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The purpose of this study was to examine the relationship between load and
musculoskeletal elasticity in the power squat. Eight male subjects experienced in the power
squat participated in this study (mean height: 1.756+0.072 m; mean mass: 77.5+£10.4 kg).
Subjects were videotaped performing a countermovement squat (CMS) and a purely
concentric squat (PCS). Both the CMS and PCS were performed at four load percentages
(40%, 55%, 70%, and 85%) of the subject’s tested one repetition maximum (mean
maxima: 166.9+51.9 kg). Segmental data were digitized, reduced to selected mechanical
variables, and analyzed with repeated measures ANOVAs (0=0.05). Results for
concentric time indicated significant main effects for condition (CMS or PCS) and load
percentage and a significant interaction between condition and load. Lifters required greater
amounts of concentric time in the PCS and at higher loads. The interaction indicated that
the subjects required exponentially greater amounts of time at heavier PCS loads than
heavier CMS loads. Average concentric work and average concentric power had
significant main effects for both condition and load percentage; average work and power
were greater in the CMS condition and less at the heaviest load. A significant main effect
for load percentage was found for maximum concentric velocity, net concentric work on
the system, and energy; velocities decreased with increased relative loads; net work
increased as load percentage increased; and energy increased with increasing load. Elastic
energy did not change with load. The variability of the elastic energy measure suggested
that it was influenced by the subject’s performance, the task characteristics, or both: The
subjects’ training regimes (i.e. heavy or light weights) may have influenced their
performance favorably or detrimentally at different loads. The task may have influenced

the elastic energy measure since the concentric phase could be completed anywhere within



the upward thrust, not necessarily at the top, as other tasks (e.g. jumping) require. In
conclusion, although the measure of elastic energy was confounded in the present study, its

mechanical benefits were still apparent in a loaded activity.
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Chapter I

INTRODUCTION

It is not difficult to recognize that athletes invest much time, effort, and expense to
gain a competitive edge in their performance. New and often costly products are
continually offered to athletes as performance enhancements. Ironically, some athletes may
be overlooking simpler means to performance improvement. Rather than investing their
resources elsewhere, athletes may only need to analyze and modify the mechanics of their
performance to achieve considerable improvement. One advantage that athletes often fail to

utilize is the inherent elastic properties of their musculoskeletal syétems.

What is elasticity? It can be defined as the spring-like response to a stimulus.
Specifically, it is the ability to deform and then return to an initial position. One example of
this is a rubber band. Rubber bands have the ability to be stretched and then vigorously
rebound to their initial size (if they are not stretched too far). The physical characteristics of
the rubber band allow it to store the energy of the stretch and then return it later as it regains
its initial position. The amount of energy stored is directly proportional to the amount of
stretch and the stiffness/compliance of the rubber band.

While the human musculoskeletal system does not contain rubber bands, it does
have elements that act, under certain circumstances, with elastic characteristics. For the
musculature to act elastically a movement must have a period of eccentric braking of one
action followed immediately by a concentric thrust of the opposite action (see Appendix A

for additional descriptions of eccentric and concentric motion). In other words, the initial



movement is counter to the direction of the subsequent primary movement, and the muscles
which stop the countermovement are prestretched prior to initiating the primary movement.
Even though a countermovement is considered necessary for eliciting elastic behavior, it is
not sufficient unless the reversal from countermovement to the primary movement is

Several sport skills, such as weightlifting, jumping, striking, throwing, and
running all have countermovements. When these countermovements are reversed quickly,
the use of elastic energy is likely. Consider the following scenario from weightlifting: A
person performs five successive repetitions of a bench press at 80% of maximum (for one
repetition). The first repetition, which is started from chest level, involves no
countermovement and therefore has no elasticity. The second repetition has a
countermovement (from the descent of the weight after the first repetition) but minimal
elasticity if the exercise is performed with the recommended slow, deliberate technique.
The fifth (and last) repetition, if it is performed in a state of fatigue, may include a bounce
at the bottom as the downward motion is quickly reversed to an upward motion. In this
final lift, the fading energy of the muscle may be augmented by elastic energy. Of course,

a performer does not have to be in a fatigued state to induce an elastic response.

To date, research has not provided conclusive evidence indicating which
physiological components within musculature have elastic capabilities. Hypothesized
elastic energy storage sites include ligaments, tendons, muscle sheaths, and the myosin
heads within the muscle fibers. The present study provides no additional evidence to this
cause, but instead seeks further understanding of the characteristics and benefits of

elasticity within human motion.

(38



The benefits of elastic energy to countermovement activities were noted by
Asmussen and Bonde-Peterson (1974b) when discussing the results of their study on

vertical jumping:

When a countermovement was performed...a certain amount of [negative]
energy...was implanted into the body in excess of the energy liberated by the muscle
contractions, which are assumed to be maximal. Part of this must have degenerated
into heat, but another part most probably was absorbed by the elastic components of
the muscles, so that less of the energy subsequently liberated by the muscles was
wasted as internal work. As a consequence more energy was available for external
work, resulting in a greater [performance outcome]. (p.388-389)

The benefits of elasticity to performance outcome have since been studied by other
researchers (Cavagna, 1977; Chapman, 1980; Chapman, Caldwell, & Selbie, 1985;
deHaan, Van Ingen Schenau, Ettema, Huijing, & Lodder, 1989; Hudson and Owen, 1985;
Shorten, 1987; Van Ingen Schenau, 1984; Wilson, Elliott, & Wood, 1991). The
traditional paradigm involves the comparison of a primary movement with a
countermovement to the same primary movement without a countermovement. When the
countermovement was quickly reversed, favorable metabolic and mechanical performance
outcomes resulted in the countermovement condition. The metabolic benefits to the
countermovement included reduced muscular energy requirements, greater efficiency,
greater work, and greater power. The mechanical benefits included greater concentric
velocity, reduced time to peak concentric velocity, greater force, reduced time to peak
force, greater work, greater power, and greater energy. In short, these performance
enhancements, both metabolic and mechanical, are thought to reflect the use of elastic

energy within the movement.

Because benefits to performance appear to exist due to elasticity, what

characteristics of movement are associated with the use of elastic energy? According to



Cavagna (1977), “the amount of mechanical energy stored and re-utilized depends on the
mechanics of the exercise” (p. 89). This statement can be expanded to include both the
general characteristics of the task and the individual variations in technique employed by
each performer (Hudson, 1986). In other words, certain characteristics of performance are
correlated with the use of elastic energy. The time between eccentric and concentric phases
is one such variable. Due to the degenerative nature of elastic energy in humans, it seems
that greater amounts of time between eccentric and concentric phases results in lower elastic
energy use and benefit (Aruin, Prilutski, Raitsin, & Savel 'ev, 1978; Wilson et al., 1991).

Also, the eccentric displacement (or range of motion) in the countermovement has
been shown to influence elastic energy use (Bosco & Komi, 1979; Bosco, Tihanyi, Komi,
Fekete, & Apor, 1982; Cavagna, 1977; Chapman, Caldwell, & Selbie, 1985; deHaan et
al., 1989; Joyce, Rack, & Ross, 1974, Thys, Cavagna, & Margaria, 1975). Depending on
the task, eccentric displacement may reduce or increase elastic energy benefits. While
greater eccentric displacement has been negatively correlated with elastic energy benefits,
no research indicates how less than “optimal” eccentric displacements would affect elastic

energy and its benefits.

Peak eccentric velocity has also been shown to influence elastic energy use (Bosco,
Komi, & Ito, 1981; Edman, Elzinga, & Noble, 1978; Thys et al., 1975). Specifically,
higher peak eccentric velocities (up to a point) seem to be positively correlated with greater
elastic energy use. Additionally, it seems that the intersegmental coordination of the
performer may influence the amount of elastic energy used (Hudson, 1986). For example,
when the optimal intersegmental coordination of a skill is theorized to be simultaneous (all
of the limbs begin the concentric thrust at the same time), but the subject is early or late
with some of the segments involved, the effectiveness of elastic energy use may be

minimized or neutralized.



Much of the contemporary research on elastic energy has focused on the issues of
time, range of motion, velocity, and intersegmental coordination in movement. No
evidence, however, has been provided regarding how well elastic energy is utilized with
different eccentric forces. Modifying load is one way of changing the eccentric forces.
This change in load may change the behavior of the elastic elements that are stretched in the
eccentric phase of the movement. Further, any changes in the behavior of elastic elements
may lead directly to changes in elastic energy as well as indirectly to changes in variables

which are correlated with the use of elastic energy.

In general, the influence of load on elastic behavior may be evident in two ways.
First, the addition of load may affect the relationship between the countermovement and
non-countermovement variations of the task. As with unloaded activities, significant
differences between countermovement and non-countermovement conditions would be
taken as evidence of elasticity. Second, the amount of load, from moderate to heavy, may
influence the extent of elastic contribution. That is, as load increases, the evidence of
elasticity may increase or decrease. Of course, load may also affect performance

independent of elasticity.

The main effects of condition (countermovement or non-countermovement) and
load (moderate to heavy) as well as the interaction of condition and load on elasticity can be
studied with several variables. Time is one variable that may be modified with a
countermovement. It is expected that with additional load the amount of time in the
concentric phase of the activity will decrease due to the additional work performed by
elastic structures in the body. Also, it is expected that subjects will require greater amounts
of time as the load increases due to the additional effort needed.



Greater velocity is expected in the conditions involving a countermovement because
of its benefit from the recoil of elastic structures (Thys et al., 1972). Lesser velocity is
expected, however, with greater loads due to the limitations of the force-velocity
relationship. That is, greater loads will require greater forces and thus result in lesser
velocities (Hill, 1938).

The mechanical work performed is expected to increase with the use of a
countermovement (Cavagna, 1968; Chapman, 1980; Chapman & Caldwell, 1985; Thys et
al., 1972; Wilson et al., 1991). Also, the amount of work performed is expected to
increase as load increases and velocity decreases (Hill, 1970). Power is expected to
increase with the use of a countermovement (Bosco & Komi, 1979; Cavagnaet al., 1971;
Cavagna, 1977 Thys et al., 1972). No evidence indicates how power will change asa

function of load.

Peak force values are expected to increase with the use of a countermovement due
to the recoil of elastic elements (Bosco & Komi, 1979, Cavagna & Citterio, 1974; Thys et
al,, 1972). Also, peak force is expected to increase with load due to the inherent
requirements of performing lifts of heavier weights. The force-velocity relationship is
expected to shift along both force and velocity axes due to elastic energy use. This is
expected because elastic recoil will provide both additional force and additional velocity to
the lifter’s performance outcome. Hlastic energy, the primary characteristic in this study, is

expected to change as a function of load, but no evidence exists indicating how.

No prediction can be made at this time regarding the interaction of condition and
load with any variable. The evidence of elasticity may be greater at either moderate or
heavy loads. Altemnatively, the evidence of elasticity may be consistent across moderate to
heavy loads.



In order to test the relationship between load and elasticity a weightlifting task will
be used. In weightlifting, the load (amount of weight) that is used in a particular lift is
easily modified. Specifically, the power squat is a dynamic weightlifting event that allows
changes in load relative to the performance capability of the lifter. Moreover, skilled lifters
tend to perform the power squat with a relatively quick reversal at the bottom of the lift.

Therefore, the purpose of this study is to examine the relationship between load and
elastic behavior in the power squat. Several variables which represent the benefits
correlated with elastic energy use will be analyzed as a function of condition and load.

Also, an actual characteristic of countermovements, elastic energy, will be examined as a
function of load. Specifically, the following hypotheses will be tested.

Hypotheses

I. Time.
a. Time will decrease with the use of a countermovement.

b. Time will increase with greater loads.

II. Velocity.
a. Velocity will increase with the use of a countermovement.

b. Velocity will decrease with greater loads.

I1I. Work (average and net).
a. Work will increase with the use of a countermovement.

b. Work will increase with greater loads.

IV. Power (average and peak).
a. Power will increase with the use of a countermovement.

b. Power will not change with greater loads.



V. Force.,
a. Force will increase with the use of a countermovement.

b. Force will increase with greater loads.

VI. Force-Velocity Relationship.
a. The force-velocity relationship will shift horizontally and vertically with the use

of a countermovement.

VII. Elastic Energy.
a. Elastic Energy will not change with load.



Chapter II

REVIEW

In explicating the issues surrounding elastic energy it is useful to begin with a
model of the muscle. A structural model is provided to aid the discussion of where elastic
energy originates within the muscle. A functional muscle model (i.e., a mass-spring
model) is included to explain how elastic energy is stored and returned. Also, an
alternative, non-clastic explanation is presented. Next, the characteristics of movement
(e.g., range of motion, velocity) that contribute to elastic energy are evaluated. Then, the
issues of what performance outcomes can benefit from elastic energy are assessed. The
mechanical variables of interest include velocity, work, power, efficiency, and load.
Finally, the primary issue of this study, load and its effect on elastic energy utilization, is

reviewed.
Structural Muscle Model

A brief overview of the structural muscle model originally developed by Hill (1938)
is provided in the following section. An adaptation of this model as used by Shorten
(1987) is provided in Figure 1.



Figure 1. Muscle Model Shorten (1987)

This muscle model consists of three components. The contractile component (CC)
provides the force generating processes that enable the muscle to contract and thus the body
tomove. Structurally, the thick and thin filaments of the CC are located within the
sarcomeres of each myofibril of each muscle fiber. The thick filaments temporarily attach
and reattach to the thin filaments via the myosin heads which protrude from the thick
filaments. These connections have a mechanical function and are referred to as
crossbridges. As the myosin heads uncouple from their current attachment sites, there is a
chemical reaction (i.e., adenosinetriphosphate [ATP] is broken down to
adenosinediphosphate [ADP]) and heat is released. Note that the uncoupling of a myosin
head from an attachment site does not have to occur with an actual shortening of the
muscle. It may occur as part of the crossbridge cycling that happens when muscles are

tensed in isometric positions.

The other two components, the series elastic component (SEC) and the parallel
elastic component (PEC), represent the nominal elastic structures within the model. These
components are presented according to their geometric relationship with the CC in Figure
1. The SEC is described as joining end-to-end with the CC. The largest elements of the
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SEC are tendon and other connective tissue. These elastic structures are tensed passively
when the CC is tensed. The PEC is described as joining side-to-side with the CC. The
largest elements of the PEC are muscle fascia and other connective tissue. To a limited

extent, the PEC is stretched when the CC is stretched.

The actual pliant elements to elastic behavior are currently only theorized. Research
to date has not provided conclusive evidence for any particular component or even any
particular part of any component. The use of varying methodologies and specimens has
produced conflicting results, subsequently leading to a confusing situation, at best.
Shorten's (1987) review reflects many current beliefs. At this time, most believe that
elastic behavior exhibited in muscles comes from a number of locations including tendons,
crossbridges, myofibrils, and connective tissue. Each of these possibilities may have

specific advantages or disadvantages, but none has been found false.

Currently, all of the elements that make up the SEC are considered as possible
contributors to elastic behavior. Because the CC is tensed during eccentric braking, the
pliant elements of the SEC would be passively tensed at the same time. Despite the
stretching of the CC during eccentric braking, the passive elastic elements of the PEC are
not believed to be a large contributor to elastic behavior. The problem associated with all of
the passive elements, however, is that no explanation has been provided for the relatively

short life of the tension generated.

The idea of the crossbridges within the sarcomere contributing to elastic energy has
drawn recent attention (Bosco et al., 1982; Edman et al., 1978; Shorten, 1987). This type
of elasticity is active rather than passive (Shorten) because it is within the contractile
machinery and relies on the maintenance of the crossbridges for utilization of the elastic

component. Bosco et al. believed that not only is the elastic energy stored in the cross-



bridges, but is specifically stored in the myosin heads as they are rotated backwards. This
concept is appealing for two reasons. One is that it may help explain the transient nature of
the elastic advantage. Elastic behavior seems to have a half-life between one and four
seconds (the transient characteristic of elastic behavior will be discussed shortly). Another
appeal of this concept is the release of heat that occurs when the energy is lost (Hill, 1961).
That is, the loss of heat with the breakdown of ATP in an isometric contraction may be

seen as a loss in elastic energy that could have been used in a subsequent movement.
Functional (Mass-Spring) Muscle Model

Rather than using a structural model, many researchers prefer to use a functional,
mass-spring model to describe the elastic characteristics of musculature (Aruin et al., 1978;
Bosco & Komi, 1979; Cavagna, 1970, Cavagna, 1977, Cavagna & Citterio, 1974;
Cavagna, Citterio, & Jacini, 1981; deHaan et al., 1989; Edman et al., 1978; Joyce et al.,
1974; Lensel-Corbeil & Goubel, 1990; Shorten, 1987; Van Ingen Schenau, 1984; Wells,
1967). Of course, “neither muscle nor tendon behaves like a perfect spring, but both
possess mechanical properties that can be described by relatively simple elastic models”
(Shorten, p. 1). In other words, just as the mass-spring system has specific laws which

govenn its reactions, so does the muscle.

In its simple form the mass-spring model consists of a spring and an oscillating
mass. The spring has a constant stiffness and can be deformed a finite linear distance. The
deformation of the spring is accomplished by the application of a force. When applying the
mass-spring model to muscle, the elastic elements are considered to be like a spring.
Specifically, the elastic elements have a stiffness and an ability to store energy that can be
later recovered. Forces that are imparted to the body, either externally by inertial or

gravitational forces or internally by muscular forces, have the ability to deform the elastic



structures within the muscles and store energy. After certain conditions, such as eccentric
prestretching of muscle followed immediately by a muscle contraction, this stored energy

can be applied to a subsequent concentric contraction of that muscle.

As in any spring, the amount of energy that can be stored within the elastic elements
is proportional to the stiffness of the elements and the square of the deformation of the
elements (Aruin et al., 1978). Because the characteristics of the spring must be maintained
by the elastic elements within the muscles, it should be possible to find out the stiffness of
these elements. This value is crucial because a muscle system's ability to store beneficial
amounts of elastic energy depends on its stiffness, as well as its inverse, compliance.
Understanding the relationship between stiffness and compliance is important when
considering elasticity. Elastic structures which have high stiffness are not easily
deformable and therefore are not able to store large amounts of elastic energy without the
application of large forces. Elastic structures which are compliant, however, are easily
deformable and therefore able to store more energy, especially under the application of

lesser forces.

The elastic structures within muscles must be able to handle the wide variety of
forces (both internal and external) that are applied toit. As stated by Cavagna et al. (1981),
“the contracted muscles behave mainly as elastic bodies and require a compliant structure
capable of storing a large amount of energy during stretching without attaining excessively
high and dangerous force values™ (p. 131). Clearly, the muscles would benefit from a
dynamic solution to this problem. While the stiffness of a spring is considered constant,

the stiffness of the elastic elements within muscles may not be.

Some researchers (Aruin et al., 1978) argued that the stiffness constant of muscles

remained the same across different loads (forces). This claim has not been supported by



other research. Cavagna (1977), Cavagna and Citterio (1974), Cavagna et al. (1981),
Lensel-Corbeil and Goubel (1990), and Van Ingen Schenau (1984) all argue for changes in
compliance or elasticity as the mechanics involved in the movement change. Specifically,
Cavagna and Citterio found evidence for an increase in the compliance of the muscle durning
rapid stretching. Cavagna (1977) and Van Ingen Schenau advocated the decrease in

compliance (or the increase in stiffness) with increasing force.

The work of Lensel-Corbeil and Goubel (1990) specifically addressed the issue of
stiffness and compliance in frog muscles. They found changes in the muscle stiffness with
respect to velocity of stretch, amplitude of stretch, and initial length of the muscle. Under
some conditions the stiffness of the muscle’s elastic structures increased, and under other
conditions the compliance of the muscle’s elastic structures increased. More specifically,
as the velocity of stretch increased the stiffness increased. Also, as the velocity of the
stretch decreased, the compliance decreased, but only if the amplitude of the movement was
smaller. If the amplitude of the movement was greater, then as the velocity of the stretch
decreased the compliance increased.

These conclusions are important because they imply that the muscle utilizes a
dynamic solution to the problems and dangers of constant stiffness of the elastic structures.
In the words of Cavagna et al. (1981), the elastic properties of muscle “change according to
need” (p. 140). That s, the elastic structures can alter stiffness during stretch-shorten

cycles depending on the mechanical parameters present.
Alternative, Non-Elastic Explanation

While the elastic-like behavior of muscles is generally believed to come from one or
more energy storing elements within the musculoskeletal system, other explanations have

been offered for the advantages gained by a prestretch or countermovement. The most
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common alternative explanation is neuromuscular in nature. Itis often referred to as reflex
potentiation (Cavagna, 1977; deHaan et al., 1989), stretch reflex (Chapman et al., 1985;
Shorten, 1987), or activation of the contractile system (Bosco & Komi, 1979; Cavagna,
1977; Cavagna & Citterio, 1974; Edman et al., 1978). Regardless of the terminology
used, the concept is the same. The idea is that in the countermovement the muscles to be
used in the concentric contraction are activated prior to the primary movement. This
activation serves to bring the muscle to a more prepared state (i.e. more motor units are
recruited) earlier in the concentric movement, thus resulting in performance benefits in the

concentric phase.

Several researchers (Asmussen & Bonde-Peterson, 1974b; Auro & Komi, 1986;
Bosco & Komi, 1979; Cavagna & Citterio, 1974; Chapman et al., 1985; deHaan et al.,
1989; Edman et al., 1978; Shorten, 1987; Thys et al., 1972) have examined the role of
contractile system activation in countermovement activities. In particular, the effect of a
countermovement on electromyographic (EMG) activity has been studied. If the EMG
activity of the muscle is increased with the use of a countermovement, then the increased
activity would contradict claims that the advantages gained by a countermovement are due

to an increased use of stored elastic energy.

Auro and Komi (1986) found that integrated EMG values were lower in eccentric
exercises than in concentric exercises. This means that exercises that work the muscles
eccentrically are not activating the muscles to the same degree as exercises that work the
same muscles concentrically. Thus, muscles are activated to a greater degree in concentric
exercises whether or not there is a countermovement. (Interestingly, if the eccentric

activation is too low, there may not be sufficient force to load the elastic elements.)
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Thys et al. (1972) also found high electrical activity during concentric movements.
In fact, they found that electrical activity within the muscles was maximal in the first half of
the concentric phase for both the static and countermovement conditions. What was less
expected, however, was that the greater forces exerted in the countermovement condition
were generated with less electrical activity over a shorter period of time. In short, the use
of a countermovement does not seem to increase neuromuscular activation, and may, in

fact, decrease it.

In a different approach to the neuromuscular question, Cavagna and Citterio (1974)
found that curare did not affect the results of their experiments on the prestretch of frog
muscles. The lack of effect is seen as an indication that there is an elastic behavior
exhibited by the muscles that is not dependent on neuromuscular transmission. Also,
Edman et al. found that their “biochemical data did not support the view that force
enhancement during stretch is based on an increase in activation of the contractile system”
(p.152). In sum, no researcher has provided conclusive evidence that the advantages
gained by prestretch are due to a change in the electrical stimulation of the system rather

than elasticity.

There is little doubt that the neuromuscular activation of the muscles plays at least
some role in the elastic behavior of the muscles (deHaan et al., 1989; Shorten, 1987). The
exact role, however, of neuromuscular activation is difficult to identify. As stated by
Chapman et al. (1985) “the part played by reflex enhancement of contractile properties is
difficult to predict during stretch due to the fact that force begins rising at the onset and that
variable amplitudes of muscle stretch are possible” (p. 79). Given the difficulties of
measurement and lack of experimental evidence for increased neuromuscular activation, it
is commonly believed that the elastic elements within the musculature are the largest

contributors to the elastic-like behavior exhibited after prestretch. Regardless of the source



of enhancement (elastic or neuromuscular) the appropriate use of a prestretch is a benefit to

performance.
Range of Motion

What is an appropriate prestretch? The amplitude of stretch or range of motion
(ROM) is one factor that influences elastic behavior. Generally, to take full advantage of
the elastic characteristics of muscles the amplitude of the movement should optimize the
stiffness/compliance values. This will allow the greatest amount of deformation of the
elastic elements to take place, and thereby, maximize the amount of elastic energy that can

be stored and then returned in a subsequent movement.

In the literature ROM has been, not surprisingly, one variable that seems to
influence the amount of elastic energy utilized (Bosco & Komi, 1979; Boscoet al., 1982;
Cavagna, 1977; Chapman et al. 1985; deHaan et al., 1989; Joyce et al., 1974; Thys etal.,
1975). For example, Thys et al. found that in hopping, as opposed to successive deep
knee flexions, there was a much more limited shortening of the muscles, yet there was a
higher utilization of elastic energy. Generally, research has shown that smaller amplitudes
of eccentric work have a large effect on elastic energy use, but large amplitudes of eccentric

work have lesser effects on elastic energy use (Cavagna; Chapman et al.; deHaan, et. al.).
Prestretch Velocity

Another aspect of the prestretch which can affect elastic behavior is prestretch
velocity. While none of the previously mentioned studies included the effect of reduced
amplitude on prestretch velocity, Chapman et al. (1985) found that the proportional
difference between stretch velocity and resting velocity decreased as the amplitude of the
stretch increased. A few researchers have found that higher prestretch velocities are
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associated with greater utilization of elastic energy (Bosco et al., 1981; Edman et al., 1978;
Thyset al., 1975). Also, Bosco et al. found the velocity of the prestretch to be correlated
with greater jumping performance.

Transient Behavior

While the velocity of the prestretch is important in the loading of the elastic
elements, the delay time between the eccentric and concentric contractions is probably the
most critical determinant of the amount of elastic energy provided in the subsequent
concentric contractions. The elastic elements within muscles seem to have a transient
characteristic (Aruin et al., 1978; Asmussen & Bonde-Peterson, 1974a; Bosco et al., 1981,
Cavagna, 1977, Cavagna & Citterio, 1974; Cavagna et al., 1968; Cavagna et al., 1975;
Chapman et al., 1985; Edman et al., 1978; Lensel-Corbeil & Goubel, 1990; Shorten, 1987,
Thys etal., 1972; Wilson et al., 1991). That s, if a “too long” length of time elapses
between the eccentric prestretch and the concentric contraction of the muscle, the elastic
energy stored is lost as heat (Hill, 1961). How long is too long? The values for the half-
life of elastic energy storage range from one or two seconds to seven seconds. The most
consistently found values seem to indicate that four seconds is a good representation of the
half-life of elastic energy storage (Aruin et al.; Shorten; Thys et al.; Wilson etal.). The
decay of elastic energy as a function of time is represented in Equations (1) and (2) from

Aruin et al. and Wilson et al., respectively.
E=Exe X %)

In this equation E'is the elastic energy stored at a given time, E is the energy at time zero
(before any decay has taken place), t is the time of the muscle being stretched (measured

from the onset of eccentric movement), and x is the relaxation constant. Based on this



equation, after 5.88 seconds the amount of elastic energy stored is negligible (Aruin et al.,
1978).

bt

y=100+a*e” @

In this equation y is the elastic energy stored at a given time, a and b are constants, and t is
the pause duration between eccentric and concentric movements. Based on this equation, 4
seconds of delay between the eccentric and concentric movement would be sufficient to

ensure that movements were performed without prestretch benefits (Wilson et al., 1991).

Part of the difference in the ability of the two equations to predict elastic energy
decay is due to the differences between how the time value, t, is measured. Equation 1 is
less effective because time must be measured from the initial eccentric movement and
because the initial amount of elastic energy stored must be known. Equation 2 is more
effective because time must be measured from the end of eccentric motion, and determining
the end of eccentric motion is easily done. Also, Equation 2 is a better representation of
the decay of elastic energy based on its lower residual sums of squares values. Equation 2

is perhaps more easily interpreted as well.

In equation 2 it is clear that as the time between the end of eccentric movement and
the beginning of concentric movement approaches zero, the amount of elastic energy that is
provided for the contracting muscle approaches the amount that is stored. It would be
advantageous for the performer to move as quickly as possible, thus maximizing the
amount of elastic retumn. The advantage of being able to move quickly from eccentric to
concentric movement is evident in Wilson et al’s. (1991) study of the bench press. The
athletes performing the press had average delays of either 0.6 seconds or 1.27 seconds
between eccentric and concentric phases. When there were delays in beginning the

concentric portion of the movement, the force impulse was significantly reduced in the



beginning of the concentric portion of the movement. The impulse found in the longer
delay condition was similar to the impulse found in the static version (concentric phase
only) of the lift Even after the 1.27 second delay, however, they found elastic energy
advantages gained from the prior loading of the elastic elements.

Force

The use of less muscle activity (as represented by lower EMG levels) to produce
greater forces is an important part of the argument for the presence of elastic elements
within our muscle systems. As the use of elastic energy increases so do the forces
generated in the subsequent concentric phase of the movement. The examination of the
forces (and torques) generated from muscle contractions has been measured for non-
humans and humans alike. Edman et al. (1978) found that in frog muscles the force level
during the prestretch of the elastic elements was dependent on the velocity of the prestretch
and was not proportional to the overlap of the thick and thin filaments within the muscle
fiber (i.e., length of the muscle). Furthermore, Edman et al. found that at higher velocities
of prestretch the forces leveled off or rose slowly after their initial peak. This change in the
response of the muscle could be due to the contribution of elastic energy being more
apparent at the beginning of the contraction and the contractile elements of the muscle not
being able to react fast enough to the recoil of elastic elements. In another animal study,
Cavagna and Citterio (1974) found that frog muscles could attain 11/2-2 times greater force

at a given length with a prestretch than at the same length under isometric conditions.

The advantages of prestretch have been demonstrated for humans as well. Bosco
and Komi (1979) and Thys et al. (1972) found that ground reaction forces were enhanced
with a preliminary countermovement. Chapman et al. (1985) found similar results in peak

torque values: The countermovement condition resulted in greater peak torque values



compared to the isometric condition. Wilson et al. (1991) also found greater elastic energy
benefits and higher initial forces with shorter delays between the eccentric and concentric
movements. Thus, the preceding researchers have verified a key point made by Cavagna et
al. (1968): Not only does prestretch lead to greater force development but also to greater
initial force development. Greater earlier forces are important when their effects are seen

later in the movement.
Concentric Velocity

According to Cavagna et al. (1971), one advantage of greater forces at the
beginning of the concentric movement is a greater acceleration and thus a shorter time to
reach a given velocity. Included among the given velocities, of course, would be the
maximum velocity of the movement. The data of Chapman and Caldwell (1985) confirm
this point: maximum angular velocity was reached about 20% sooner when a
countermovement was involved. The most striking difference in velocity between the
countermovement and non-countermovement conditions occurred in the first 0.1 seconds
of concentric movement. During this span the angular velocity for the countermovement
condition was roughly double that of the non-countermovement condition. Indeed, as time
goes on, the velocity advantage due to the countermovement either disappears or dissipates.
Chapman and Caldwell found no difference in maximum angular velocity between
countermovement and non-countermovement conditions in forearm supination. The
subjects of Cavagna et al. (1971) showed a 2-12% improvement (mean = 6%) in jumping
velocity with a countermovement. Thys et al. (1972) found a velocity increase of 2-41%
(mean =20%) in lifting the body from a deep flexion when there was a countermovement.
This higher velocity, according to Thys et al., represented the sum of the speed of
shortening of the contractile components and the speed of shortening of the series elastic

elements stretched in the eccentric phase of the movement.



As mentioned previously, there may be difficulty utilizing all of the benefits of
elastic recoil if the elastic elements contract at a faster rate than the contractile components
are capable of contracting. Would this contraction rate vary from person to person?
Perhaps it does. The Thys et al. (1972) study in particular showed a large variability

among subjects.

Partial evidence for individual differences in contraction rate was provided by
Bosco et al. (1982). They examined the relationship of elastic energy use and fast twitch
(FT) and slow twitch (ST) fiber type. The subjects with predominantly FT fibers used a
greater amount of elastic energy in the shorter time, shallow crouch jumps, and the subjects
with predominantly ST fibers used a greater amount of elastic energy in the longer time,
deep crouch jumps. The result of FT fibers utilizing greater amounts of elastic energy in
the shallow, fast condition is not surprising. Fast twitch fibers are distinguished by faster
recruitment of motor units and an increased number of motor units means more
crossbridges and more elastic energy storage sites if the hypothesis that elastic energy can
be stored in the cross bridges is valid. Further, greater results in the concentric phase of
the movement could have been due to the FT fibers ability to ‘keep up’ or maintain the
velocity started by elastic recoil. The ST fiber subjects were perhaps able to use more
elastic energy in the deep, slow condition because ST fibers are able to retain crossbridge

attachment for a longer period of time.
Force-Velocity Relationship

The relationship between concentric force and velocity is one that has been reliably
found since it was discussed by Hill (1938). This relationship is shown in Figure 2.



Figure 2. Force-Velocity Curve. (Hill, 1938)
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Does this relationship hold with respect to elastic energy return? This question has
been examined by several researchers (Bosco & Komi, 1979; Cavagna & Citterio, 1974;
Chapman et al., 1985; Edman et al., 1978). The resulting curves for the non-
countermovement (non-elastic) condition were similar to the force-velocity curve shown
above. (Chapman et al. also found a similar curve using torques and angular velocities.)
In the countermovement (elastic) condition, however, the force-velocity curve was shifted
along the velocity axis. Thus, with the same amount of force developed, the resulting

velocity was greater.
Work

The greater forces and velocities produced with the use of elastic energy are
beneficial to other mechanical aspects of movement. One mechanical aspect that is
enhanced through the use of elastic recoil is work. In the mechanical sense, work (W) can
be defined as the displacement (d) of a mass times the resultant force acting on it. (See

equation 3).

W=Fx«d 3



This equation is deceptively simple. Work itself is a complicated variable that must
be understood by its relationship with other mechanical variables. For example, the work
performed can also be represented as the change in kinetic energy. (See equation 4).

W= llzmvzz- l/2mv21 C)

In the above equation, m represents the mass of the object and v represents the velocity of
the object.

Given that force and velocity are central to work and given that the use of elastic
energy leads to a greater force and velocity in the concentric phase of the movement, one
would expect that the use of elastic energy would lead to greater work. Indeed, Cavagna
(1968) found that active muscles that shorten following forcible stretching are able to do
more work than possible when shortening at the same speed from a state of isometric
contraction. Also, Chapman (1980) found that the wind-up in a rotational motion enhanced
the work performed in inertial loading by a factor of 1.56 times.

The larger amount of work performed is seen immediately in movements involving
a prestretch. During the first 0.1 seconds of the concentric phase in the countermovement
condition there is a greater rate of performing work (Chapman & Caldwell, 1985; Wilson et
al,, 1991). After the first second the rate of work performed is the same as that in the non-

countermovement condition.

Hill (1970) discussed the relationship between work in shortening and speed of
shortening. As a result of the shift in the force-velocity curve previously described, the
greater velocities associated with elastic recoil correspond with greater muscular forces
instead of lesser muscular forces. With greater muscular forces there is a greater

acceleration of the mass of the system, and therefore a greater change in the velocity of the



system. Thus, more work can be performed in a given amount of time with the use of

elastic energy. This shift along the velocity axis is depicted in Figure 3.

Figure 3. Work-Velocity Relationship. (Hill, 1970, p. 77)
Work in
shortening
Velocity of shorterning
Power

Cavagna et al. (1971) found that not only was the positive work done with a
prestretch 10% greater than the work done without a prestretch, but the time of positive
work was 55% greater without a prestretch of the muscle. This leads to the next
mechanical aspect of movement benefiting from a prestretch, power. Mechanical power is
the time rate of doing work. (See equation 5).

P=W;=Fxv &)
Work and power can be considered as either instantaneous or average.

Instantaneous work and power are calculated for relatively short intervals of time (much

less than one second). They represent power and work performed at that moment.



Average work and power are different from instantaneous work and power because they

represent the work and power over an entire movement.

Average power increased by 70% with a prestretch over movements without a
prestretch (Cavagna et al., 1971). Other researchers (Bosco & Komi, 1979; Thys et al.,
1972) also found an increase in the mechanical power as a result of a prestretch. According
to Cavagna (1977), the effect of previous stretching is higher power output (average
power) and not a greater amount of positive work (average work) performed. This
increase in power is due to the increase in the speed of the whole muscle shortening and

thus the speed of the concentric movement (Thys et al.).

Efficiency

Because the average work performed in the concentric phase of a given task would
be the same (you move the same distance both with and without a prestretch), other
variables may help explain the benefits gained with the use of a prestretch. For instance,
efficiency is often mentioned (Aruin et al., 1978; Auro & Komi, 1986; Asmussen &
Bonde-Peterson, 1974a; Cavagna, 1977; Cavagna, 1981; Lensel-Corbeil & Goubel, 1990)
in this regard. Cavagna (1977) defined mechanical efficiency as the ratio of the positive
work produced to the energy expended in producing that work. (See equation 6).

mechanical efficiency = PoSnve Workproduced - o

energy expended

Although the variable is easily defined, it is difficult to calculate because the energy
expended must be found through the subtraction of a baseline measure (Auro & Komi,
1986). The use of various definitions and measurements for the baseline values produces

variations in the values calculated for mechanical efficiency. Because of this it is difficult to



compare the few studies involving efficiency and elastic energy. Some general findings
are, however, pertinent. Aruin et al. (1978) observed no differences in the efficiency of
knee bending with and without rebound. They are the only researchers who did not claim
the converse. Thys et al. (1972) found that stretch-shorten cycle activity resulted in a more
efficient performance based on oxygen consumption during the activity. Asmussen and
Bonde-Peterson (1974a) found much higher efficiencies in the rebound condition (39-41%)
than in the no-rebound condition (22-26%). Lensel-Corbeil and Goubel (1990) found an
improved efficiency with active prestretch in frog muscles. They attributed the difference
in efficiency to the recoil of elastic elements, which remain free of energy cost, adding to
the energy of the contraction. In sum, the increases in mechanical efficiency above
maximal values when prestretch occurs is evidence that a portion of the positive work
measured does not derive from the transformation of chemical energy and is free due to the

recoil of tense elastic elements (Cavagna, 1977).
Load

With few exceptions the preceding results were derived from experimental tasks
with no external load. The effect of a change in the load, however, may alter many of the
mechanical aspects of the movement on both kinematic and kinetic levels. For example, the
overall efficiency of the movement would decrease with increases in the load or the
intensity of the exercise. Despite such a decrease in efficiency, there may not be a decrease

in the utilization of elastic energy.

The fact that Aruin et al. (1978) found contrary results in efficiency could be due in
part to the effect of load. That is, higher intensity tasks recruit more FT fibers which are
inherently less efficient than ST fibers (Auro & Komi, 1986). In addition to varying load,
Aruin et al. varied the pause duration in the reversal of the lift as well as the depth of the



lift Both pause duration and depth had an effect on the energy returned in the concentric
phase of the movement. Clearly, these vanables confound any investigation on the effect

of load on energy return and should be controlled or added to the analysis.

The resulting forces and velocities of movement have also been investigated as a
function of load. Bober et al. (1980) found that improvements in resultant velocities of the
performance were inversely proportional to the load increases. The velocities in Bober et
al. did improve, up to a limiting value, with the increasing load. Improvements in velocity
as the load increases are not expected according to the force velocity relationship discussed
earlier. What is expected is that as the load increases so must the force necessary to
produce the sarne velocity, let alone an the increase in force necessary for an increase in the
velocity. The increase found by Bober et al. could have been due to an increase in the
elastic energy brought on by a change in compliance with the greater load or by the increase
in the number of elastic elements used. It is also possible that the hypothesized shift in the
force-velocity curve only occurs as the eccentric load increases. Further, the shift that
occurs in the force-velocity curve could be two dimensional, not one dimensional (along
the velocity axis) as previously discussed. It is possible that the shift occurs along both the
velocity and force axes, thus shifting the curve outward and upward from its original

position.

The issue of stiffness/compliance with load has drawn limited attention. Aruin et
al. (1978) varied external load but found no differences in the stiffness values that they
calculated. Cavagna (1970), on the other hand, found that compliance decreased (or
stiffness increased) with load. If a muscle’s “capacity to store elastic energy is a function
of the applied force and the compliance of the muscle-tendon complex” (p. 328), then the
load could have both a positive and negative influence on the storage of elastic energy.
That is, greater loads should increase the applied force yet decrease the compliance. If the



load becomes too great, there is an additional negative influence on the recovery of elastic
energy: Cavagna and Citterio (1974) pointed out that the crossbridges existing at the end of
the prestretch are subjected to forces greater than those corresponding to the maximum

isometric contraction and have a propensity to break under higher strain.

Only one researcher has provided relatively direct evidence regarding the effect of
load on elasticity. Using an animal model, Wells (1967) applied various loads and
measured the velocity of retraction in a countermovement. Given that the velocities
remained constant while the load increased, the kinetic energy had to increase with load.

Thus, more mechanical or elastic energy was associated with heavier load.
Elastic Energy Measurement

Several methods for assessing the contribution of elastic structures can be found in
the literature. While the most direct way to evaluate elastic energy use is with energy
values, indirect assessments of elastic energy are the most common. For example, Thys et
al. (1972) used average power to reflect elastic energy use. They found that jumps with a
rebound produced 14%-49% greater average power than jumps without a rebound.

Peak force has also been used to evaluate elastic energy use. Bosco et al. (1982)
used the difference between the peak concentric force of a countermovement jump and
static jump (potentiation effect) divided by the force at the end of eccentric motion to
evaluate elastic energy benefit. They found that jumps with a countermovement had 17%-
30% greater peak forces than jumps without a countermovement. Cavagna and Citterio
(1974) found that striated frog muscles were able to generate 1.5-2.0 times greater force
from a prestretch than from an isometric contraction. Wilson et al. (1991) used the ratio of
a countermovement bench press impulse to a purely concentric bench press impulse to

evaluate the use of elastic energy and its decay. They found that elastic energy benefit, as



reflected by the impulse force in the bench press, improved by 6.6%-18.7% on the

average, depending on the amount of time between the eccentric and concentric phases.

In the preceding studies with indirect assessment of elastic energy, the critical
feature was that a task with elastic contribution (e.g., rebound, countermovement,
prestretch) was compared to a task without elastic contribution (e.g., no rebound, static,
isometric). Given such a task structure, average power, peak force, impulse force, and
other indirect variables (e.g., time, velocity) are assumed to reflect the use of elastic
energy. Therefore, the use of variables other than energy to evaluate elastic energy use is
not unjustified, so long as the vanables chosen are correlated with elastic energy use or

accurately reflect elastic energy utilization.

A few researchers of elasticity have used more direct measurements of energy.
That is, potential and/or kinetic energy have been combined in various ways to represent
elastic energy. Asmussen and Bonde-Peterson (1974a) used the ratio of the change in
kinetic energy between the baseline static condition and different countermovement
conditions to the peak negative energy of the countermovement condition. They found that
the mean percentage of improvement due to elastic energy ranged from 3%-22% for
countermovement jumps of various heights. A similar method was used by Komi and
Bosco (1978). Their values, however, had a much larger range (49%-91%). No

explanations were offered for the greater magnitudes of elastic energy contribution.

Hudson and Owen (1985) extended the method of calculating the energy benefits of
elastic structures used by Asmussen and Bonde-Peterson (1974a) and Komi and Bosco
(1978). In their experiment on vertical jumping they used the total energy of the body asa
sum of the potential energy, translational kinetic energy, and rotational kinetic energy of all

the segments in the body. Eccentric and concentric energy values were obtained by
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summing the changes in total body energy for the entire eccentric or concentric motion,
calculated from frame to frame. The equation for evaluating the use of stored elastic energy
was a ratio identical to that used by Asmussen and Bonde-Peterson (1974a) and Komi and
Bosco (1978). The subjects in the study by Hudson and Owen (1985) had average elastic
energy values of 37% and 51% for the groups involved.

The preferred methodi of assessing elastic energy use is some evaluation of energy
values. Clearly, other methods and variables can be used to assess the benefits of elastic
energy, but those values are correlational and subject to errors regarding the differences in
the actual amount of benefit accrued from elastic structures. If possible, a method similar
to that incorporated by Hudson and Owen (1985) should best indicate the contribution of
elasticity. Otherwise, a method similar to that of Bosco et al. (1982) or Wilson et al.
(1991) should be appropriate.



Chapter I1I

METHODS

"One way of investigating the possible function of the elastic component in muscle
is to compare the release of external mechanical energy without and with a previous
stretching of the involved muscles" (Asmussen & Bonde-Peterson, 1974b, p. 385). With
this in mind, an appropriate task to measure the effects of load on elastic energy use is the

power squat.
Task

The power squat is a multijoint, lower extremity exercise. It is performed with a
weight bar that rests across spines of the scapulae on the upper back (Lombardi, 1989).
Usually the hands are also on the bar for the purpose of maintaining balance of the weight.
The movement is performed with the back kept relatively upright at all imes. For safety
reasons involving support of the lower trunk, most lifters perform the squat with some

device (usually a belt) tightly worn around the abdominal and lumbar regions of the trunk.

In keeping with standard practice, each subject used a weight belt in performing all
lifts. No other devices used to enhance the lifter's capabilities, such as knee wraps or
lifting suits, were allowed. To further insure the safety of the subject, all lifts were
performed with the use of a power rack designed specifically for power squats. The rack
was adjusted for each lifter, with safety bars at the lowest levels of the lift and an adjustable
mainstay for the bar near the upright position of the lifter. All lifts were performed with an
experienced spotter for the safety of the subject.
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Two types of the power squats were used in this study. The traditional power
squat was performed with a downward movement (crouch) and an upward movement
(thrust). It was started in an upright position with the bar on the shoulders. The crouch
was the portion of the lift from the beginning of downward movement until the lowest
point that the subject reached. The thrust started at the end of the crouch and finished when
the lifter was once again upright. Because the thrust immediately followed the crouch, this
type of squat was termed the countermovement squat (CMS). By contrast, in the purely
concentric squat (PCS) the subject only performed the concentric or thrust phase of the
squat, starting from the bottom of the squat with the bar sitting on the rack. See Figure 4

for a representation of the CMS and Figure 5 for a representation of the PCS.

Figure 4. Countermovement Squat (CMS)

end of crouch/

beginning of thrust end of movement

start of movement



Figure 5. Purely Concentric Squat (PCS)

start of movement/

beginning of thrust end of movement

Each subject performed a countermovement squat as well as a purely concentric
squat for each of four load percentages. All subjects crouched the same relative depth,
ending at a knee angle of about 90 degrees. Thus, range of motion was standardized for

each subject regardless of the condition or relative load.

The time between the eccentric and concentric motions is a critical determinant of
the amount of elastic benefit gained. It is critical because elastic benefit is lost exponentially
(see equation 1 and equation 2 in Chapter II) with the delay between eccentric and
concentric phases (Aruin et al., 1978; Wilson et al., 1991). Thus, controlling for the time
between phases is important for standardizing differences between conditions. Wilson et

al. (1991) suggested that some stretch benefits may last as long as four seconds before
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dissipation as heat. Consequently, the present study required five seconds or more
between the end of the downward movement and the beginning of the upward movement in
the PCS to minimize the elastic energy benefit During the five second delay the lifter was
allowed to rest the bar on the rack, but not to change body position in relation to the bar.

Subjects

Subjects were primarily recruited from Greensboro area fitness centers and activity
classes at the University of North Carolina at Greensboro. All subjects were in good
apparent health, with no reported history of chronic or recent acute back, knee, or leg
injuries. Every lifter trained with weights to some degree, but in widely differing types of
resistance training programs. All lifters were experienced and well practiced in power

squat techniques.

Of the fourteen subjects (twelve males and 2 females) from which data were
collected, several were removed from the analysis at different points for various reasons.
One subject was eliminated due to his inability (or lack of desire) to perform the required 1
repetition maximum (1 RM). Another subject was dropped during data reduction due to a
framing error during videotape data collection. Four subjects were eliminated during
statistical procedures. These subjects were removed because the statistical procedure
required a complete data set for the subject to be included. Three of these subjects had
incomplete data due to errors in data collection and one subject failed to perform the lifts
correctly and subsequently had several trials removed. Eight subjects (all male) had

complete data and were used for analysis.



Testing Protocol

Prior to data oollection, each subject signed informed consent in accordance with
the approved standards set forth by the University of North Carolina at Greensboro (see
Appendix B). Anthropometric measures (height, weight (mass), thigh length, and shank
length) were taken for each subject. The joint centers of the hip (greater trochanter), knee
(lateral epicondyle), and ankle (lateral malleolus) were marked on the left side of the body
with reflective markers. The bar center also was similarly marked with reflective tape. See
Figure 6 for a representation of the stick figure.

Figure 6. Sample Lifter Stick Figure
P head of subject

<4——— outline of weights on bar
(resting on the spines of
the scapulae)

spine

left hip

left knee

44— leftankle

Subjects then performed their preferred warm up in preparation for testing. They
were provided with any bar weights necessary to prepare. When ready, each subject was
tested to establish a 1 RM countermovement lift. Each subject thea performed two lifts
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(one CMS and one PCS) at each of the following percentages of their 1 RM: 8%, 70%,
55%, and 40%. The order of the eight lifts was randomized for each subject by load
percentage and condition (CMS or PCS) to reduce the effect of fatigue. As suggested by
Wilson et al. (1991) each subject was asked to perform the movement at as high a force as
possible. Following each lift the subject was allowed as much recovery time as desired (5

to 10 minutes was typical).

A pilot study validated the use of 85% as the maximum percentage that lifters could
reliably perform in the PCS condition (suggested by Wilson et al., 1991). The subject’s
responses in performing the lifts also verified the appropriateness of the 85% load. Some
lifters required more than one attempt to perform the 8% PCS lift and some seemed to
require more recovery time following this lift (although recovery time was neither regulated

nor measured).
Force Plate Data Collection

Ground reaction force data (in three dimensions) were collected from a Kistler force
plate (type 9281B) operating at a sampling rate of S00 Hz. Prior to each lift the force plate
was reset to zero. The recording of the force data was manually activated via specialized
computer programs just before each subject’s initiation of downward movement. The raw
data were converted from analog to digital via a Kistler 9861A electronic unit, scaled, and
stored on a Macintosh II computer. Force data were further analyzed and manipulated via
specialized programs in BASIC and FORTRAN.

Videography and Digitization

All subjects were videotaped with a Panasonic camcorder (model PV-330D) at a
rate of 30 Hz. Blur was eliminated through the use of a 1/2000  second high-speed shutter.



The camera was positioned perpendicular to the sagittal plane of the subject. A 2 m scale
with 0.5 m checkered sections was placed in the sagittal plane of movement and videotaped
prior to data collection to provide a scale factor.

Data were reduced from video to digital horizontal and vertical coordinates
representing relevant joint landmarks and the bar via a Peak Performance Motion Analysis
System. This system grabbed and split each frame into two fields to provide an effective
60 Hz rate. Data were digitized with both an automatic digitizing program and manual
manipulation of a cursor. The automated digitizing process searched a predetermined area
of each field for the reflective markings placed on the subject. In the event of a marker not
being located the point was manually digitized for that field. Several points, such as the top
of the head, elbow, and shoulder were digitized manually because marker placement was
impractical or impossible.

Digitized data were adjusted to a fixed origin within the field (to eliminate frame
shifting and vibration errors inherent to the camera and data collection procedure) and
scaled within the FORTRAN data smoothing program (see Appendix C). A four segment
model was used to represent the rigid link system of the human body (Plagenhoef, Evans
& Abdelnour, 1983). Segments in this model were: (1) the trunk, head, and neck, (2) the
thigh, (3) the shank and foot, and (4) the bar. This model was used for calculation of the
radii of gyration and moment of inertia for each segment as well as the center of mass
(COM) of the subject. Segmental angles (angles with respect to the horizontal) were also
calculated for each segment of the model.

Data Smoothing

A quintic spline smoothing program was incorporated for eliminating random errors
in the digitized joint center data and the segmental angle data. Spline smoothing is an



effective way to eliminate most of the noise inherent to the digitizing process and to retain
most of the meaningful signal for further analysis (Wood, 1982). Spline smoothing works
on the principle of connecting the least number of small curves in series to represent the
actual signal and connect these small curves with knots. Cubic splines have been most
commonly used, but have the disadvantage of forcing the second derivative to zero at the
beginning and end of the data. The result of the second derivative (acceleration) data being
forced to zero influences not only that derivative, but the two previous derivatives also. A
quintic spline will force the data for the fourth derivative to zero at the ends. The result is
that data at the null, first and second derivatives, which were of greatest interest here, were

insignificantly influenced by the forced-to-zero action of the fourth derivative.

Effectiveness of the smoothing routine was assessed through visual examination of
the second derivative and the residual pattern of the difference between the raw and
smoothed data points (Zernicke, Caldwell, & Roberts, 1976). Sufficient smoothing of the
data resulted in a residual plot without pattern and a second derivative (acceleration) with a
definite pattern. The desired contour of the second derivative pattern was neither “too
smooth” nor “too coarse”. Input parameters of the spline smoothing subroutine were
adjusted manually or iteratively until consistent results were found from trial to trial and
subject to subject. The smoothing routine provided several variables as output, such as the
number of knots used and the mean square error. These variables were monitored for all
trials and subjects to assess smoothing consistency. Residual graphs and second derivative
graphs of a random selection of trials also verified the consistency of the smoothing
routine. Spline smoothing output was used to calculate smoothed position data (the null

derivative), velocity data (the first derivative), and acceleration data (the second derivative)

of all horizontal coordinates, vertical coordinates, and angles.
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Biomechanical Variables

All biomechanical variables were computed from either force plate data or videotape

data via specialized FORTRAN programs (see Appendix D). All kinematic variables

represent the characteristics of the COM of the subject and load. All kinetic and energetic

variables represent the characteristics (linear and angular) of the four ssgment model

described above. The following methods were used to calculate the needed vanables:

1. Vertical foroe data were taken from a specialized BASIC computer program

interfaced with the Kistler equipment.

2. Displacements, velocities, and accelerations can be calculated from the force

data or from the video data. In using the vertical force method the manner in

which the equations were developed is shown below. (F is vertical force, m is

the known mass of the subject and load, a is the vertical acceleration, v is the

vertical velocity, and s is the vertical displacement).

F=ma
Fim=a
F/m=dv/dt
Fimdt=dv
JEmdt=/dv
(Fm)t=v

[JFmdt=[fds

Newton's second law

dividing by the mass

acceleration is the derivative of velocity
multiplying by dt

integrating

equation for vertical velocity

double integrating for displacement



(Fim) 2 =5 equation for vertical displacement

The above equations for vertical velocity and vertical displacement were used to
compute the respective variables for each consecutive pair of values in the ammay
of vertical force data. The time is known by the sampling frequency used in the
data collection (500 Hz).

The procedure for using the video method was the converse of the
above. Instead of integrating to reduce the data the derivatives were used.
Displacements, velocities, and accelerations were calculated from the output of
the spline smoothing routine. The manner in which the equations for vertical,
linear data were developed is shown below. (f represents the time within the
equation or function, p represents the position of the coordinate, v represents
velocity, and a represents acceleration). Angular equations were developed in

an analogous manner.

dy=APy(t)

Y
&

y

Y T

The computation of all variables above were performed for each array of
smoothed horizontal, vertical, and angular data. Time was known by the

sampling frequency used in the data collection (60 Hz).

3. The vertical velocity array for the COM of the system was used to identify

the eccentric and concentric phases of the countermovement squat as well as the
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concentric phase of the purely concentric squat. Specifically, the start of the
eccentric phase was identified by searching the COM vertical velocity array
from the beginning to the minimum (negative) value. The end of the eccentric
phase was subsequently detected by searching from the beginning of the
eccentric phase until where and when the velocity reached zero. In the CMS
condition the end of the eccentric phase also marked the beginning of the
concentric phase. From the beginning of the concentric phase the array search
continued until the maximum (positive) velocity was located, indicating the end
of the concentric phase.

By definition, the purely concentric squat has no eccentric phase. The
start of the concentric phase was identified by the minimum non-negative
vertical velocity of the COM in the armay of PCS vertical velocities (usually a
value at or near zero). The array was subsequently searched from that point
until the maximum (positive) velocity was located, indicating the end of the

concentric phase.

Figure 7 has sample velocity-time curves for the CMS and PCS. These
curves were used to locate the beginning and ending of the relevant eccentric
and concentric phases. Note the lack of negative values in the PCS curve, an

indication that no countermovement occurred.



Figure 7. Sample Velocity-Time Curve Indicating Phases of CMS and PCS
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4. The relative upward displacement that the COM of the system moved during

the concentric phase was measured as a percentage of the overall upward,

vertical motion of the COM. This measure controlled for differences in the

vertical movement ranges of the lifters. Because the concentric phase of the

task does not necessarily end at the end of the upward thrust, this variable was

used to monitor differences between conditions and lifters.



5. Time to minimum vertical force was measured from the beginning of
movement (when the vertical forces began to decline) to the occurrence of
minimum vertical force. Time to maximum vertical force was measured from

the beginning of the concentric phase until peak force occurred.

Eoccentric time was calculated for the CMS condition by using the ime
from the start of eccentric braking (minimum vertical velocity) to the end of
eccentric braking (zero velocity). Concentric time was calculated in a similar
manner for both CMS and PCS conditions. In both conditions concentric time
was calculated as the difference in time between the start of concentric motion
(zero velocity) and the end of concentric motion (maximum vertical velocity).

(See Figure 7 for sample velocity-time curves.)

6. Minimum (negative) vertical velocity of the COM of the system for the CMS
condition was identified as the start of the eccentric phase and located by the
method described in #3 above. Similarly, the maximum (positive) vertical
velocities of the COM of the system for the CMS and PCS conditions marked
the end of the concentric phases of each respective lift and were also located by
the method described in #3 above. (See Figure 7 for sample velocity-time

curves.)

7. Work was computed for net, average, and non-dimensional values. Net
work of the system was calculated as the change in mechanical energy of the
four segment model from the beginning of the phase (eccentric or concentric in
the CMS, concentric in the PCS) to the end of the phase. The equation below
was used to calculate the net work performed by each of the four segments in

each respective phase. In the equation m represents mass, v represents velocity



in the x (horizontal) or y (vertical) direction, g represents the gravitational
constant, and h represents the height of the COM of the particular segment.

Whet = (1o mv2, gg- Yo mv2 )+ (o V2 - Yo mV2ye0) +

(Mghenq - Mghteg)

The overall net work performed by the system was then computed as the sum of
work performed by each of the four segments. Net work can also be calculated
as the overall change in the instantaneous work values for every frame in both

lifting conditions.

Average work represented the mean change in mechanical energy
between each frame in the respective phase. Average work was computed by
calculating the instantaneous work values (from equation 4 in Chapter II, Wipst
= [lmv2, - 1,mv2,]-[mgh; - mgh, ], see above for variable identification) for
each frame. These values were then summed for the entire phase and divided
by the number of samples in the phase, as shown below.

Wavg = (2 Winst ) /n

Non-dimensional work was analyzed because of the possibility that the
different heights and masses of the various lifters could confound the calculated
work values. Lifters of greater height and mass (including the bar) were
expected to perform greater amounts of work. Non-dimensional work was
originally described by Garhammer (1979) as a representation of the work done
on the bar during an Olympic lift. This variable controlled for different amounts
of work being performed by lifters of different heights by dividing the net work
performed on the bar by the height and mass of the lifter (see equation below).



W on-dimensional(bar) = W(bar) / lifter height and mass

This equation was used in an analogous manner to the above equation for net
work, but only considers the bar segment, and not the other three segments of

the system.

8. Instantaneous power was calculated over the entire array of instantaneous
work values using equation 5 from Chapter I P} = Winst/ . Minimum
eccentric power was found by examination of the CMS instantaneous power
array for the lowest (negative) value. Maximum concentric power was found
by examination of the CMS and PCS instantaneous power arrays for the highest
(positive) values for each of the respective concentric phases. Average power
values were computed by summing the instantaneous values and dividing by the

number of samples.

9. Maximum vertical eccentric force was found by searching the eccentric
phase of the CMS vertical force array for the highest value. Similarly, the
maximum vertical concentric forces for both CMS and PCS conditions were
found by searching the concentric portions of the respective vertical force arrays
for the highest values.

10. Energy was computed by summing the translational kinetic energy, the
rotational kinetic energy, and the potential energy for each of the four segments
in the model. The equations below represents the energy of one segment. In
the equations I represents the moment of inertia of the segment, ( represents
the angular velocity of the segment, PE represents the potential energy of the

segment, TKE represents the translational kinetic energy, RKE represents the



rotational kinetic energy, and E represents the total energy of the segment (see
#7 above for further variable identification).

PE = mgh
TKE = 1o mv2
RKE = 1pIw2
E=PE + TKE + RKE

Total energy of the system was calculated for each frame by the summation of
the energies of each of the four segments. Minimum eccentric energy values
were found by search of the CMS energy array. Maximum concentric energy

values were found by search of the CMS and PCS energy arrays.

11. After summing the energy changes for the eccentric and concentric phases
of the movements, the amount of stored elastic energy (SEE) was found
(Hudson & Owen, 1985). Stored elastic energy was defined as the difference
between the concentric energy summations of the CMS and PCS, divided by
the eccentric energy summation of the CMS, and multiplied by 100%
(Asmussen & Bonde-Peterson, 1974a).

SEE= [ (ECMS son - BPCSqone) / ECMS e | * 100%
Statistical Methods

Statistics were computed via a SAS program (see Appendix E) on a VAX
mainframe computer. A two-way (4x2) ANOVA with repeated measures on load

percentage was used to test main effects for load percentages, main effects for conditions



(CMS or PCS), and the interaction effect for load and condition on all concentric variables.
A one way (4x1) ANOVA with repeated measures on load percentage was used to test main
effects for load percentage on all eccentric variables. All tests for significance were
performed at the 0=0.05 level.

The statistical power of the F test in analysis of variance was calculated for all main
effects and interaction effects. Statistical power (1-B) represents the probability of rejecting
the null hypotheses when it is false (Cohen, 1988; Kirk, 1968). The closer the power
value is to one the lower the probability is for the rejection of a false null hypothesis.

Significant main effects on load were further examined with a Scheffé post-hoc test
(Ferguson, 1976). Scheffé was chosen because it is relatively conservative, thus less
likely to produce Type I errors. This test was done with a specialized MathCAD
application using the equation below.

o _=)2
Fdf1,df2=(’”—"22—)—
2
5



Chapter IV

RESULTS

Lifter Performance

The following data represent the performance characteristics of the eight subjects
(mean height: 1.756+0.072 m; mean mass: 77.5+10.4 kg) remaining after data reduction
and calculation. In both absolute and relative terms the 1 RM results indicate a skilled
sample of subjects (mean 1 RM: 166.9+51.9 kg; mean 1 RM/body weight: 2.13+0.50).
The means and standard deviations for the bar weights at each of the four load percentages
are represented in Table 1. A significant difference was found between the means by load
percentage (F321=99.57, p<.05). The statistical power of the main effect was found to be
greater than 0.99. Scheffé post-hoc tests revealed that all of the means were significantly

different from one another.
Table 1. Bar Weight (kg)
Load Percentage Mean (SD)

40% 74.1(213)*§ @
55% 101.9(28.7) * §
% 130.3 (36.8) *
8% 157.3 (44.8)

* significantly different from 85%

§ significantly different from 70%

@ significantly different from 55%




Table 2 contains the means and standard deviations for the same respective weights
as Table 1, divided by the lifter’s weight. Once again a significant difference was found
between the means by load percentage (F321=120.21, p<.05). Also, the statistical power
of the main effect was greater than 0.99. Scheff¢ post-hoc tests further revealed that all of
the means were significantly different from one another. The average 40% lift was almost

90% of the lifter’s body weight. The average 85% lift was 190% of the lifter’s body

weight.
Table 2. Bar Weight/ Lifter Weight
Load Percentage Mean (SD)
A% 090(0.23)*§ @
S55% 1.24 (0.31) * §
0% 1.58 (0.40) *
8% 1.91 (0.49)
* significantly different from 8%
§ significantly different from 70%
@ significantly different from 55%
Force Data

An unforeseen error in force data collection invalidated the use of that information.
This error involved the assumption that the contact of the bar with the rack would have little
effect on both the force data and the corresponding calculations made from it. While the
error initially seemed negligible, and was for many of the trials, repeated coirection efforts
with different mathematical approaches eventually proved it insurmountable. Thus, peak
force, time to peak force, and the force-velocity relationship could not be analyzed.
Fortunately, the error had no apparent effect on the videotape data. All subsequent
analyses were based on variables reduced from that data.




Relative Displacement

The means and standard deviations for relative concentric vertical displacement of
the COM by load percentage are represented in Table 3. (See Appendix F for the means
and standard deviations for load by condition.) The relative upward distance that the COM
of each subject moved did not differ between CMS and PCS conditions (F1.7=0.24,
p>.05). The statistical power of this nonsignificant test was approximately 0.06. Relative
distance, however, did differ with relative load (F3 21=1.58, p<.05). The statistical power
of this significant main effect was approximately 0.94. For both conditions the 40% load
had significantly less relative vertical displacement of the system prior to the end of the
concentric phase. No interaction effect was found between load percentage and condition
(F321=0.41, p>.05). The statistical power of this test was about 0.08. In general, the
lifters performed each lift with the same net range for the entire thrust regardless of
condition, yet had significantly less concentric motion (according to post-hoc tests) relative
to the entire thrust when the load was at 40% of their 1 RM. No pattern was apparent for
the other means. The range of values calculated across conditions, loads, and subjects was
large. The minimum relative distance that a subject moved within the concentric phase was
42.16% and the maximum relative distance that a subject moved was 83.41%. This large

range contributed to the differences in the standard deviations.
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Table 3. Relative Vertical Displacement of the COM by Load (%)

Load Percentage Mean (SD)
40% 60.5(86)*§ ¢
55% 68.9 (5.9)
0% 71.3 (4.6)
8% 713 (9.5)
* significantly different from 85%
§ significantly different from 70%
o significantly different from 55%

Time

Eccentric time was examined for differences by load percentage in the CMS (there
is no eccentric phase in the PCS). The means and standard deviations are indicated in
Table 4. No significant differences were found between the means (F3 21=2.48, p> .05).
The statistical power of this test was about 0.32. Subjects spent about the same amount of

time braking the motion of the system regardless of the relative amount of weight.

Table 4. Eccentric Time by Load (sec)

Load Percentage Mean (SD)
40% 0.59 (0.27)
5% 0.58 (0.25)
% 0.70 (0.34)
8% 0.77 (0.27)

While eccentric ime did not change, concentric times did. Concentric time means
and standard deviations for both CMS and PCS conditions are shown in Table 5, Table 6,
Table 7, and Figure 8. As evident in Figure 8 and Table 5, the concentric PCS times were



significantly longer than the CMS times, regardless of load (F1,7=15.29, p<05). The
statistical power of this main effect was approximately 0.92. A main effect for load
percentage was also found (F3 21=26.83, p<.05). This main effect had a power that was
greater than 0.99. Post-hoc results indicated that the CMS 40% and 55% loads were
significantly lower in concentric time than the 70% and 8% loads. For the PCS condition
the results were the same, except that the 70% load was also significantly shorter in time
than the 8% load. Generally the time to perform the concentric phase of the lift increased
as the relative load increased.

A significant interaction also existed between condition and load percentage
(F321=7.15, p<05). The power of the interaction effect was approximately 0.89. The
interaction effect was a result of the higher load percentages of the PCS condition taking
proportionately longer times to perform than the CMS condition, especially for the 85%
load.

Table 5. Concentric Time by Condition (sec)

CMS Mean (SD) PCS Mean (SD)

0.56 (0.22) 0.77 (0.33)

Table 6. Concentric Time by Load (sec)

Load Percentage Mean (SD)
0% 0.44 (0.12)
55% 0.52 (0.11)
0% 0.70 (0.17)
85% 1.00 (0.36)




Table 7. Concentric Time by Load and Condition (sec)

Load Percentage CMS Mean (SD) PCS Mean (SD)
A% 0.39(0.12) * § 0490.1D) T ¢
55% 044 (0.04) * § 060009t ¢
N 0.61 (0.19) 0.78 (0.10) t
8% 0.77 (0.23) 1.22 (0.34)

* significantly different from 85%, CMS
§ significantly different from 70%, CMS
T significantly different from 85%, PCS
} significantly different from 70%, PCS




Figure 8. Concentric Time by Load and Condition

1.6 7
T
1.2 - 0
Concentric
Time 1
(sec) T4 i
0.8 - TF *§ ®
* § %
0.4 4 ¢
® CMS
O PCS
0.0
4% 5% % 85%
Percentage of 1 RM

* significantly different from 85%, cms
§ significantly different from 70%, cms
1 significantly different from 85%, pcs
1 significantly different from 70%, pcs

Note: Significant difference between CMS and PCS and
significant interaction between condition and load.



Velocity

Maximum eccentric velocity values for the COM of the system in the CMS are
shown in Table 8. These values represent how fast the lifters were prone to drop. A
significant main effect was found by load (F321=5.25, p<0.01). Statistical power
calculations indicated a power of about 0.78. Post-hoc calculations indicated that only in

the 8% condition were the lifters reducing the rate of decent.

Table 8. Maximum Eccentric Velocity by Load (m/s)

Load Percentage Mean (SD)
40% -0.83 (0.24) *
55% -0.83 (0.14) *
0% -0.74 (0.22) *
8% -0.62 (0.18)
* significantly different from 85%

Mean maximum concentric velocities by load are represented in Table 9 and Figure
9. (See Appendix F for the means and standard deviations for load by condition.) No
significant differences were found between CMS and PCS conditions (Fj 7=1.88, p>.05)
and no interaction effect was evident (F321=0.26, p>.05). The statistical powers of these
nonsignificant results were about 0.13 and 0.07 respectively. A significant main effect,
however, was found for load percentage (F3 21=11.51, p<.05). The power of this main
effect was greater than 0.99. Post-hoc calculations indicated that all of the means were
significantly different except at the 40% and 55% loads. The downward trend in the means
was evident as load percentage increased. Thus, the maximum concentric velocities

generally decreased as load increased in the same manner as maximum eccentric velocities.




Table 9. Maximum Concentric Velocity by Load (m/sec)

Load Percentage Mean (SD)
40% 1.08(0.19) * §
55% 1.05(0.18) * §
L\ 0.92 (0.19) *
85% 0.72 (0.14)

* significantly different from 85%
§ significantly different from 70%

o significantly different from 55%




Figure 9. Maximum Concentric Velocity by Load
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Work

Differing results were found for each of the three types of work calculated. Results
for net eccentric work of the system are represented in Table 10 and Figure 10. A
significant main effect was found for load percentage (F321=19.11, p<.05). The statistical
power of this main effect was greater than 0.99. Post-hoc tests revealed that all of the
means were significantly different from one another. As load increased the net amount of

eccentric work performed by the lifter increased.

Table 10. Net Eccentric Work of the System by Load (Nm)

Load Percentage Mean (SD)
A% -338(173)*§ o
5% 421 (148) * §
% -524 (183) *
8% -620(236)

* significantly different from 85%
§ significantly different from 70%
o significantly different from 55%

Although net eccentric work had a definite pattern according to load, net concentric
work of the system was not as clear. (See Table 11 and Figure 11 for the means and
standard deviations of net concentric work by load percentage and Appendix F for the
means and standard deviations for load by condition.) Statistical analyses indicated no
main effect for net concentric work by condition (Fj 7=0.87, p>.05) and no interaction
effect existed between condition and load (F3 21=0.79, p>.05). The statistical powers of
these nonsignificant results were about 0.06 and 0.08, respectively. A load main effect,

however, was found (F3 21=25.84, p<.05). The power of this main effect was greater




than 0.99. Post-hoc test results revealed significant differences between net work averages

at every load percentage except 70% and 85%. The means tended to increase with the

increased loads.

Table 11. Net Concentric Work of the System by Load (Nm)

Load Percentage Mean (SD)

40% 478(153)* § ¢
55% 637(185) * §
0% 711 (157)
8% 757 (247)

* significantly different from 85%

§ significantly different from 70%

¢ significantly different from 55% -

The theoretical relationship between work of the shortening muscle and velocity of

the shortening muscle proposed by Hill (1970) was discussed in Chapter II. Figure 12

depicts the relationship between work and velocity for the lifters in this study. The boxes

represent mean values for net concentric work of the system and maximum concentric

velocity of the COM. The horizontal bars represent the standard deviations for velocity and

the vertical bars represent the standard deviations for net work.




Figure 10. Net Eccentric Work of the System by Load
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Figure 11. Net Concentric Work of the System by Load
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Figure 12. Work-Velocity Graph
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Non-dimensional eccentric work performed on the bar produced results similar to
net eccentric work of the system. (See Table 12 and Figure 13 for the means and standard
deviations of non-dimensional eccentric work.) A significant difference was found
between load percentages (F321=31.42, p<05). As with net eccentric work, the statistical
power of this main effect was greater than 0.99. Post-hoc tests revealed that all means
were different from one another. As load increased the amount of non-dimensional
eccentric work increased significantly. This was an indication that the amount of eccentric
work performed on the bar increased, regardless of the height and mass of the lifter.

Table 12. Non-dimensional Eccentric Work Performed on the Bar by Load

Load Percentage Mean (SD)

40% -1.27(0.71)* § o
5% -1.81 (0.65) * §
% -2.44 (0.86) *
8% -3.10(1.24)

* significantly different from 85%

§ significantly different from 70%

¢ significantly different from 55%

Results for non-dimensional concentric work performed on the bar were also
similar to those reported for net concentric work of the system. The means and standard
deviations for load are represented in Table 13 and Figure 14. (See Appendix F for the
means and standard deviations for load by condition.) While no condition main effect
(F1,7=1.34, p>.05) or interaction effect (F3 21=0.90, p>.05) was found, a significant main
effect for load did exist (F321=39.78, p<05). The nonsignificant test power values were
0.07 and 0.08 respectively and the significant main effect power value was greater than

0.99. Post-hoc tests indicated that non-dimensional concentric work averages were




significantly different from one another. The means increased significantly as the load
increased, regardless of condition. These results indicated that lifters performed greater
amounts of work as the relative loads increased, regardless of their height and mass.

Table 13. Non-dimensional Concentric Work Performed on the Bar by Load

Load Percentage Mean (SD)

40% 1.87(0.66) * § 9
55% 2.87(0.98) * §
0% 3.39(0.77) *
8% 3.77 (1.25)

* significantly different from 85%

§ significantly different from 70%

¢ significantly different from 55%

Average eccentric work values are presented in Table 14. No significant main
effect was found for load percentage (F321=0.96, p>.05). Unlike net eccentric work of
the system and non-dimensional eccentric work on the bar, values previously reported as
increasing as a function of relative load, average eccentric work results did not change with

relative load.

Table 14. Average Eccentric Work by Load (Nm)

Load Percentage Mean (SD)
4% -14.19 (5.07)
55% -16.64 (4.39)
% -16.39 (4.55)
8% -15.77 (4.08)




Figure 13. Non-dimensional Eccentric Work Performed on the Bar by Load
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Figure 14. Non-dimensional Concentric Work Performed on the Bar by Load
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While average eccentric work values remained similar across load percentages,
average concentric work values differed. The means and standard deviations for condition
and load are represented in Table 15, Table 16, and Figure 15. (See Appendix F for the
means and standard deviations for load by condition.) A significant main effect was found
for condition (Fj 7=48.61, p<.05). The statistical power of this main effect was greater
than 0.99. In the CMS condition the lifters performed a significantly greater amount of
average work than in the PCS condition. While no interaction effect was found
(F321=0.04, p>.05), a significant main effect was found for load percentage (F321=6.50,
p<.05). The power of the nonsignificant interaction effect was about 0.04 and the power
of the significant load main effect was approximately 0.89. As evident in Table 16 and
Figure 15, the lifters performed significantly less average work at the 85% load than at any
other load for both CMS and PCS conditions. Also, the lifters performed significantly less
work at the 40% load than at 