3.4%.

All parameters (effect size and relative change in mean) were higher for

measures of peak force between FP and L (Figure 28).
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Figure 28: Limits of agreement for peak and mean force between FP and L during loaded
squat jumps.

a)-129 £ 312 N, d = 0.32, %A mean = 5.4% b) 61+ 51N, d=0.21, %A mean = 3.4%

LOA = limits of agreement, %A mean = relative change in mean, d = Cohen’s d effect size,
FP = force plate only, L = laser only;
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Figure 29a and b present the correlation for peak and mean force between

FP and L respectively. Both, peak and mean force showed a good
relationship between FP and L (r = 0.93 and r = 1.00 respectively).

b
a) Squat Jump Peak Force FP vs L ) Squat Jump Mean Force FP vs L
5000+ 3000+
¢' ‘/
- L — K]
g 4000 e 2 25004 .c
8 8 '
S 30001 S 2000-
3 g
Q. 20004 = 1500
1000 .7 r=093 1000 .- r=1.00
10|00 ' 20IOO ' 30IOO ' 40|00 ' 50|00 1000 1500 2000 2500 3000
Peak Force (N) FP Mean Force (N) FP

Figure 29: Relationship between peak force (FP vs. L) and mean force (FP vs. L) for the

squat jump. Data are shown as the correlation coefficient (r) and the 95% Confidence
intervals of the correlation coefficient in brackets.

a) r=0.93(0.90 - 0.95) b) r = 1.00 (0.98 - 1.00)

FP = force plate only, L = laser only

In the following section the results for measures of peak and mean velocity
between FP and L are presented.
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Velocity-load relationship
Table 12 shows the measures of peak and mean velocity output for each
workload derived from method FP and L. As expected maximum velocity
occurred at “bar only” for peak and mean velocity for both methods.
Subsequent peak and mean velocity for the 30% 1RM load were significantly

lower for FP and L (p < 0.05 respectively) (Table 12).

Table 12: Peak and mean velocity (m.s™) measures obtained from FP and L for each
load during the squat jump*. Values presented as mean £ SD, (n = 15 in each group).

Load (%1RM) FP L

Peak Velocity (m.s™)

Bar only 2.36+0.23 2.51+0.32
30 2.13+0.18 t 2.23+0.19
40 1.92+0.14 2.00£0.18
50 1.79 £0.15 1.84 £0.16
60 1.63+£0.13 1.66 £0.15
70 1.51£0.15 1.51+0.14
80 1.31+£0.15 1.34+£0.14

Mean Velocity (m.s™)

Bar only 1.17 +0.18 1.36+0.23
30 1.01+0.12% 1.14 £ 0.15%
40 0.88+0.10 1.00£0.12
50 0.79+0.12 0.86+0.13
60 0.70+0.10 0.76 £0.11
70 0.60+0.12 0.63+0.13
80 0.49+0.10 0.54+0.11

*Load at which maximum velocity occurred in bold, T significance (p<0.05) between velocity at
“Bar only” and 30% 1RM-load,
FP = force plate only, L = laser only, Bar only = absolute load of 21.3 kg;

Figure 30 illustrates the peak velocity-load relationship for FP and L. There
was no significant difference for the main effect “method”. However, the main
effect “load” and the interaction effect (method * load) were significant (p <
0.05 and p < 0.01 respectively). Differences in the velocity-load relationship

were more obvious at lighter loads and became less apparent towards
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heavier loads (Figure 30). At loads from “bar only” to 60% 1RM peak velocity

derived from L was higher than measures of peak velocity for FP.

s 0Squat Jump Peak Velocity - Load Spectrum
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Figure 30: Peak velocity-load relationship for the squat jump derived from FP and L.
#: significance (p<0.01) method * load,
*. significance (p<0.01) load;

Figure 31 shows the mean velocity-load relationship for both assessment
methods, FP and L. There were significant differences within the two main
effects (method and load) (p < 0.05, p < 0.01 respectively) and the interaction
effect (method * workload) (p < 0.01). Post hoc analysis showed significant
differences for measures of mean velocity at the “bar only” load between FP
and L (p < 0.05). Differences in the mean velocity-load relationship were

more obvious at lighter loads and became less apparent towards heavier

loads (Figure 31).
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Squat Jump Mean Velocity - Load Spectrum
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Figure 31: Mean velocity-load relationship for the squat jump derived from FP and L.
#: significance (p<0.01) method * load,

*. significance (p<0.01) load,

@: significance (p<0.05) FP vs. L;

Differences in the velocity-load relationship between the methods were more
evident for measures of mean velocity compared to measures of peak
velocity (Figure 30 and 31). For loads of “bar only” to 60% 1RM peak and
mean velocity outputs derived from L were consistently higher than

respective measures derived from FP (Figure 30 and 31).

Next, the limits of agreement for peak and mean velocity derived from FP
and L are presented. The scatter plot (Figure 32a) reveals heteroscedasticity
for measures of peak velocity between FP and L. The magnitude of
differences was small (d = 0.15) and the relative change in mean was 3.4%.
Limits of agreements for mean velocity between FP and L are shown in
Figure 32b indicating a heteroscedastic relationship between the two
methods for mean velocity. The magnitude of differences was moderate (d =
0.32) and relative change in mean was 11.3%. Relative change in mean and

magnitude of differences were higher for mean velocity then for measures of

peak velocity.
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Figure 32: Limits of agreement for peak and mean velocity between FP and L during
loaded squat jumps.

a)-0.06 £0.21 m.s™, d =0.15, %A mean =3.4% b)-0.09 +0.16 m.s™", d = 0.32, %A mean = 11.3%

LOA = limits of agreement, %A mean = relative change in mean, d = Cohen’s d effect size,
FP = force plate only, L = laser only;

Figure 33a and b illustrate the correlation between FP and L for measures of
peak and mean velocity respectively. Both relationships were high (r = 0.98

and r = 0.99 respectively).
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Figure 33: Relationship between peak velocity (FP vs. L) and mean velocity (FP vs. L) for
the squat jump. Data are shown as the correlation coefficient (r) and the 95% Confidence
intervals of the correlation coefficient in brackets.

a) r=0.98 (0.96 - 0.99) b) r=0.99 (0.98 - 0.99)

FP = force plate only, L = laser only;
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3.2.2.2 Bench Throw

Power-load relationship

Table 13 shows the measures of peak and mean power for each workload
derived from the three different methods. The following applies to measures
of peak and mean power similarly. Maximum power (Pmnax) occurred at the
‘bar only” load for FP and FPL, whereas Pmax occurred at the 30% 1RM
workload for L (Table 13). Significant differences in power output between
Pmax and subsequent loads were only found for FP (i.e. at 30% 1RM) (p <
0.01).

Table 13: Measures of peak and mean power output obtained from three techniques
during the bench throw*. Values are presented as group mean and £ SD,
(n =15 in each group).

Load (%1RM) FP L FPL
Peak Power (W)
Bar only 1866 + 597 1116 + 177 1354 + 477
30 1489 + 321+ 1185 £ 199 1211 + 282
40 1269 + 214 1173 £ 214 1119+ 212
50 1222 + 227 1064 + 167 1050 + 184
60 1066 + 243 959+ 173 960 *+ 168
70 925 + 213 820 + 180 857+ 179
80 703 + 164 678 £ 172 697 * 160

Mean Power (W)

Bar only 1032 £ 312 595+ 116 756 + 197
30 863 + 153+ 622 + 102 721 +123
40 763 + 117 613 + 103 668 + 111
50 698 + 111 554+ 78 600 + 88
60 597 + 123 510+ 87 538+ 91
70 513+91 447 + 85 470+ 90
80 365+76 354+ 78 366 + 82

* Load at which maximum power occurred in bold, T significance (p<0.01) between power at
“bar only” load and 30% 1RM-load, Bar only = absolute load of 21.3 kg,
FP = force plate only, L = laser only, FPL = force plate + laser;

Figure 34 shows the peak power-load relationship for each method of

assessment. There were significant differences within the two main effects
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“load” and “method” (p < 0.01 and p < 0.05 respectively) as well as within the
interaction effect (method * load) (p < 0.01). In FP and FPL peak power was
maximised at the “bar only” load followed by a constant decrease of the
power curve towards the heaviest load. Yet, the curve for L showed an
incline from “bar only” to 30% 1RM (Pnax load), before gradually decreasing
towards the heaviest load. In addition, measures of peak power for the “bar

only” load were significantly different between all three methods (p < 0.05).

Bench Throw Peak Power - Load Spectrum
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Figure 34: Peak power-load relationship for the bench throw derived from FP, L and FPL.

#: significance (p<0.01) method * load,
*: significance (p<0.01) load,
¥: significance (p<0.05) FPpmay, FPLpmaxand Lgar;

Figure 35 shows the mean power-load relationship for each method of
assessment. There were significant differences within the two main effects
“load” and “method” as well as within the interaction effect (method * load) (p
< 0.01 respectively). Measures of mean power were significantly different
between the all three methods at the “bar only” load. Mean power output at
30% 1RM derived from L (i.e. Pmax) Was significantly lower compared to
measures of mean power from FP (p < 0.01). Differences between the peak
and mean power-load relationship were more obvious at lighter loads and

became less apparent towards heavier loads (Figure 34 and 35).
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Bench Throw Mean Power - Load Spectrum
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Figure 35: Mean power-load relationship for the bench throw derived from FP, L and FPL.
#: significance (p<0.01) method * load,

*. significance (p<0.01) load,

¥: significance (p<0.01) FPpay, and FPLpmay and Lgay,

H: significance (p<0.01) Lpmax and FP3os 1rm;

Up to the 70% 1RM load, mean and peak power outputs derived from FP
were consistently higher than respective measures derived from FPL and L
(Figure 34 and 35).

In the following graphs the limits of agreement (LOA) between the three
methods for peak and mean power are presented (Figure 36). The
distribution of the data generally shows a heteroscedastic pattern, particularly
for those comparisons involving method FP (i.e. Figure 36a, b, c and d). As
discussed on page 69, a heteroscedastic pattern indicates a change in the
differences for measures of power between two methods as the magnitude of
the power changes. The heteroscedasticity was more obvious for mean

power compared to peak power (Figure 36).
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The effect size statistics are shown in the legend of Figure 36. These were
highest in peak and mean power between FP and L (d = 0.54 and d = 0.74

respectively); and in peak and mean power between FP and FPL (d = 0.48

and d = 0.46 respectively).
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Figure 36: Limits of agreement for peak and mean power between FP, L and FPL during

bench throws.

LOA for peak power between:

a) FPand L

(187 £ 482 W), d = 0.54, %A mean = 15.8%

b) FP and FPL
(170 £ 360 W), d = 0.48, %A mean = 14.4%

c) FPLand L
(17 £ 282 W), d = 0.07, %A mean = 1.7%

LOA for mean power between:
d) FPand L
(145 + 250 W), d = 0.74, %A mean = 21.7%

e) FP and FPL
(92 £172 W), d = 0.46, %A mean = 13.7%

f) FPLand L
(54 £94 W), d = 0.36, %A mean =9.3%

LOA = limits of agreement, %A mean = relative change in mean, d = Cohen’s d effect size,
FP = force plate only, L = laser only, FPL = force plate + laser;
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Table 14 presents the correlation for mean and peak power between the
methods. There were low correlations between method FP and L and
between FPL and L for peak power (r = 0.76 and r = 0.79 respectively).
Correlations for mean power were higher compared to respective measures

of peak power (Table 14).

Table 14: Relationship between FP, L and FPL for the measurements of mean and
peak power for the bench throw. Data are shown as the correlation coefficient (r) and
the 95% Confidence intervals of the correlation coefficient in brackets.

FP L FPL
Peak Po Mean Po Peak Po Mean Po Peak Po Mean Po
0.94 0.95
FP --
(0.91-0.96) (0.93 -0.97)
L 0.76 0.85 _
(0.67-0.83)  (0.79 - 0.90)
FPL 0.79 0.95 _
(0.70 - 0.85) (0.93-0.97)

Po = Power (W), FP = force plate only, L = laser only, FPL = force plate + laser;

The following section presents the results for measures of peak and mean

force.
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Force-load relationship
Table 15 shows the measures of peak and mean force output for each
workload derived from the two different methods. Maximum force output

occurred at 80% 1RM for peak and mean measures for both methods.

Table 15: Peak and mean force (N) measures obtained from FP and L for each load
during the bench throw. Values presented as mean + SD, (n = 15 in each group).

Load (%1RM) FP L
Peak Force (N)
Bar only 717 £134 544 + 61
30 786 + 151 696 = 199
40 844 + 152 810 * 166
50 929 + 233 888 + 185
60 987 + 249 977 + 203
70 1041 +£ 195 1047 + 204
80 1069 + 189 1088 *+ 205

Mean Force (N)

Bar only 483 + 74 390+ 42
30 558 + 95 502 + 91
40 624 £ 111 581 +107
50 683 + 113 640 + 113
60 740 +£135 702 £143
70 812 +150 740 + 193
80 869 + 162 846 + 157

*Load at which maximum power occurred in bold; Bar only = absolute load of 21.3 kg,
FP = force plate only, L = laser only, FPL = force plate + laser;

Figure 37 shows the peak force-load relationship for FP and L. There was no
significant difference within the main effect “method” for measures of peak
force. However, there were significant differences within the main effect
‘load” and the interaction effect (method * load) (p < 0.01 respectively).
Differences in the force-load relationship were more obvious towards lighter

loads and became less apparent towards heavier loads (Figure 37).
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Bench Throw Peak Force - Load Spectrum
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Figure 37: Peak force-load relationship for the bench throw derived from FP and L.
#: significance (p<0.01) method * load,
*. significance (p<0.01) load;

Figure 38 illustrates the mean force-load relationship for FP and L. Only
differences within the main effect “load” were significant for measures of

mean force between FP and L (p< 0.01).

Bench Throw Mean Force - Load Spectrum
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Figure 38: Mean force-load relationship for the bench throw derived from FP and L.

*: significance (p<0.01) load;

Figure 39a shows the limits of agreement for peak force between FP and L.
The magnitude of differences was small (d = 0.17) and relative change in
mean was 4.5% (Figure 39a).
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Figure 39b presents the limits of agreement for mean force between FP an L.

The magnitude of differences was small (d = 0.23) and relative change was

6.2% (Figure 39b). The data shows a heteroscedastic pattern for both, peak

and mean force (Figure 39a and b respectively).
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Figure 39: Limits of agreement for peak and mean force between FP and L during bench

throws.

a)41+ 196N, d=0.17, %A mean = 4.5%

b)43

56 N, d =0.23, %A mean =6.2%

LOA = limits of agreement, %A mean = relative change in mean, d = Cohen’s d effect size,
FP = force plate only, L = laser only;

Figure 40 illustrates the correlation for peak and mean force between FP and

L. There was a low correlation for measures of peak force (r = 0.52), whereas

measures of mean force showed a high correlation (r = 0.98) (Figure 40).
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a) Bench Throw Peak Force FP vs L
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Figure 40: Relationship between peak force (FP vs. L) and mean force (FP vs. L) for the

bench throw. Data are shown as the correlation coefficient (r) and the 95% Confidence
intervals of the correlation coefficient in brackets.

a) r=0.53 (0.37 - 0.66)

b) r=0.98 (0.98 - 0.99)

FP = force plate only, L = laser only;

In the following section the results for measures of peak and mean velocity
between FP and L are presented.
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Velocity-load relationship
Table 16 shows the measures of peak and mean velocity output for each
workload derived from method FP and L. Maximum velocity occurred at “bar
only” for peak and mean values for both methods. Peak and mean velocity
for the subsequent load (i.e. 30% 1RM) was significantly lower for FP (p <
0.01) (Table 16).

Table 16: Peak and mean velocity (m.s™) measures obtained from FP and L for each
load during the bench throw*. Values presented as mean £ SD, (n = 15 in each group).

Load (%1RM) FP L

Peak Velocity (m.s™)

Bar only 4.06 + 0.58 2.82+0.22
30 292+039t 2.23+0.21
40 2.25+0.27 1.91+0.22
50 1.83+£0.33 1.54 £0.23
60 1.40 £0.26 1.25+0.21
70 1.11 £ 0.25 0.97 £0.20
80 0.77+0.21 0.75+0.21

Mean Velocity (m.s™)

Bar only 2.24+0.34 1.63 +0.19
30 1.68+0.25t 1.38+0.14
40 1.33+0.14 1.14+0.11
50 1.10 £ 0.15 0.93+0.10
60 0.85+0.10 0.76 £0.10
70 0.66 +0.12 0.60+0.11
80 0.44+0.10 0.43+0.12

*Load at which maximum velocity occurred in bold; T significance (p<0.01) between velocity at
“Bar only” and 30% 1RM load,
FP = force plate only, L = laser only, Bar only = absolute load of 21.3 kg;

Figure 41 presents the peak velocity-load relationship and Figure 42 shows
corresponding mean velocity-load relationship for method FP and L. The
following description applies similarly to both measures of peak and mean
velocity. There were significant differences within both main effects “method”
and “load” as well as within the interaction effect (method * load) (p <

0.01respectively). Differences in the velocity-load relationship were more

88|Page



Chapter 3

obvious at lighter loads and became less apparent towards heavier loads
(Figure 41 and 42). Measures of mean and peak velocity at “bar only” and

30% 1RM were significantly higher for FP than measures derived from L (p <

0.01 respectively).

Bench Throw Peak Velocity - Load Spectrum
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Figure 41: Peak velocity-load relationship for the bench throw derived from FP and L.

#: significance (p<0.01) method * load,
*. significance (p<0.01) load,
@: significance (p<0.01) FP vs. L;
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Figure 42: Mean velocity-load relationship for the bench throw derived from FP and L.

#: significance (p<0.01) method * load,
*: significance (p<0.01) load,
@: significance (p<0.01) FP vs. L;
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Next, the limits of agreement of peak and mean velocity between FP and L
are presented. The distribution of the data clearly shows a heteroscedastic
pattern for peak and mean velocity (Figure 43a and b respectively). The
magnitude of differences for peak velocity was moderate (d = 0.42) and the
relative change in mean was 3.4%.The magnitude of differences was
moderate (d = 0.36) and relative change in mean was 16.6% for mean

velocity (Figure 43a and b).
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Figure 43: Limits of agreement for peak and mean velocity between FP and L during
bench throws.

a)0.35+0.72m.s", d=0.42, %Amean=3.4%  b)0.19+0.42 m.s", d = 0.36, %A mean = 16.6%

LOA = limits of agreement, %A mean = relative change in mean, d = Cohen’s d effect size,
FP = force plate only, L = laser only;

The next figure illustrates the correlation for measures of peak and mean
velocity between FP and L (Figure 44a and b respectively). There were good

correlations for both, peak and mean velocity (r = 0.98 respectively).
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a) Bench Throw Peak Velocity FP vs L b) Bench Throw Mean Velocity FP vs L
57 _
— ] . /_I\ ! )
‘_u) 4 ':' ‘Tuz 3.0 '¢'
E ] A E 24
> 37 Y 900 >
S e FERE:E °
o i 'wg [
> 2 ° i 124
© | [
3 8
o 1 ﬁﬁ§& = 06
0 ,-° 0.0- )
—TTT r |= 0,98| r T T T T L _IO'98|
0 1 2 3 4 5 0.0 0.6 1.2 1.8 24 3.0 3.6
; -1
Peak Velocity (m.s™) FP Mean Velocity (m.s™') FP

Figure 44: Relationship between peak velocity (FP vs. L) and mean velocity (FP vs. L) for
the bench throws. Data are shown as the correlation coefficient (r) and the 95%
Confidence intervals of the correlation coefficient in brackets.

a) r=0.98 (0.97 - 0.99) b) r=0.98 (0.97 - 0.99)

FP = force plate only, L = laser only

3.2.3 Discussion

The following discussion is divided into two parts. The first part addresses the
findings for measures of reliability for each of the three methods. To obtain
comprehensive information on the reliability of the different methods several
parameters were analyzed (61). Quantifying the reliability is particularly
important, as proper conclusions on the comparability between the different
methods of assessing muscle power can only be made if the levels of
reliability are high for each method. Following on from this section is the

discussion on the comparability between the three methods of assessment.

3.2.3.1 Reliability of assessments for measures of power, force and
velocity

Different statistical tests were used to determine the level of reliability for

each method of assessment (page 53). The results for each measure of

reliability are summarized below (Table 17). The main finding is that

measures of force, velocity and power during the squat jump and bench

throw exercises performed using a Smith machine were shown to be reliable

(Table 17). In particular, this finding indicates sufficient reproducibility of
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measurements within all three methods of assessment (Table 5 and 7).
Therefore, it can be argued that the differences observed for the outcome
measures between the three assessments were mainly due to
methodological differences rather than random variations of the
measurements. This suggests that the experimental design was adequate to
interpret the data and formulate an answer to the research question on

comparability between different methods of assessment.

Table 17: Summary of results for indicators of reliability for the squat jump and bench
throw exercises. *

IcC 0.90-1.00"
TEM% 1.3-7.9%
% Change in mean -1.9- 0.9%
r 0.93-0.99

*Data are presented as the range of magnitude found for each parameter

ICC = intraclass correlation coefficient, **= except for mean power during squat jumps for
“laser only” (ICC = 0.88),TEM% = relative typical error of measurement

% Change mean = relative change in mean, r = test-retest correlation coefficient;

In the following section general issues associated with the reliability of
methods assessing power output as mentioned in the literature review (page

10) are discussed.

One major concern when the literature are summarised refers to the lack of
sufficient reliability for assessments of dynamic muscle function during
resistance exercises (41). However, based on the findings of this study it can
be concluded that performance parameters (i.e. force, velocity and power
output) have good levels of reliability when measured under well controlled
conditions as described in this study. These data (Table 5, 6, 7 and 8)
therefore contribute to the reducing the deficiency in knowledge which exists

in the literature.

Another issue of debate refers to the question of whether peak or average
power output is more useful and interpretable (32; 41). In the context of
reliability, measures of peak values for force, velocity and power were more
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reliable than the respective measures of mean values, in particular for the
squat jump exercise (Table 5). This was also shown by Hori et al. (63) who
found higher intraclass correlation coefficients and lower coefficients of
variation for measures of peak power compared to respective values for
mean power during free weight jump squats. Moreover, from a practical point
of view, determination of peak values is less prone to errors than the
determination of mean values (page 19). Thus, in the context of reliability,
measures of peak values are superior compared to mean values. It is,
however important to investigate the effects of methodological differences of

power, force and velocity for both, peak and mean values.

As pointed out earlier in the literature review (page 15) differences exist
between trained and untrained individuals with regards to their force, velocity
and power output characteristics. Ballistic muscle performance tests carried
out by well trained athletes showed good reliability (6). In this study muscle
performance tests were found to be reliable for subjects with moderate levels
of conditioning. It might therefore be concluded that the assessment of
muscle performance during the squat jump and bench throw exercises
performed using a Smith machine can be used for a broader spectrum of

athletes with varying conditioning levels.

3.2.3.2 Comparison between the methods of assessment for measures
of power, force and velocity

The next section discusses the results of the comparison between the three
methods of measuring power, force and velocity for the loaded squat jump
and bench throw exercises. The discussion follows a similar structure as
adopted for the presentation of the results. The main findings for measures of
power from FP, L and FPL are outlined first; results for measures of force
and velocity derived from FP and L are integrated into the subsequent
discussion about the reasons for the differences between the methods of

assessment. In addition, discussions on potential differences between
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methods of assessment always refer to methods similar to those used in this
study.
Loaded Squat Jump

The main finding of the study was that there were significant differences for
the power-load relationship between the three methods of assessment (i.e.
interaction of method * load). More specifically the power-load relationship
derived from FP, L and FPL showed significantly different curve
characteristics, particularly at lighter loads (Figure 23). Consequently, Pmax
occurred at different workloads (i.e. at 30% 1RM for FP and L and at “bar
only” for FPL) for measures of peak power. Pnax for mean power output
occurred at “bar only” for each method (Figure 24). Measures of power were
generally lowest for FP and highest for FPL. Differences in power output at
similar loads were not statistically significant, but might be considered
meaningful for practical applications, such as comparisons of muscle power
capacities between athletes (16; 52). For example, Baker (9) was able to
discriminate between rugby players of different playing levels based on a
mean difference of 301 W in their mean power output capacities during jump
squats (20 kg load). Yet, the observed difference for mean power in this
study was 360 W at the “bar only” load (i.e. 21 kg) between FP and FPL.

The following considerations might explain the reason for the observed
differences. As outlined in the methodology section (page 44), the reference
point of measurement using force plate technique is the center of gravity of
the object (i.e. bar + body), whereas for the linear position transducer
measurements are derived from the displacement of the bar. This is
illustrated in Figure 45. Thus, measures of velocity, force and power are only
comparable, if these two points of reference show a similar movement

pattern over time during the exercise (63).
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Figure 45: Schematic of reference point of measurement
a) force plate only = center of gravity of the object (body + bar)
b) displacement transducer only = bar

However, the velocity-load relationships derived from FP and L showed
significant differences (i.e. interaction of method * load). Deriving velocity
from the displacement of the bar generally resulted in higher measures of
velocity compared to measures derived from ground reaction force with
significantly higher measures of mean velocity at the “bar only” load for L
compared to FP (Figure 31). Subsequent calculations of power output were
higher for L compared to FP (Figure 23 and 24). Hori et al. (63), investigating
related methodologies, reported similar differences between measures of
velocity derived from displacement of the bar and ground reaction force
(Table 18). Therefore, it is suggested that these differences occurred
because the center of gravity of the object (i.e. bar + body) and the bar did
not travel in parallel (63). Consequently, depending on the reference point of
measurement (i.e. bar or center of gravity of the object) force-time and
velocity-time relationships were different. This resulted in different
interactions of force and velocity and subsequently to different calculations of
power over time. In this context it is noteworthy that measures of maximum
force and velocity for L were higher than those for FP, yet measures of power

output for FPL showed substantially higher power outputs. This is clarified in
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Figure 46. Similar effects were reported in the aforementioned study by Hori
et al. (63) (Table 18).
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Figure 46: lllustration of the magnitude for measures of power, force and velocity for
FP, Land FPL
FP = force plate only, L = laser only, FPL = force plate + laser;

Table 18:Measures of peak velocity, force and power derived from different methods as
reported by Hori et al. (63).

Peak Velocity (m.s™) Peak Force (N) Peak Power (W)
FP 1.99+0.12 2151+ 172 3866 + 451
LPT 2.23 +0.16** 2159 + 231 3567 + 494*
FP + LPT 2.23 £0.16** 2151+ 172 4427 + 557**

* significantly different from FP (p<0.05), ** significantly different from FP (p<0.01),
FP = force plate only, LPT = linear position transducer only, FP + LPT = force plate + linear position
transducer;

Combining data of velocity derived from bar displacement and data of force
from ground reaction force seems to result in a more favourable force-
velocity interaction over time, as power outputs for FPL were substantially
higher compared to measures of power for FP and L (page 66). The reason
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why such differences were less apparent at heavier loads might be explained
by the following. The generation of velocity decreases significantly towards
heavier loads and differences between velocity for L and FP become smaller
than for lighter loads (page 66). Therefore, it is suggested that calculations of
power are less effected by differences in measures of velocity between L and
FP at relatively heavy loads. From a principal perspective, combining
measures of force derived from force plate technique and velocity derived
from bar displacement is not valid as this is a mismatch of physical quantities
from two different objects (bar vs. body). Therefore, power measures derived
from FPL represent neither the power applied to the bar nor the power
applied to the ground (32; 63). In accordance with this, differences between

the methods were most obvious for comparisons involving FPL (page 69).

In addition, changes in power output at subsequent loads of Pnax were
relatively small for all methods. For example, for measures of peak power the
change in power output ranged from 21 W to 167 W (page 66). Similarly
small differences in power output for subsequent loads of P .« were reported
by Harris et al. (56) for peak and mean power output during half squats.
Thus, even small differences between methods of assessment for measures
of power might result in differences for Pnax. Hence, comparisons of Ppax for
a specific exercise between different methods are problematic, due to the
substantial differences in the power-load curves observed at lighter loads in

this study (page 67).

In  summary, caution should be applied when comparing power-load
relationships derived from different methods, particularly at lighter loads.
Such differences might be one reason for the contradictory findings
associated with the exact identification of Pyax in certain exercises such as
ballistic type exercises, where maximum power occurs at relatively light loads
(79; 84). If possible, scientists and practitioners should use the same method
of assessment for each testing occasion to ensure high levels of

comparability between the results of the tests.
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Even though outcome measures for the three methods showed distinct
differences, the correlation coefficients for measures of power, force and
velocity were high (0.93 - 1.00) (page 70, 74 and 78). Therefore, it would be
useful to evaluate prediction equations (e.g. regression analysis) which

correct for the anomalies between methods in future research.

Bench Throw
The main finding was that the power-load relationships were significantly
different between the methods, in particular at lighter loads (page 80 and 81).
Pmax for measures of peak and mean power occurred at “bar only” for FP and
FPL, but at 30% 1RM for L. Peak power output was significantly different
between all three methods at “bar only” and between FPL and L for
measures of mean power at 30% 1RM (page 81). Power outputs for FP were
consistently higher compared to FPL and L (page 80 and 81). Therefore,
measures of power during the bench throw exercise assessed with different
data acquisition technologies and methods of calculating power are not

directly comparable.

In addition, the force-, and velocity-, load curves were significantly different
between measures derived from ground reaction force and displacement of
the bar (page 85 and 89). Mean and peak measures of velocity at “bar only”
and 30% 1RM were significantly higher for FP compared to L (page 89).
Differences due to a mismatch in the reference point of measurement, as
discussed for the squat jumps, do not apply to the bench throw exercise, as
the bar is the system on which all external forces act (48). It may be
speculated that the system mass used to derive velocity from force plate data
and force from data of the displacement tracking laser was the main source

for the observed differences.

The following explanation supports this argument. The mass used for the
calculations of power output was the mass of the loaded bar. This resulted in
an underestimation of the total mass (i.e. system mass) involved in the

movement, as parts of the arms are lifted upwards as well (90). This
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underestimation of system mass, in turn, has distinctive effects on measures
of velocity derived from ground reaction force (Equation (i)) and on measures
of force derived from displacement of the bar (Equation (ii)):

AVelocity = Force * Time / System Mass...........cccoceeiviiiiiiiieeeneenns (i)*

Force = Acceleration * System Mass..........ccccceeveiiiiiiiiiiiene (i)

(*adapted from page 16 and 17)

Table 19 presents the measures of force, velocity and power during the
bench throw with the “bar only” load based on the mass of the bar (i.e. 21.3
kg) and respective measures based on the mass of the bar plus 4.7 kg
(estimated correction for the part of the mass of the arm involved in the
upwards movement) i.e. total mass was 26.0 kg. Note, that in FP, division by
a smaller mass resulted in a higher velocity value, whereas, in L multiplying a

smaller mass and acceleration resulted in a lower force value.

Table 19: Effects of changes in system mass for calculating force velocity and power
during the bench throw exercise*

Force Plate only

System Mass (kg) Force (N) Velocity (m.s™) Power (W)
21.3 820 4.62 2320
26.0 820 2.86 1370
Laser only
System Mass (kg) Force (N) Velocity (m.s™) Power (W)
21.3 540 2.93 1090
26.0 720 2.93 1330

*Values were calculated using the NAMS — software from bench throw data obtained during a
“bar only” trial using a correction for arm mass of 4.7 kg.

The contribution of the effect of upper limb inertia is relatively larger at lighter
loads compared to its contribution at heavier loads (33). This is in principle
similar to the effects of inclusion or exclusion of body mass during lower body
exercises. This therefore explains why the differences between measures of
power, force and velocity were more obvious at lighter loads and became
less apparent at heavier loads (page 80, 85 and 89). Determining the exact

contribution of upper limp mass would involve time consuming procedures
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(e.g. based on Archimedes principle, where the apparent loss in weight of a
body immersed in a fluid is equal to the weight of the displaced fluid (28).
Such procedures might be considered for research purposes, but lacks
practicality as required for field testing. Generalized correction factors based
on anthropometrical data might increase both, the accuracy and
comparability of measures derived from ground reaction force and

displacement of the bar.

In summary, neglecting arm mass as a contributor to system mass results in
an underestimation of power for L and to a greater extent to an
overestimation of power for method FP. Due to the smaller relative
contribution of arm mass for heavier bar loads these differences become less
apparent towards the right side of the load spectrum. Generalized correction
factors might increase the accuracy and comparability of outcome measures
derived from bar displacement tracking devices and force plate techniques
and might be useful for practical applications. Differences in the reference
point of measurement, as for the lower body, are not a concern for upper
body exercises. Thus, the combination of velocity from L and force from FP is
valid and subsequent power measures are more accurate than power
measures based on L or FP only, especially as no excessive data
manipulation is necessary to acquire force data from a force plate and

velocity data from a linear position transducer (32; 63).

Data Processing

The following section discusses the observed differences between the three
methods of assessment on the background of technical considerations and
aspects of data acquisition processes used to derive measures of velocity,

force and power for the three methods.

Data acquisition and signal processing can influence the outcome measures
substantially (page 24), in particular, when only displacement data are
available to derive velocity force and power. Deriving velocity from
displacement is relatively straight forward. Yet, additional filtering is
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necessary to derive acceleration from velocity data, which is already a
derived measure itself. Thus, small inaccuracies in the original measurement
might be amplified during subsequent -calculations of power output.
Moreover, it is suggested that the specific equipment configurations such as
type of filter and cut-off frequencies used for signal processing have different

effects on the calculation of velocity, force and power (Appendix A and (63)).

3.2.3.3 Conclusion

In the following sections the conclusions of this study are formulated based
on the findings presented in the discussion. A short evidence-based answer

will be provided for each research question outlined at the onset of the thesis:

Question 1

For data acquired simultaneously during the squat jump and bench throw
exercises with three different methods of assessment, i.e. force plate,
displacement sensor, and a combination of force plate and displacement
sensor:
How reliable are measurements of force, velocity and power for each
method?

Answer

It may be concluded that measurements of velocity, force and power had
good levels of reliability for each method of assessment, at least when
measured under the conditions described in this study (i.e. a modified Smith
machine, broad spectrum of athletes). Peak values showed slightly higher
levels of reliability compared to mean measures for all variables. Thus, peak
values should be the preferred measure, in particular if small

changes/differences in the outcome measures are considered meaningful.

Question 2

For data acquired simultaneously during the squat jump and bench throw
exercises with three different methods of assessment, i.e. force plate,
displacement sensor, and a combination of force plate and displacement
sensor:
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Are there significant differences in the power-load relationship derived from
these three methods for the squat jump and bench throw exercises?

Answer
Loaded Squat Jump

It can be concluded that a comparison of the power-load relationships
derived from different methods, should be made with caution at the lighter
loads. This finding may explain the contradictory results from studies which
have attempted to identify the Pnax in certain ballistic type exercises where
maximum power occurs at relatively light loads. It is suggested that these
differences occurred because the center of gravity of the system (i.e. bar +
body) and the bar did not travel in parallel. Consequently, depending on the
reference point of measurement (i.e. bar or center of gravity of the system)
force-time and velocity-time relationships were different, which resulted in
different interactions of force and velocity and subsequent calculations of
power. From a principle perspective, combining measures of force derived
from force plate technique and velocity derived from bar displacement is not
valid as this is a mismatch of physical quantities from two different systems
(bar vs. body). Therefore, power measures derived from FPL represent

neither the power applied to the bar nor the power applied to the ground.

Bench Throw

Neglecting the mass of the subject’s arm as a contributor to the system mass
results in an underestimation of power output for L and to a greater extent to
an overestimation of power output for method FP. Due to the smaller relative
contribution of arm mass for heavier bar loads these differences become less
apparent at heavier loads. Generalized correction factors might increase the
accuracy and comparability of outcome measures derived from bar
displacement tracking devices and force plate techniques and might be
useful for practical applications. Differences in the reference point of
measurement, as for the lower body, are not a concern for upper body
exercises. Thus, the combination of velocity from L and force from FP is valid
and subsequent calculations of power are more accurate than measures of

power based on L or FP only, especially as no excessive data manipulation
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is necessary to acquire force data from a force plate and velocity data from a
linear position transducer.

This study was a very basic investigation on the comparability of different
methods assessing muscle power output. Thus, choosing “concentric only”
movements allowed for precise control of the movement (not so easy with
stretch-shortening cycle movements). In turn, precise standardisation of the
phenomenon during which data were acquired simultaneously from three
different methods should improve the results/conclusions for the experiment,
i.e. “are there significant differences between the methods for measures of
power output?” (which has not previously been investigated in concentric
only movements). The next research study could include stretch shortening
cycle movements and investigate whether the results are concurrent with

those of the “concentric only” study.
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APPENDIX A

EFFECT OF A CHANGE IN CUT-OFF FREQUENCY ON MEASUREMENTS
OF FORCE, VELOCITY AND POWER

To explore such differences further measurements of force, velocity and power
were compared applying a 2" order Butterworth filter with a cut-off frequency of
5 Hz and 14 Hz. The data was derived from vertical ground reaction forces

during squat jumps using only the bar (21.3 kg) and at 80% 1RM (Table 1).

Table 1: Effects of changes in cut off frequency using a 2" Order Butterworth filter on
measures of force, velocity and power output during squat jumps at loads of “bar
only” (21.3 kg) and 80% 1RM

Peak Cut-off frequency A Mean Cut-off frequency

0,

%A
outputs 5Hz 14 Hz ’ outputs 5Hz 14 Hz %

“bar only” load (21.3 kg)

Force (N) 2345 2399 2.3 1718 1672 2.7
Velocity (m.s™) 2.79 2.88 3.2 141 1.51 7.1
Power (W) 5889 6219 5.6 2280 2091 9.0

80% 1RM load

Force (N) 3514 3552 11 2721 2651 2.6
Velocity (m.s™) 1.48 1.50 14 0.54 0.56 3.7
Power (W) 4706 4851 3.1 1466 1449 1.2

The results presented in Table 1 indicate, that velocity and power output are
more affected by a change in cut-off frequency compared to force. In addition,
an increase in cut-off frequency generally results in an increase in magnitudes
for peak measures, whereas mean measures decrease. However, for measures
of velocity both, peak and mean values increase as a result of the respective
change in cut-off frequency. In the context of the findings for this study and
related research (32; 44; 63) , it is important to gain a better understanding as to

how different filter types and configurations effect outcome measures.



APPENDIX B

PERSONAL INFORMATION FORM
UNIVERSITY OF CAPE TOWN
UCT/MRC Research Unit for Exercise Science & Sports Medicine

Nr_‘_,
essm o
—

PERSONAL INFORMATION FORM WITH REGARDS TO
EXERCISE TESTING AND BIOMEDICAL RESEARCH

The validation of muscle power output measures in lower and upper body
resistance exercise

CLIENT NUMBER/CODE

COMPLETE NAME

POSTAL ADDRESS

Date of birth Age Gender
/ / M F
Telephone numbers E-mail address

(h)

(w)
(Cell)




Appendix B

1) Do you take part in any Sport?

(Active participation in the last 12 months)

___Rugby
____Soccer

____Running

____Hockey
____Tennis

____ Swimming

_ Cycling
____Basketball
____Rowing

Other:

2) For how many years have you been actively participating in this sport?

1 2 3 4 5 6 7 8 10 or more
Please specify at which level
social club provincial national

3) During the last 3 months, how many times on average, per week, have
you trained? (Sessions of 30 min or more of structured exercise)

1 2 3 4 5 6 7 8 10 or more
4) Do you have any resistance training experience? v N
If yes, please specify for how many years

<1 1 2 3 4 5 6 7 9 or more

5) During the last 3 months, how many times on average, per week, do
you presently perform resistance training? (Sessions of 30 min or more of
structured exercise)

1 2

3

4

10 or more

6) Please list any illness, hospitalisation or surgical procedure within the
past 2 years.
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If there is any other information in general or related to your health status, which might
be deemed important with regards to this study you would like to mention, please use

the space below.

I, the undersigned,

, State that all the information | have

given in the above questionnaire is accurate and correct according my knowledge.

DATE:

DATE:

DATE:

NAME (SUBJECT):

SIGNATURE (SUBJECT):

NAME (WITNESS):

SIGNATURE (WITNESS):

NAME (TESTER):

SIGNATURE (TESTER):

Once again thank you for your willingness to participate in this study and support the

field of exercise science and biomedical research.

Kindest regards,
Gunnar Schoeler

Contact Gunnar Schoeler: Tel: + 27 21 650 4569
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AHA /| ASCM Health / Fitness Facility

Pre-participation Screening Questionnaire*

Assess your health status by marking all true statements

History

You have had:

____aheart attack

____heart surgery

____cardiac catheterization

____coronary angioplasty (PTCA)

____pacemaker / implantable cardiac
defibrillator / rhythm disturbance

__ heart value disease

____heart transplantation

____congenital heart disease

Symptoms

Do you experience:

____chest discomfort with exertion
____unreasonable breathlessness
____dizziness, fainting, or blackouts
____take heart medications

Other health issues

Do you have:

____diabetes

____asthma or other lung disease

____burning or cramping sensation in your lower legs when walking short distances

____musculoskeletal problems that limits your physical activity, if yes please specify
at the bottom of the form

____concerns about the safety of exercise

____take any prescription medication(s), if yes please specify at the bottom of the
form

Cardiovascular risk factors

____You are a man older than 45 years

____You smoke, or quit smoking within the last 6 months

___ Your blood pressure is > 140 / 90 mm Hg

____You do not know your blood pressure

____You take blood pressure medication

____Your cholesterol level is > 200 mg / dI

____You do not know your cholesterol level

____You have a close blood relative who had a heart attack or heart surgery
before age 55 (father brother) or age 65 (mother sister)

____You are physical inactive (i.e. you get < 30 minutes of physical activity
on at least 3 days per week)

___You are 20 pounds (i.e. 9.07 kg) overweight

If you marked any of the statements above please consult a doctor and get medical
clearance if applicable.
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Please specify your musculoskeletal problems /injuries

Please specify type and indication of your medication

Date Signature

* Modified from American College of Sports Medicine and American Heart Association.
ACSM/AHA Joint Position Statement: Recommendations for cardiovascular screening,

staffing, and emergency policies at health and fitness facilities. Med Sci Sports Exerc
1998: 1018
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TRAINING LOG
Name ' Duration Emphasis on . Emp())r:]asis
I.D.é.t .e. ....... Trained (min) Etr:gz?:r:coer Intensity Lower / Remarks/Comments
Upper body
Y N E S 12345 L U
Y N E S 12345 L U
1.Testing || Y N E S 12345 L U
Y N E S 12345 L U
Y N E S 12345 L U
Y N E S 12345 L U
Y N E S 12345 L U
Y N E S 12345 L U
Y N E S 12345 L U
Y N E S 12345 L U
Y N E S 12345 L U
Y N E S 12345 L U
Y N E S 12345 L U
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e INFORMED CONSENT
UNIVERSITY OF CAPE TOWN

UCT/MRC Research Unit for Exercise Science & Sports Medicine

N’_‘_,
essm o
—

GENERAL INFORMED CONSENT WITH REGARDS TO
EXERCISE TESTING AND BIOLOGICAL RESEARCH

The validation of muscle power output measures in lower and
upper body resistance exercise

1. EXPLANATION OF THE TESTS
The MRC/UCT Research Unit of Exercise Science and Sports Medicine will be
conducting a study focused on the test of upper and lower body power output during
bench throws and weighted squat jumps using a customised Smith machine and its
attachments developed in our institute (NAMS-Unit, Zest Manufacturing PTY (LTD),

Cape Town, South Africa).

The testing will be over three days, with a minimum of 48-hour rest between testing
days to ensure adequate recovery. The following tests will be performed:

Day 1: (approximately 2 hours)
e Body composition
o Mass, stature, percentage body fat
e One repetition maximum test for both squat and bench press
exercises
e Familiarisation session on the power testing procedures for the bench
throw and weighted squat jumps

Day 2 & 3: (approximately 1.5 hours each session)
e Randomized testing of power for either the bench throw or weighted
squat jumps

Each power testing session will consist of 6 loads representing 30, 40, 50, 60, 70, and
80 % of 1RM of the involved exercise with 3 trials at each load. Two — three minutes
rest will be provided between the trials to minimise the effects of fatigue. The first
session will take up 2 hours. Session two and three will require 1.5 hours of your time,
which adds up to 5 hours in total.
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2. ATTENDANT RISKS AND DISCOMFORTS

It is of utmost importance that you are injury free in the involved areas. If not, then this
information should be shared with the tester beforehand and after consultation with a
qualified medical doctor at the research unit, decided if the subject can participate in the
study or not. Due to the nature of the testing, there is always the risk of musculoskeletal
injury during the 1RM and power tests if the subject does not warm-up adequately,
performs the exercise with bad form or technique, or is carrying an injury. This risk is
however minimal and certainly no greater than the risks associated with a typical weight
training session, if the subject follows the prescribed test protocol completely.
Emergency equipment and trained personal are available to deal with unusual situations
that may arise. The project has insurance cover under the UCT no-faults insurance. A
medical doctor will be on site during testing.

3. RESPONSIBILITIES OF THE PARTICIPANT
Please pass any information about your health status or previous experiences of disease
related symptoms or current changes of these on to us (see also “Personal Information
Form”). It is important that the subjects follow the instructions of the tester completely
throughout the testing time-period. For each testing day, you should be completely
rested and should not have trained at all for at least 24 hours before each testing day.

4. BENEFITS TO BE EXPECTED
Each subject will receive a brief summary of their test results regarding e.g. body
composition, percentage body fat, and power output of the lower and upper body. They
will further have the knowledge that they have contributed to developing new scientific
research in the field of exercise science and human biology.

5. INQUIRIES
You may feel free to ask any questions regarding the testing procedure and research at
any time during, before or after the testing procedures.

6. RESEARCH USE OF PERSONAL INFORMATION
Your personal information will be handled confidential and only used in a decoded
manner. It is not to be released or revealed to any person without your written consent.
However, the information obtained may be used for statistical analysis or scientific
purposes with your right to privacy retained.

7. FREEDOM OF CONSENT
Your participation is entirely voluntary. If you feel the need to withdraw from the study,
you can do so at any time. Notice of this decision should however be given to the
researcher involved.

| confirm that the above-mentioned tests have been thoroughly explained to me. |
acknowledge that the personal information required by the researchers and those
derived from the testing procedures will remain strictly confidential and no reference to
my name will be revealed in any publication or statistical analysis. | have read this form
and | understand the testing procedures that 1 will have to perform, my rights as a
subject and the attendant risks, complications and discomforts. Knowing these risks,
complications and discomforts, and having the opportunity to ask questions that have
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been answered to my satisfaction, | consent to participate in this study and offer my full
cooperation.

DATE: NAME (SUBJECT):

SIGNATURE (SUBJECT):

DATE: NAME (WITNESS):

SIGNATURE (WITNESS):

DATE: NAME (TESTER):

SIGNATURE (TESTER):

Contact: Gunnar Schoeler Tel: + 27 21 650 4569
Cell: +27 74 111 5747
Email: gunnar.schoeler@uct.ac.za
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INCLUSION VS. EXCLUSION OF BODY MASS TO CALCULATE POWER
OUTPUT DURING SQUAT JUMPS

The effect of inclusion vs. exclusion of body mass for calculations of power
output during squat jumps on the power-load relationship derived from the three
different methods; i.e. force plate only (FP), laser only (L) and a combination of
force derived from FP and velocity derived from L (FPL).

The following results were derived from the data as discussed in the main part
of this thesis. Thus, the same principles were applied to derive power output for
each respective method of assessment. Yet, power output was calculated using

two different methods:

a) Including the effect of body mass

Power +gm = Force * VeloCity ........ooiiiiiiiii i (i)

b) Excluding the effect of body mass

Power _gu = (Force - Body mass * 9.81) * Velocity ....................... (i)
a) b)
6000+ P 4000+ ——L
= 1 —o—FP o | —o—Fp
= o =
< 5000+ FPL < 3000+ g £+FPL
7 ] &
9] 0] 1
£ 40004 200 L 1 I |
- I A g ]
5 I 3
& 3000+ & 1000+
20004 0
2500 c) )
B —o— L 1500+ —— |
= ] ——FP —o—Fp
=3 ——FPL = —o— FPL
< 2000 -
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2 1500 g
1500
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g | I L § 5001
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Load (%1RM) Load (% 1RM)

Figure 1: Effects of inclusion vs. exclusion of body mass to calculate power output for
FP, Land FPL

a) peak power including body mass c) peak power excluding body mass

b) mean power including body mass d) mean power excluding body mass

FP = force plate onlv, L = laser onlv, FPL = force plate + laser;
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Table 1: Measures of peak and mean power output including body mass during the
squat jump for each method *. Values are presented as group mean and + SD, (n = 15 in

each group).

Load (%1RM) FP L FPL
Peak power (W)
Bar only 4097 £ 671 4317 + 800 4710 + 892
30 4118 + 700 4342 + 766 4543 + 801
40 3897 £ 599 4194 + 714 4291 + 755
50 3849 + 639 4059 + 610 4136 + 686
60 3660 + 552 3873 £ 663 3883 + 679
70 3581 + 622 3709 + 588 3702 + 625
80 3194 + 578 3302 + 642 3337 £ 623
Mean power (W)
Bar only 1647 + 358 1739 + 413 2007 + 478
30 1589 + 300 1684 + 337 1850 + 386
40 1475 + 258 1572 £ 298 1703 £ 335
50 1395 + 285 1450 £ 302 1553 + 315
60 1292 + 212 1339+ 251 1435 + 266
70 1206 + 250 1218 + 265 1282 + 284
80 1008 + 233 1063 + 261 1136 + 264

*Load at which maximum power occurred in bold, Bar only = absolute load of 21.3 kg,
FP = force plate only, L = laser only, FPL = force plate + laser;

Table 2: Measures of peak and mean power output excluding body mass during the
squat jump from each method *. Values are presented as group mean and £ SD, (n =15

in each group).

Load (%1RM) FP L FPL
Peak power (W)
Bar only 2385 +410 875+ 142 2771 £ 520
30 2472 + 514 1413 £ 365 2753 £ 586
40 2402 + 456 1637 + 408 2661 + 560
50 2429 + 484 1823 + 449 2627 + 522
60 2384 £ 428 1903 + 445 2540 £ 530
70 2383 £ 478 1967 £ 423 2495 + 496
80 2142 + 454 1841 + 464 2277 £ 506
Mean power (W)
Bar only 705+ 179 346+ 53 909 * 244
30 730 £ 176 542 + 140 881 + 226
40 719 £ 154 612 + 150 850 + 201
50 710+ 176 626 £ 159 811 + 197
60 694 + 138 654 + 154 787 £ 173
70 668 £ 178 618 + 166 722 £ 196
80 587 + 143 590 + 155 656+ 171

*Load at which maximum power occurred in bold, Bar only = absolute load of 21.3 kg,
FP = force plate only, L = laser only, FPL = force plate + laser;
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The following section presents the correlation coefficient between Power .gy

and Power _gy for each method of assessment.

Peak Power FP.gy vs. FP, Peak Power L vs. L Peak Power FPL vs. FPL |
00+ BM BM 7500+ +BM BM 8000+ +BM BM
= Z
o S ; B
o 5000+ | 5000 o 6000
[ 7:‘ o
o
a a o
a 08° o . & 4000 w0 %
3 30004 @ 2500 o0 o 2
° 2000
°
1000- 0-
r=0.92 r=0.34 r=0.93
r T T 1 r T T 1 T T T 1
1000 3000 5000 7000 0 2500 5000 7500 2000 4000 6000 8000
SJ PPo FP,gy SJPPoL gy SJPPo FPL gy

Figure 2: Correlation between peak power measures derived by including body mass (.gm) or
excluding body mass (_sy) for each method.
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Figure 3: Correlation between mean power measures derived by including body mass
(+am) or excluding body mass (.sv) for each method.

Table 3: Relationship between measures of power when including body mass vs. excluding
body mass during the squat jump, (n = 15 for each group). Data are shown as the
correlation coefficient (r) and the 95% Confidence intervals of the correlation coefficient in

brackets.

FP+BM L +BM FPL +BM
Peak Po Mean Po Peak Po Mean Po Peak Po Mean Po

. 0.92 0.81 _ }

jel (0.88-0.94)  (0.73-0.87)
] i 0.34 0.32 i

-BM (0.16 - 0.50) (0.13 - 0.48)

0.93 0.87

FPL m - - (0.89 - 0.95) (0.81-0.91)

Po = Power (W),

+BM = calculation of power including body mass,

-BM = calculation of power excluding body mass,

FP = force plate only, L = laser only, FPL = force plate + laser;
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The results indicate that the power-load relationship changes when excluding
body mass for calculating power output during squat jumps (Figure 1).
Consequently, Pmax occurs at different percentages of 1RM (Table 1 and 2). In
particular calculations derived from the displacement of the bar were affected
when excluding body mass to calculate power output (Figure 1). Consequently,
the correlation coefficient between Power gy and Power gy was lowest for
method L compared to the respective correlation coefficients for FP and FPL
(Table 3).
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