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The investigation of force attenuation and performance strategies to respond to

changing mechanical constraints helps prevent injury as well as facilitates beneficial

insight to provide appropriate instruction to athletes and students. The primary purpose

of the study was to assess within subject variability of landing strategies when

responding to additional load application orders.

Four semi-skilled male volunteers served as subjects. The experimental

arrangement consisted of a force platform and electromyography (EMG) interfaced with

a computer, the Selspot Auto Tracking System, and a mechanical video system.

Kinetic and kinematic data were obtained while subjects performed voluntary release

drop landings for a total of 150 trials. On one day, subjects performed loaded-

unloaded-loaded conditions for 25 trials each, while on the other other day, they

performed unloaded-loaded-unloaded conditions for 25 trials each. Temporal and

kinetic data describing the maximum impact force values and corresponding integrated

EMG (IEMG) data were used in the analysis.

The single subject design was used in the study. First (F1) and second (F2)

maximum vertical ground reaction forces (GRF) and times of occurrence (T1, T2) were



analyzed using ANOVA technique. Model statistics analysis was used for each variable

to identify differing landing strategies employed by subjects. Simple regression

analysis was used to assess the Newtonian response in predicting F1 and F2 by using

load as the only independent variable. Multiple regression analyses were used to

predict Fl and F2 from load and IEMG parameters in order to assess neuromuscular

response component employed by the subjects to accommodate to changing mechanical

constraints and application orders.

ANOVA results identified statistically significant (p < 0.05) interaction of load

and application orders for most of the subjects while dominant effect of application

order was identified across subjects. Model statistics analysis as well as simple and

multiple regression analyses identified unique response strategies used by individual

subjects and a greater Newtonian nature of Fl, as opposed to F2.

Results of statistical analyses suggest unique biomechanical accommodation

mechanisms were employed by each subject to respond to the changing mechanical

constraints and their application orders. Within subject design analyses were not only

acceptable but the preferred technique to assess individual performance differences.

The results further strongly indicate the need for instructors of physical activities to be

aware of the individuality of response to accommodating to landing, and that there

appears to be no one best way to teach such skills.
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EFFECTS OF ADDITIONAL LOAD

APPLICATION ORDERS ON LANDING STRATEGIES

CHAPTER I

INTRODUCTION

Jumping is a common movement component in many sport and training activities

and its natural consequence is the necessity of landing. Landing itself imposes forces on

an individual's body that must be absorbed primarily by the musculo-skeletal systems of

the lower extremities in order to achieve effective landing as well as prevent injuries. The

additional load to a body segment embodies a mechanical constraint imposed on

individuals participating in activities or training such as skiing, skating, backpacking,

American football, plyometrics, and so on. Although these activities have become more

popular, research on their effects on an individual's body has only been minimally carried

out. As a result, there is an increasing incidence of pain associated with sport activities

(Nigg, 1979). Additionally, running, although it is not typically considered as a jumping

activity, is a common movement that consists of a series of small jumps that require the

body to absorb repeated impact force. Individuals involved in such activities need to

consider the mechanical constraints in order to accomplish effective strategies as well as to



2

prevent injuries. On the other hand, there may be biomechanical accommodation

mechanisms that respond to the addition and removal of loads to a body segment. Their

order of application might contribute to changes in landing strategies. The investigation

of the these biomechanical accommodation mechanisms would be very important since

they would reduce potential injury conditions in such activities as well as contribute to

achieve effective strategies.

The loaded body when landing from considerable heights will produce a greater

ground reaction force due to the impact of landing in order to bring the body into a zero

velocity condition compared to the normal or unloaded condition. This increase in impact

force would be explained by Newton's laws of mechanics in which additional loads

produce greater ground reaction forces during contact with the landing surface. This

increased impact force may also be observed in changes in the neuromuscular activity

patterns which cause changes in kinematic and/or electromyographic characteristics.

While either model may provide acceptable explanation, the combination of both models,

Newtonian and neuromuscular, would be more likely to facilitate the best explanation of

the result. On the other hand, if there is any biomechanical accommodation mechanisms

in landing strategies employed by individuals in order to respond to variable load

conditions and orders of their application to a body segment, these accommodation

mechanisms may be observed through the selected biomechanical parameters and can be

explained by the combination model.

Although there have been several studies concerning systematic manipulation of
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external mechanical constraints with regard to drop heights (Mizrahi and Susak, 1982;

Zatsiorsky and Prilutsuky, 1987), stiffness characteristics of footwear (Stacoff, Kaelin,

Denoth, and Steussi, 1988), landing surfaces (Fukuda, Miyashita, and Fukuoka, 1987;

Gollhofer, 1987; Mizrahi and Susak, 1982), technique (Panzer, Wood, Bates, and

Mason, 1988; Mizrahi and Susak, 1982), there is no research investigating biomechanical

accommodation mechanisms of individuals in landing performance in order to respond to

variable combinations of application orders of additional load to a body segment,

including the effect of prior performance on following performance.

Purpose of the Study

The primary purpose of this study was to investigate possible within-subject

variability of landing strategies used by individuals to accommodate to variable

combinations of application orders of additional load (day-A: load-unload-load, day-B:

unload-load-unload) applied to the legs along with the effects of prior performance on

following performance. Selected biomechanical and neuromuscular parameters were

utilized to quantify the landing technique. Specifically, for kinetic data, the vertical

ground reaction force (GRF) derived by use of the force platform, and neuromuscular

activity of five lower extremity muscles as estimated by electromyography (EMG) were

used, while for kinematic data, Selspot Auto Tracking System quantified the movement.

In addition, a mechanical video system was applied only for qualitative analysis.
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The result of this study will be added to the limited body of knowledge explaining

the biomechanics of landing. In addition, valuable insight might be gained concerning the

mechanical and/or neuromuscular responses to differing combinations of mechanical

constraints and their application orders imposed on the landing activity.

Need for the Study

A primary purpose of this study was to evaluate within-subject variability in

possible biomechanical accommodation mechanisms in landing strategies, Newtonian

and/or neuromuscular, performed by individuals in response to changing mechanical

constraints with regard to variable application orders of additional load to legs. This was

accomplished by observing biomechanical responses to the systematic load and unload of

mass to the leg during landings performed by individuals.

One study concluded that landing from considerable heights with high impact

loads is one of the potential causes of injury (Stacoff, Kaelin, and Steussi, 1988). It has

been suggested that the external forces should be measured and their effects on injury

evaluated if there is a potential injury situation caused by an activity. In this respect, data

obtained through the examination of performance under conditions of loading additional

mass which may cause increases in impact force in landing, would provide beneficial data

to related areas such as injury prevention, equipment design, and technique improvement

and modification. In addition, information concerning possible biomechanical
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accommodation mechanisms in response to variable application orders of additional load

to a body would be beneficial to these areas.

It has been suggested by Bahlsen, Vermeulen, Nigg, and Leuthi (1984) that there

is a protective mechanism which causes the dilution of the greater impact forces. In their

study, no increases in impact force for runners were observed during running in spite of

loading additional mass to their lower extremities. Bates, De Vita, and Hamill, (1986) and

Simpson, Bates, and McCaw (1988) have concluded that the potential protective

mechanism would be subject and/or load specific. It has been suggested that the critical

factor which limits impact force for running in this mechanism is limb velocity at the

instant of contact with the landing surface (Bahlsen, et al., 1984). However, during

landing activity, low correlations have been observed between touchdown velocities and

magnitude of vertical GRF for both forefoot and rearfoot impacts (Stacoff, Kaelin, and

Steussi, 1988), while higher correlations have been observed between knee angle and

vertical GRF magnitude. These authors concluded that the effective mass of the segment

at ground contact can be altered by changing the joint angle at the instant of contact with

the landing surface and that this is the primary factor which determines GRF magnitude.

Qualitative description of the vertical GRF associated with a toe-heel landing

technique has been analyzed in one study in which the first and the second maximum

forces which correspond to toe (or ball of foot) and heel contact, respectively, were

investigated (Stacoff, et. al., in press; Valiant and Cavanagh, 1985). On the other hand,

quantitative vertical GRF data have been presented by various authors in such a way as to
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identify vertical GRF peaks (Fukuda, Miyashita, and Fukuoka, 1987; Kaelin, et. al., in

press; Mizrahi and Susak, 1982; Panzer, 1987; Ramey and Williams, 1985; Stacoff, et.

al., in press; Valiant and Cavanagh, 1985; Zatsiorsky, and Prilutsky, 1987). In these

studies, a wide range of vertical GRF has been reported both within and between studies.

A purpose of the present study will be to investigate within-subject variability in landing

strategies accommodating to various combinations of load applications in conjunction

with the effect of prior performance on following performance which would represent the

biomechanical accommodation mechanisms in landing activities.

Delimitations of the Study

Subjects for this study were four volunteer healthy semi-skilled males all of

whom had participated in sports or training activities involving landings. All subjects

were free from any injury or dysfunction at the time of data collection.

Subjects performed three conditions of 25 trials each, on each of two different test

days. Specifically, on one test day, subjects performed landings with a loaded-unloaded-

loaded sequence, while on the other test day they perform unloaded-loaded-unloaded

landings. All landing trials were initiated from a hanging position from an overhead bar

so that they could achieve an effective drop height of 60 cm. Landings were performed in

such a way so that only the right foot landed on the force platform while the left foot

landed on the floor surface adjacent and level to the platform. Subjects were instructed to
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perform landings in a normal and comfortable but symmetrical manner for the indicated

landing height. The 25 trials of loading condition embodying the first and third

conditions on one test day and the second condition on the other test day were performed

with an additional load attached to the leg slightly proximal to the tibiotalar joint. The

second condition on one test day and the first and the third conditions on the other test day

were performed with no additional load to the body in order to investigate biomechanical

accommodation mechanisms in landing activity responding to variable combinations of

application order of additional load to a body along with the effect of prior performance

on following performance. Specifically, comparisons were done to investigate within-

subject variability of biomechanical accommodation in two loaded-unloaded conditions in

which one combination follows an unloaded condition and in two unloaded-loaded

conditions in which one combination follows a loaded condition. In addition, each block

of loaded conditions and unloaded conditions was statistically compared using group and

single subject ANOVA along with model statistics which is a within subjects modified

ANOVA and regression model developed at Biomechanics/Sports Medicine Laboratory at

the University of Oregon.

From the vertical GRF data, magnitude and temporal characteristics of first and

second maximum forces (F1 and F2) which correspond to forefoot and rearfoot impact,

respectively, were measured. EMG data synchronized with GRF data were obtained and

used to assess landing technique and biomechanical accommodation mechanisms to

additional load and its orders of application. In addition, kinematic data were obtained by
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means of the Selspot Auto Tracking System and mechanical video system, although these

kinematic data were used only for qualitative analysis.

Limitations of the Study

Because of the nature of biomechanical research, researchers are often forced to

compromise between subject size and number of trials. By increasing the number of

subjects while reducing the number of trials, there would be a possibility of concealing

the real performance difference resulting in no statistically significant difference. On the

other hand, by reducing the number of subjects while increasing the number of trials, it

would be hard to obtain generalizability of the results. In addition, nature of human

performance variability, insufficient sample size, and/or variable landing strategies

employed by individuals may be reflected as insufficient statistical power.

Between subject variability has been determined to be quite high relative to within

subject variability in activities such as walking and running (Bates, McCaw, Simpson and

Dufek, 1988; Bates, Simpson and Panzer, 1987; Bates, Osternig, Sawhill and James,

1983). Also, it has been suggested that between subject analysis design would conceal

the unique individual landing strategies which can be identified by using within subject

design (Dufek and Bates, 1988; in press). However, since the body of knowledge

concerning jump landing is limited and few data are available in order to specifically

describe variability for this study, the number of trials necessary to appropriately assess
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differences between combinations of conditions was determined based primarily on the

variability of walking and running.

Since excessive between subject variability often causes difficulty in between

subjects comparison, a series of single subject designs were employed in the majority of

the analyses which usually facilitate the within subject difference detectability. On the

other hand, generalizability of results was limited because of the lack of between subjects

comparisons. In addition, the generalizability was also limited due to the nature of the

subjects, specifically, semi-skilled, healthy males aged 24 to 30 and the small number of

subjects.

Synchronization of the force platform and EMG data was limited by the design

characteristics of the analog to digital (A/D) converter. The system employs sequential

sampling procedure, which causes a 105 microsecond time lapse between successive

channels sampled and a total temporal offset of 945 microseconds between the first and

9th channel within one complete sample set. Considering the sampling rate of 1000 Hz

and the analyzed biomechanical phenomena, this limitation was negligible.

Assumptions of the Study

It was assumed that the subjects were free from any injury or physical

dysfunction that would affect their landing performance. Considering this assumption

and the amount of rest allowed between trials, which was 1-3 minutes, it was also
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assumed that effect of fatigue on landing performance would not be responsible for any

differences observed in this study. Each of the successful landing performances was

assumed as a symmetrical landing so that the right lower extremity represented the landing

performance. The force platform, electromyographic data collection system, and Selspot

System were assumed to be accurate and valid in measuring quantities of force, electrical

muscle activity, and kinematic data, respectively and that their operation in the

experimental setting did not intrude upon subject performance. The force platform and

EMG has been extensively used in biomechanical research to quantify human movements

while the Selspot Auto Tracking System has been primarily used in the area of motor

learning. Methodology and number of trials employed in this study were assumed to be

appropriate in order to accurately determine the differences between experimental

conditions. Reliability and validity of these instruments, methodology, and number of

trials employed in this study have been established through prior studies at

Biomechanics/Sports Medicine Laboratory at the University of Oregon.

Definitions

The following definitions are consistent with the terminology recommended by

the International Society of Biomechanics (1986) and appears as they are used in this

thesis.
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Electromyography (EMG):

The device recording myoelectric signal which represents potential activity

of muscles by utilizing surface electrodes placed on the skin surface.

First Maximum Force (F1):

The first maximum vertical ground reaction force encountered during the

impact phase of landing, usually associated with forefoot contact. The First

Maximum Force is followed shortly by a Second Maximum Force.

Impact Force:

Short duration maximum forces encountered during the initial 60 ms. of the

landing. The force occurs in too short a time period to be influenced by

neuromuscular intervention, and is thus determined by pre-programmed

motor activity, and the material properties of the contacting elements.

Impulse:

The time integral of a force-time curve.
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Integrated EMG (IEMG):

The area under the full-wave rectified EMG (mV*s) curve. The integration

period is specified in ms.

Joint Angle:

The angle between two adjacent body segments.

Myoelectric Signal (Raw EMG Values):

The total signal or voltage (mV) seen differently between two electrodes.

Neuromuscular Response:

One of two response patterns to an impact force imposed on the body in

which neuromuscular program modification is applied in order to attenuate a

greater impact force encountered with additional load application. Greater

explained variance with IEMG parameters in regression analysis is an

indication of neuromuscular response.

Newtonian (Mechanical )Response:

One of two response pattern to an impact force imposed on the body in

which the same amount of muscular activity is applied regardless of the

amount of additional load application, resulting a purely mechanical change
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in impact force corresponding to the changing mechanical constraints.

Dominant contribution of load in predicting GRFs in regression models is

indicative of Newtonian response.

Second Maximum Force (F2):

The second maximum vertical ground reaction forces encountered during the

landing, usually associated with heel contact with the landing surface. This

force is preceded by the First Maximum Force resulting from forefoot

contact.

Touchdown (Contact):

The instant in time when the subject's body (usually the feet) contacts the

landing surface.

Vertical Ground Reaction Force (Vertical GRF):

The component of the ground reaction force that is exerted in a direction

normal to the landing surface.
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CHAPTER II

REVIEW OF LITERATURE

The purpose of the study was to investigate landing strategies employed by

individuals in accommodating to the various combinations of systematic addition and

removal of mass to the legs along with the order of their application. A number of

researchers have qualitatively described the GRF generated during landings for various

activities, and quantified the magnitudes of the impact forces and times to impact

encountered. Although electromyography has been employed in some landing studies, it

has been used largely with respect to early latency onsets after the beginning of short

duration falls, and stretch reflex activity at landing. The effects of various mechanical

constraints imposed on individuals during landing activity such as drop height, landing

surface characteristics, shoe characteristics, and landing technique have been studied. No

manipulations concerning biomechanical accommodation mechanisms in landings in

response to various combinations of systematic addition and removal of mass to a body

segment and their order has been investigated, although several authors have described

biomechanical accommodation mechanisms to simple addition and removal of mass

during running. The following discussion reviewed the relevant literature in these four

areas.



15

Ground Reaction Forces in Landing

Qualitative research concerning the vertical GRF in a toe-heel style of landing by

identifying first and second maximum forces which correspond to forefoot and rearfoot

landing respectively (Stacoff, et. al., in press; Valiant and Cavanagh, 1985) has been

done. Various researchers have described these two parameters quantitatively with

respect to various activities involving landing. Kaelin, et. al. (1988) observed in

studying landing after a spike in female volleyball players, first maximum forces in the

range of 1000 - 2000 N and second maximum forces from 2000-6500 N. Lesser

forefoot impacts were observed in conjunction with greater rearfoot values, and greater

forefoot values were observed with relatively small rearfoot values.

Panzer, et. al. (1988) observed vertical GRF loads ranging from 8.8 to 14.4

body weights (BW) for elite gymnasts performing landings from single and double back

somersaults. It was noted that the greatest vertical GRF loads was observed in

asymmetrical landings, where the load on one leg was reduced with a dramatic increase in

peak GRF values on the other leg.

Miller and Nissinen (1987) described average vertical GRF values of 13.6 BW

and 6.1 BW, corresponding to first and second maximum force respectively, for landings

from a running forward somersault (nine male gymnasts).

Valiant and Cavanagh (1985) observed both forefoot-rearfoot and flat-footed style

of landing by basketball players during landing after a simulated rebound. In that study,
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forefoot impacts averaged 1.3 BW, rearfoot impacts averaged 4.1 BW with a mean time

to peak of 37 ms. The flat-footed landings comprised only one vertical peak force with a

mean force of 6.0 BW at 11 ms. For all subjects, maximum vertical GRF values ranged

from 2.3 to 7.1 BW and were generally greater for flat-footed landings.

Electromyography

Assessment of lower extremity EMG activity during landing has been carried out

with respect to onset latencies in unexpected falls of short duration (Melville-Jones and

Watt, 1971; Greenwood and Hopkins, 1976), with respect to onset and stretch reflex

components of the gastrocnemius during landings on different surfaces (Gollhofer, 1987;

Fukuda, et. al., 1987) and in landings during different types of jumping activities

(Viitasalo and Aura, 1987).

Melville-Jones and Watt (1971) examined EMG activity of the gastrocnemius and

tibialis anterior during landings from unexpected falls ranging from 2.5 to 20.3 cm of

heights. A notable finding was established concerning a short latency EMG response in

the landing musculature, with onset occurring at approximately 74 ms after start of the

fall. It was suggested that this activity is a function of the vestibular system, related to

the initial acceleration of the sudden drop. These authors further suggested that in falls of

less than 5.1 cm (102 ms) this early latency activity does not allow for sufficient

muscular contraction to aid in force attenuation at the instant of contact with the landing
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surface. The authors estimated that voluntary muscular activity would require

approximately 191 ms (a fall of 18 cm) after fall onset to generate adequate muscle

tension in order to attenuate impact force. This time includes a 163 ms voluntary

response time plus a 28 ms electro-mechanical coupling time. Therefore, for falls from

between 5.1 and 18 cm, only activity from the early latency response is available for

force attenuation upon impact.

Lees (1981) examined the methods of impact absorption during landing from a

vertical jump. In this study, vertical GRF values derived from film analysis were

obtained for two landing techniques, soft and hard, for two subjects. It was concluded

that greater GRF was produced by performing hard landing while lesser GRF values

were produced by the soft landing technique. Lees suggested that it is essential to alter

the motor control program in order to attenuate impact force upon landing since the

impact attenuation phase of landing occurs faster than that of typical human reaction time.

Greenwood and Hopkins (1976) examined soleus EMG activity during both

unexpected and voluntary release drops and observed an early latency onset of

approximately 80 ms following the beginning of an unexpected drop. In falls of

sufficient height, this activity ceased at approximately 200 ms while it was absent

altogether in falls from a voluntary release. In addition, the early latency response was

found in muscles throughout the body and was attributed by the authors to a more general

startle response, not necessarily specific to landing. The lower extremity muscular

activity could, however, still contribute to impact force attenuation in falls lasting from 80
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to 200 ms.

Fukuda, et. al. (1987) observed an onset time for the gastrocnemius at

approximately 50 ms after the start of a fall, for falls ranging from 8 to 18 cm. The

subjects were aware of the onset of the fall through verbal instruction, but the release was

not voluntary.

Viitasalo and Aura (1987) observed subjects performing landings for different

types of jumping activities including hopping, unilateral jumping, hurdle hopping, drop

jumps, jumps with approaching step, and high jumping. The EMG activity from three

knee extensor muscles (vastus medialis, vastus lateralis, and rectus femoris) was

measured for a pre-contact period of 80 ms, and over the eccentric phase of landing.

Results suggested that the amount of pre-contact activity was related to the intensity of the

following eccentric stretch of the landing musculature. The authors addressed the fact

that the peak GRF occurred at 22 ± 4 ms following contact, and suggested that this time

duration was too short to allow for activation of stretch reflex mechanisms. It is,

therefore, important that the landing musculature would be highly activated prior to and at

the instant of touchdown in order to assist attenuation of impact force upon landing.

Gollhofer (1987) reported mean onsets of the gastrocnemius activity ranging

from 132 to 141 ms prior to touchdown for landings from a height of 25 cm onto a force

platform and springboards of different stiffnesses. A reduction in the EMG activity was

observed 30 to 40 ms prior to touchdown that lasted for 100 to 150 ms. All landings

were followed by an immediate jump, with the subject returning to the starting position at
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a height of 25 cm. It should be noted, however, that the result from this experimental

design does not necessarily represent simple landing activity without following immediate

jump activity.

Manipulation of Mechanical Constraints

Several researchers have carried out systematic manipulation of mechanical

constraints with regard to drop height, distance, stiffness characteristics of footwear and

landing surfaces, and landing technique.

Mizrahi and Susak (1982) obtained mean vertical GRF magnitudes ranging from

1.67 to 2.75 BW for the first maximum force and 1.69 to 4.17 BW for the second

maximum force in forefoot-rearfoot landings from 0.5 m. On the other hand, mean

maximum impact forces ranged from 1.72 to 6.18 BW across subjects for flat-footed

landings from the same height. In landings from a 1.0 m height, they observed increased

mean vertical GRF magnitudes ranging from 2.98 to 5.60 BW for the first maximum

force and from 2.92 to 5.55 BW for the second maximum force. Fukuda, et. al. (1987)

observed mean vertical GRF values of approximately 2000 N for 5 subjects and time to

peak force from contact averaged 115 ms in landing from heights ranging from 80 to 180

mm, in which taller subjects were suspended higher.

Zatsiorsky and Prilutsky (1987) observed landing from heights of 20 and 50 cm

with regard to various landing techniques with varying degrees of stiffness. An index of
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softness of landing technique was presented as a measure of the effectiveness of the

technique on force attenuation. The results indicated that from .005 to 75 % of the total

mechanical energy of the body at touchdown was dissipated passively through the

musculo-skeletal system with the remainder being accounted for by negative work done

by the muscles.

Nigg (1977) found that a landing technique which allowed greater knee flexion

reduced the vertical load transmitted to the knee and hip joints. Panzer, et. al. (1988)

observed gymnasts landing from double back somersaults employing competition, fully-

flexed and extra-step-back techniques. Though the between subject vertical GRF data

reported supports the Nigg findings (1977), it was noted that the fully flexed landings of

the most skilled male subject resulted in the largest peak compressive joint reaction forces

at the knee and hip, as well as the greatest shear joint reaction forces. Maximum joint

reaction forces occurred 30 to 50 ms after touchdown, with the landing phase being

completed in 100 to 120 ms for successful landings.

The effects of surface characteristics were studied by Mizrahi and Susak (1982).

They observed decreased peak vertical GRFs for subjects landing on a 5 cm thick foam

rubber sheet placed over a harder surface. The authors attributed this force reduction to

decreased surface stiffness characteristics and increased contact time.

Fukuda, et. al. (1987) observed subjects performing barefoot landings on

plywood surfaces with measurably different stiffness characteristics. Between subjects

data showed no statistically significant differences for maximum ankle flexion velocity or
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peak vertical GRF between landing surface conditions. Maximum knee flexion velocity

was significantly faster when landing on the stiffer board, and the amplitude of pre-

contact EMG activity in the gastrocnemius was less when landing on the stiffer board.

The authors suggested that the ankle might have been less strongly flexed at touchdown

on the stiffer board resulting in faster dorsiflexion and greater associated stretch reflex

activity.

Gollhofer (1987) examined knee angle and EMG activity of the medial

gastrocnemius for landings following by a vertical jump, employing four different

surfaces: a force platform, two different spring boards, and a mini-tramp. Knee joint

positions at first and last surface contact were not different across surface conditions.

Minimum knee angle, however, showed an increasing trend with increasing surface

compliance. Knee joint mean angular velocities were faster for the harder surfaces.

Onset of medial gastrocnemius EMG was found to be independent of surface stiffness,

except for the mini-tramp condition. Steepness of rise in pre-contact EMG magnitude,

however, was shown to increase with surface hardness. It should be noted that data

presented by Gollhofer (1987) represent landing with subsequent take-off, and observed

values may not necessarily be indicative of landing force attenuation in landings with no

take-off preparation or execution.

Shoe characteristics were manipulated by Kaelin, et. al. (1988) for a subject

landing from a drop height of 45 cm. Shoes with midsole stiffness of 30 Shore and 50

Shore were evaluated. The softer shoe resulted in a 3.3 % reduction in the peak forefoot
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GRF and an 18 % reduction for rearfoot values. Differences in peak forefoot impact

forces were attributed to a combination of compliance characteristics of the shoe sole and

to the geometric configuration at touchdown. The stiffer shoe allowed for a longer

moment arm about the ankle at touchdown, and consequently a longer distance over

which the mass could be decelerated. The softer shoe provided a longer vertical

deceleration distance due to compliance characteristics. The authors suggested that for

the shoe characteristics evaluated, the softer shoe provided for a slight attenuation of

forefoot impact forces. The differences observed, however, were relatively small (50

N), and only 10 trial means were used in the analysis. Since there is no moment arm at

rearfoot impact shoe compliance was deemed the critical factor in force attenuation with

the softer shoe providing a significant decrease of 18 % in peak impact force.

Accommodation to Additional Loads

Bahlsen, et. al. (1984) have postulated a protective mechanism that allows the

runner to attenuate the greater impact forces predicted by a purely Newtonian model for

added loads to the lower extremity. The authors identified a number of variables that

influence the magnitude of the impact forces, including the area of contact, the velocity at

contact, the effective mass at contact (the mass involved in the impact), and the material

characteristics of the foot-surface interface (i.e. shoe and floor characteristics). The

addition of mass to the leg would increase the effective mass at impact and if all other
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variables remained constant, greater impact forces would be observed. The magnitude of

this increase was predicted using a mathematical undamped spring-mass model. Results

showed no significant differences in vertical or anterior/posterior maximum impact forces

between normal conditions and conditions with added mass. The authors suggested that

there is a protective mechanism related to limb velocity at the instant of contact since

decreases in limb velocity were observed as mass was added to the extremity.

Bates, et. al. (1986) and Simpson, et. al. (1988) have suggested that such a

protective mechanism, if existent, may be subject and/or load specific. Bates, et. al.

(1986) observed effects in all subjects when loads of 300 g and 600 g were applied to

each of the lower legs. These loads were commensurate with those used by Bahlsen, et.

al. (1984). Subjects consisted of three regular runners and one occasional runner. The

regular runners all exhibited an increase in vertical impact force when the load was

changed from 300 g to 600 g, and a decrease across all conditions for the occasional

runner suggesting that he employed a different strategy in accommodating to the

additional load.

Bates, et. al. (1988) have suggested a Newtonian and/or a neuromuscular

response strategy to the addition of mass to the legs for running. The authors suggested

that a mechanical perturbation may result in subject recognition of a potential danger to

the system. If such a danger is perceived, the existing neuromuscular program directing

the activity may be modified, resulting in a change in kinematics and/or muscular

stiffness characteristics for purposes such as increased attenuation of impact forces. If no
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such changes in the neuromuscular pattern of activity occur, the result of the perturbation

would correspond to a purely mechanical or Newtonian response strategy.

Simpson, et. al. (1988) employed additional loads of 454 g per leg and 1020 g

per leg in examining vertical impact forces in running. A block of 25 trials was

performed with no extra load attached. This was followed by 50 trials with the additional

load, and a final 25 trials with no load. The protocol was repeated on two days, once

with the heavy load and once with the light load. Among the five subjects, two strategies

were exhibited when the weights were attached. Three performed according to the

undamped spring-mass model presented by Bahlsen et. al. (1984), exhibiting an

approximate impact force increase of 10% for the loaded condition. The other two

subjects accommodated to the loads with a protective response which resulted in equal or

lesser impact forces. The general response to the removal of the weights was consistent

across subjects with decreases in impact force being observed in most instances. One

subject exhibited differential responses to the different loads showing an increase in

impact force when the light load was applied, but no increase was observed when the

heavy load was applied. The authors concluded that the concept of a protective

mechanism appears to be subject specific, and possibly load specific for certain subjects.

The critical factor in limiting impact force in the mechanism postulated by

Bahlsen, et. al. (1984) was identified as limb velocity at contact. In landing, however,

low correlations have been observed between touchdown velocities and magnitude of

vertical GRF for both forefoot and rearfoot impacts following a volleyball block (Kaelin,
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et. al., 1988). Higher correlations were observed between knee angle and vertical GRF

magnitude. It was suggested that effective mass of the segment at ground contact, which

is dependent on knee angle, is the most influential factor affecting impact force

magnitude. It was further suggested that knee angle could be used to approximate as well

as reduce impact loads.

In running, several possible responses to addition of mass to the lower extremity

have been suggested, ranging from no apparent accounting for the additional load (the

undamped spring-mass model) to a protective mechanism allowing for a complete

accommodating response. A purpose of this study is to describe and examine the use of

various strategies to accommodate to various combinations of additional load applied to

the lower extremity for symmetrical landings from a 60 cm drop.

Summary

Four major areas of research, ground reaction forces in landing,

electromyography, manipulation of mechanical constraints, and accommodation to

additional loads, were reviewed to provide an understanding of lower extremity dynamic

functioning characteristics relative to landing and to changing mechanical constraints.

Although much research has been done to develop a model of the lower extremity

through biomechanical study concerning structural, functional, and performance

characteristics, many of the biomechanical problems still remain unsolved.
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Little research has been carried out concerning the dynamic load characteristics of

the lower extremity directly related to landings. Miller and Nissinen (1987) reported

average vertical GRF during running forward somersaults of greater than 13 BWs while

Panzer. et. al. (1988) identified up to 14.4 BWs of vertical GRF during landings from

double back somersaults. Biomechanical accommodation mechanisms for these high

impact forces within the human body is not fully understood.

Although biomechanical accommodation mechanisms have been studied by

employing EMG, much of this research has raised additional questions concerning

dynamic load characteristics and modeling of the lower extremity. In addition, there has

been a considerable degree of discrepancy between the results of between subject analysis

and within subject analysis concerning dynamic load characteristics of the lower

extremity.
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CHAPTER III

PROCEDURES

The purpose of this study was to investigate possible within-subject variability of

landing strategies used by individuals to accommodate to variable combinations of

application orders of additional load applied to legs. Selected biomechanical and

neuromuscular parameters were used to quantify the landing technique as well as

investigate possible biomechanical accommodation mechanisms to respond to the

changing mechanical constraints and their application orders. Specifically, the vertical

GRF data were analyzed during the impact phase of landing along with the EMG data

from 5 lower extremity muscles, which were also monitored during the 200 ms. prior to

contact. In addition, the Selspot Auto Tracking System data were monitored during the

200 ms prior to contact as well as during the impact phase of landing.

Subjects

The subjects for this study were four volunteer male university students, ranging

in age from 24 to 30 years. Potential subjects were screened at a pre-test session. All of

the subjects were free from any injury or physical dysfunction at the time of data

collections. Prior to data collection, each subject signed an Individual Subject Consent
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Form (Appendices A and B) approved by the Committee for the Protection of Human

Subjects at the Oregon State University. Since all subjects had previously participated in

organized sports and/or training programs, they were considered to be semi-skilled in the

activity of landing. Additional information on subjects were given in table 11, Appendix

C.

Instrumentation

The vertical GRF was examined during the impact phase of landing by using a

force platform. Neuromuscular data for five lower extremity muscles were obtained

simultaneously by using electromyographic techniques. EMG were also be collected

during 200 ms prior to contact. These two systems were synchronized through the

analog to digital (A/D) converter, which sampled the 9 data channels serially (5 force

platform, 5 EMG, trigger for Selspot System, and LED for video system). In addition,

kinematic data were obtained using the Selspot Auto Tracking System while these

systems were used only for qualitative analysis. The data from Selspot were stored

separately.

A schematic of the experimental set-up was presented in Appendix D, Figure 3.
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Force Platform

A Kistler Multi-Component force measuring platform for Biomechanics and

Industry (Type 9281-B) mounted flush with a hardwood gymnasium floor was used to

obtain the GRF data at the rate of 1000 Hz. The raw voltage signals from the four piezo-

electric force sensors for the vertical direction were input to four charge amplifiers

followed by summing amplifiers (Type 5001) which produces a signal value which

correspond to the vertical GRF component. The summing amplifiers were interfaced

with a 4054A Graphics Calculator via a 16 channel Trans Era Modular Data Acquisition

System (MDAS) containing an analog to digital (A/D) converter. The reliability and

validity of this force measuring system has been established through biomechanical

experiments at the Biomechanics/Sports Medicine Laboratory at the University of

Oregon. Anteroposterior (AP), mediolateral (ML) GRF components, and Moment about

AP and ML were sampled as well, although these data were not used in the analysis.

Data were stored on a Compaq Portable II internal hard disk for subsequent analysis.

Sampling was initiated when a subject makes contact with the force platform surface.

Total sampling time was 500 ms. including 200 ms of pre-contact baseline values.
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Electromyography

Prior to testing, subjects were instrumented with Mini-Beckman silver/silver-

chloride surface electrodes positioned on the skin in order to measure muscle electrical

activity in the following five muscles of the right lower extremity: 1). Vastus medialis

(VM), 2). Rectus femoris (RF), 3). Semitendinosus (ST), 4). Biceps femoris (BF), 5).

and the medial head of the Gastrocnemius (GA). Five pairs of electrodes were positioned

along the longitudinal axis of these muscle, with a center-to-center distance of 2 cm. The

leads from each pair of electrodes were fed into individual differential amplifiers

(Coulbourn Instruments High Gain Bioamplifier with Bandpass Filter S75-01) with

cutoff frequencies set at 8 (low) and 1000 Hz (high). Gain settings ranges from 2000 to

20,000 and were set based on the magnitude of the signal being received to make optimal

use of the ± 10 volt capability of the MDAS A/D converter. Data were sampled for 500

ms including 200 ms of pre-contact activity at the rate of 1000 Hz. Synchronization with

the force platform data was achieved by serial sampling of all force and EMG channels by

the MDAS system. The reliability and validity of the EMG has been established through

biomechanical experiments at the Biomechanics/Sports Medicine Laboratory at the

University of Oregon.
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Selspot Auto Tracking System

Prior to testing, subjects were instrumented with 7 Selspot System Sensors

positioned at the following body segments and shoe surface of the right lower extremity

using seven anatomical markers in a four-segment three joint system: 1). greater

trochanter, 2). lateral condyle of femur, 3). lateral condyle of tibia, 4). lateral malleolus of

fibula, 5). calcaneus, 6). distal head of 5th metatarsus, 7). and toe, where 1) through 4)

were attached on the skin surface and 5) through 7) were attached on the shoe surface.

The leads from the each sensor were connected to a transmitter attached on the subject's

waist with elastic bandage which was fed into the Selspot Analysis System connected to

the main computer. Two Selspot Auto Tracking System cameras were used to obtain

kinematic data from the right side view of the body for each of landing performances.

The synchronization of Selspot data with the other two instrument systems was achieved

by using a internal trigger system which was operated manually at the approximate time

the subject contacted the force platform. The analog signal from the internal trigger

system was simultaneously transmitted to the A/D converter. The data from the Selspot

System were stored separately and used for kinematic analysis. The reliability and

validity of the Selspot System has been established through biomechanical experiments at

the Biomechanics/Sports Medicine Laboratory at University of Oregon.
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Experimental Protocol

Subjects performed three sets of two conditions of 25 trials each, on each of two

different test days with a minimum of one week between data collection sessions. All

landing trials were performed from an initial stable hanging position from an overhead

bar. The hanging position was repositioned for each subject so that the vertical distance

from the landing surface to the tip of the right lateral malleolus was equal to 60 cm plus

the shoe sole-malleolus distance. The vertical distance from the outer sole to the tip of the

right lateral malleolus was measured for each subject while standing flat-footed on the

floor in order to obtain accurate drop height. Markings on the hanging bar were used to

assure that the subject could begin each trial from a similar grip position. The subject was

instructed to drop freely and voluntarily once a stable position had been acquired.

Landings were performed in such a manner so that only the right foot contacted with

force platform, while the left foot contacted the floor surface adjacent and level to the

force platform. Subjects were allowed to perform the landing in any manner with which

they feel normal and comfortable, but symmetrical landing technique was required.

The two different experimental conditions, loaded and unloaded, consisted of 25

trials each, with two different orders of load application. For the loaded condition an

additional mass in the form of a standard ankle weight was firmly attached to each leg

slightly proximal to the tibio-talar joint. Protocol for the two data collections differed

only in orders of application of load to each leg. For one session, a mass of 1800 g was
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attached to each leg during first and third conditions, 25 trials each, while the same mass

was attached only during the second condition for the other session. The testing order for

the two experimental conditions was randomly chosen and the two conditions were

counterbalanced between two testing days.

All subjects wore the same type standard soft-soled laboratory shoe (running shoe

type) for both data collection sessions, supplied by the investigator in order to minimize

possible interindividual and interday differences due to shoe type. Each subject was

allowed to perform an independent warm-up at the beginning of each data collection

session which preceded instrumentation with EMG electrodes and the Selspot System.

The system, including force platform and EMG connections, was tested and amplifier

gains and scale factors were set to obtain optimal use of ± 10 volt range of the A/D

converter for each force and EMG channel. Selspot System sensors were positioned at

indicated placements at the right lower extremity and two cameras were set in such a way

so that the angle between them was 90° in order to obtain optimal accuracy of the system.

For each trial, the subject gripped the overhead hanging bar while standing on a

raised platform directly behind the force platform. The subject assumed a similar hanging

position for each trial using markings on the bar and then was stabilized by one of the

investigators prior to a voluntary release. Subjects were allowed 1 to 3 minutes rest

between landing trials so that any effects of fatigue were minimized. Landings were

monitored visually by investigators in order to assure proper placement of respective feet

on and off the force platform, and successful landing technique. A mechanical video
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system as well as the Selspot System was used to record all trials and data were kept for

use in qualitative analysis. All GRF and EMG curves were plotted on a computer

monitor for visual inspection prior to data storage. Selspot data, in addition, were

monitored by using real time display on the Selspot System monitor. These data were

stored in raw form on diskettes for subsequent analysis.

Data Reduction

Ground Reaction Force

The GRF data were scaled using the appropriate scale factor based on the gain

factor used for data collection and normalized for individual body weight (N/kg body

mass). By using an interactive algorithm, the point of contact, first maximum force (F1),

second maximum force (F2), time from contact to first maximum force (T1), and time

from contact to second maximum force (T2) were determined for each trial. Along with

the data, the descriptive variables of Subject Number, Subject Weight, Trial Number (1

through 25), Condition Number (Cl through C6), Data Collection Session (first or

second), and Load were transferred from the Compaq Portable II hard disk, which was

used for data collection, to AST 286 hard disk for statistical analysis.
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Electromyography

The EMG data was transferred from the Tektronix system to AST 286 hard disk

for data reduction. The raw EMG data for each muscle were converted to millivolts (mV)

using the appropriate gain factor for each channel. Each data set was then rectified and

integrated. From the integrated EMG (IEMG) data, two values were derived for each trial

and each muscle. The first value consisted of the total IEMG from 120 ms prior to

contact to the point of contact and the second value consisted of the period from contact to

the point of second maximum force. These values as well as the same descriptive

variables identified for the GRF data were stored on a AST 286 hard disk for later

statistical analysis.

Selspot Auto Tracking System

The Selspot System data were independently stored in the AST 286 for kinematic

analysis. These data were qualitatively evaluated in conjunction with kinetic data from the

force platform and EMG in order to investigate biomechanical accommodation

mechanisms which would exist in kinematics of the performance.
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Treatment of the Data

All statistical analyses were completed by using the SAS statistical package

available on the AST 286 computer. The statistical analysis was initiated by using group

and single subject ANOVA with independent variable of Subject (Si, S2, S3, S4), Load

(Load or Unload), and Order (Order 1: Cl, C3, C5 for loaded condition and C2, C4, C6

for unloaded condition for S1 and S3; Order 2: C5, Cl, C3 for loaded condition and C4,

C6, C2 for unloaded condition for S2 and S4). These procedures were followed by the

model statistics which is modified single subject design analysis of variance (ANOVA)

developed for biomechanical research at the Biomechanics/Sports Medicine Laboratory at

the University of Oregon with independent variables of Condition (Loaded (C1-C3, Cl-

C5, C3-05) Unloaded (C4-C6, C2-C4, C2-C6) and Consecutive (C1-C2, C2-C3, C4-

05, C5-C6)) repeated on the variable of Subject. The dependent variables of first

maximum force (F1), second maximum force (F2) as well as their temporal parameters

(T1 and T2) along with ten IEMG parameters were examined by using this technique.

Four regression models, Cl and C2, C5 and C6 ,C2 and C3, and C4 and C5, on vertical

GRF parameters and ten IEMG parameters were calculated to examine the effects of the

prior performance on the following performance.

It was hypothesized that between subject variability would cause no effective

explanation of any strategies involved in accommodating to the experimental conditions.

Therefore, it was also hypothesized that the within subject technique of analysis would be
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appropriate to gain a more complete understanding of subject responses. In order to

compare the effectiveness of between and within subject design, both group and single

subject ANOVAs were operated. Dependent variables for the analysis consisted of four

GRF parameters (F1, F2, TI, T2), and two IEMG variables for each muscle (VM1,

VM2, RF1, RF2, ST1, ST2, BF1, BF2, GA1, GA2). For each muscle data, variable 1

corresponded to the time from 120 ms prior to contact to contact, and variable 2

corresponded to the time from contact to F2. Appropriate pairwise comparisons were

operated for further explanation of any observed phenomena. In addition to these

statistical analyses, simple statistics including mean and standard deviation for each

variable as well as correlation coefficient were conducted. Abbreviations for the study are

presented in APPENDIX-E
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CHAPTER IV

RESULTS AND DISCUSSION

Research Design and Theory

The purpose of the present study was to investigate possible within subject

variability of landing strategies employed by individuals to accommodate to variable

additional load application orders.

The nature of biomechanical research often forces the researcher to sacrifice

between number of trials and subjects by either using large number of trial with small

number of subject or small number of subject and large number of trial. In either case,

the result would not be able to obtain statistical power to achieve satisfactory conclusion

of research. As a result, a researcher may have to accept non-significant statistical results

as indicative of no differences between treatment effects. Keppel (1982) suggested that

insufficient statistical power may cause incorrect interpretation of the results. Bates, et.

al. have suggested a within subject design to interpret human performance response to

changing mechanical constraints on impact force during running. This is based on the

concept that between subject designs employing small subject numbers which are often

suggested by statistician may conceal actual performance unique to an individual by

grouping subjects employing different strategy to the changing mechanical constraints.
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Two possible strategies in order to respond to changing mechanical constraints

during running have been described by Bates, et. al. (1988). A mechanical perturbation

may cause recognition of a potential danger to the system of an individual. Modification

of the existing neuromuscular program directing the activity may occur if an individual

perceives such a dangerous situation. This modification would result in a change in

performance kinematics and/or muscular stiffness characteristics for the purpose of

increasing attenuation of impact force. On the other hand, if there is no modification in

the neuromuscular program of the activity, the resultant impact force would correspond to

a mechanical or Newtonian response strategy. Therefore, a purely neuromuscular

response to additional load application would result in no increase in impact force, while

for a purely Newtonian response, application of additional load would produce

corresponding increase in resultant impact force.

Selected biomechanical parameters (F1, F2, Ti, T2, five IEMG1, and five

IEMG2) were statistically examined in order to assess landing strategies employed by

individual subjects to accommodate to addition and removal of mass, and application

orders of that mass. Statistical procedures include group and single subject ANOVAs,

correlation coefficient procedure, model statistics, simple regression models, and multiple

regression models although the results of the correlation coefficient were used only for

additional information.
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ANOVA Results

Group ANOVA and Single Subject ANOVA

Statistical procedures were initiated with a three way factorial ANOVA (group

ANOVA) to examine the dependent variables of vertical GRFs (F1, F2) with Subjects

(S1, S2, S3, S4), Loads (Load or Unload), and Orders. Independent variables of Orders

included Order 1: Cl, C3, C5 for loaded condition and C2, C4, C6 for unloaded

condition for S1 and S3; Order 2: C5, Cl, C3 for loaded condition and C4, C6, C2 for

unloaded condition for S2 and S4. It was postulated, however, that subject response

characteristic differences would be concealed because of the incapability of using this

technique to isolate and assess differences between conditions. This procedure was

followed by a series of single subject two way ANOVA to examine the same dependent

variables of GRFs with Loads and Orders as independent variables.

An examination of these two techniques was primarily employed to illustrate the

effects of between subject design and within subject design on assessing human

performance differences. In order to compare these two approaches, part of the variables

used for group ANOVA were selected to match the variables used for single subject

ANOVA. There were four combinations of variables: Combination 1. Fl with Load and

Order 1, Combination 2. Fl with load and order 2, Combination 3. F2 with Load and

Order 1, and Combination 4, F2 with Load and Order 2, where Combination 1 and 3
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were used for S1 and S3 while Combination 2 and 4 were used for S2 and S4. Data

were summarized for Si and S3 and for S2 and S4 where appropriate for identification of

common response characteristics to changing mechanical constraints and application

orders. Summary table of group and single subject ANOVA are presented in Tables 1 and

2. The results of group ANOVA and single subject ANOVA are presented in Appendix

G (Tables 26 through 38) along with means and standard deviations of force and

temporal parameter as well as IEMG for all subjects and condition in Appendix F (Tables

13 through 24).

The group ANOVA analysis results for F1 identified statistically significant main

effects of Load and Order and one effect of interaction on Load x Order. The results of

single subject ANOVA identified these three statistically significant effects of Load,

Order, and Load x Order for Si, S2, and S3. While for S4, single subject ANOVA failed

to identify the main effect of Load suggesting unique strategies employed by the subject.

The group ANOVA analysis results for F2 for Combination 3 identified all of

three statistically significant effects of Load, Order 1, and Load x Order 1. While the

result of single subject ANOVA for F2 for Combination 3 showed unique results for each

of two subjects (Si and S3). For Si, the results identified statistically significant effects

of Order 1 and interaction of Load x Order 1, while for S3 it identified only one

statistically significant effect of Load x Order 1 interaction. The results of group ANOVA

for Combination 4 identified only one statistically significant effect of Order 2. On the

other hand, the results of single subject ANOVA identified two statistically significant
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effects of Order 2 and interaction of Load x Order 2 for S2, and statistically significant

effects of Load, Order 2, and Load x Order 2 for S4. These results also indicated that

each subject employed unique accommodating strategy to respond to the changing

mechanical constraints. The significant effects of interaction of Load x Order would

suggest the complexity of accommodating strategies used by individual subjects.

The difference of results between group ANOVA and single subject ANOVA

would suggest that single subject ANOVA procedures are more appropriate for assessing

and evaluating the performance strategies of the individual subjects in this study. Group

ANOVA would only be effective to quantify strategies when all subjects perform the

required task in a similar manner.

The results of single subject ANOVA for Fl identified statistically significant

effects of Load for S 1, S2, and S4, while for F2 it identified only one statistically

significant main effect of Load for S4. The comparison of these results would suggest

that Fl, which corresponds to forefoot impact in forefoot-rearfoot landing technique,

would be more mechanical or Newtonian oriented phenomena than F2 which correspond

to rearfoot impact (Table 3).
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Table 1. Summary of Group and Single Subject ANOVA

for Subject 1 and 3

Source df Group Subject 1 Subject 3

F p F p F p

First Maximum Force vs. Load* and Order 1**
Load 1 100.73 0.001 66.00 0.001 2.49 0.117

Order 1 2 30.55 0.001 36.10 0.001 7.43 0.001

Load x Order 1 2 7.51 0.001 37.30 0.001 7.43 0.001

Second Maximum Force vs. Load* and Order 1**
Load 1 133.79 0.001 0.87 0.353 0.13 0.717

Order 1 2 5.89 0.003 13.78 0.001 0.35 0.703

Load x Order 1 2 31.53 0.001 15.62 0.001 6.32 0.023

* = Independent variable of Load is either Load or Unload

** = Order 1 : Cl, C3, C5 for load conditions and C2, C4, C6 for unload conditions
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Table 2. Summary of Group and Single Subject ANOVA

for Subject 2 and 4

Source df Group Subject 2 Subject 4

F p F p F p

First Maximum Force vs. Load* and Order 2**
Load 1 100.73 0.001 27.91 0.001 25.55 0.001

Order 2 2 16.45 0.001 9.82 0.001 14.03 0.001

Load x Order 2 2 24.95 0.001 6.99 0.009 13.94 0.001

Second Maximum Force vs. Load* and Order 2**

Load 1 1.65 0.200 3.53 0.069 9.42 0.003

Order 2 2 21.69 0.001 12.92 0.001 32.06 0.001

Load x Order 2 2 0.00 0.998 8.07 0.005 6.86 0.002

* = Independent variable of Load is either Load or Unload
** = Order 1 : C5, Cl, C3 for load conditions and C4, C6, C2 for unload conditions
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Table 3. Summary of Single Subject ANOVA

for Fl and F2 from Load, Order, and Load x Order

Source df Subject 1 Subject 2 Subject 3 Subject 4
F p F p F p F p

First Maximum Force vs. Load* and Load* x Order**

Load 1 66.00 0.001 27.91 0.001 2.49 0.117 25.55 0.001

Order 2 36.10 0.001 9.82 0.001 7.43 0.001 14.03 0.001

Load x Order 2 37.30 0.001 6.99 0.009 7.43 0.001 13.94 0.001

Second Maximum Force vs. Load* and Load* x Order**

Load 1 0.87 0.353 3.53 0.069 0.13 0.717 9.42 0.003

Order 2 13.78 0.001 12.92 0.001 0.35 0.703 32.06 0.001

Load x Order 2 15.62 0.001 8.07 0.005 6.32 0.023 6.86 0.001

* = Independent variable of Load is either Load or Unload
** = Independent variable of Order is Cl, C3, C5 for Load and C2, C4, C6 for Unload for subject 1 and
3. C5, Cl, C3 for Load and C4, C6, C2 for Unload for subject 2 and 4.
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Model Statistics Analyses Results

The second statistical procedure assessing difference in response strategies to

accommodate to changing mechanical constraints and their application orders was

conducted by utilizing model statistics which is more sensitive to within subject response

differences than single subject ANOVA. The model statistics were conducted for all

fourteen variables including two vertical GRF parameters, two temporal parameters of

vertical GRFs, and ten IEMG parameters. Conditions were grouped for comparison of

possible differential responses with respect to loaded conditions, unloaded conditions,

and consecutive conditions in order to examine the effects of additional load application

orders. The values for model statistics were obtained by utilizing mean values and

standard deviations of each condition of each variable. The equation to determine the

critical value for model statistics is presented in Appendix H, Figure 4. Tables of the

results of all the model statistics as well as summary of model statistics for IEMG

parameters are also presented in Appendix I, Tables 31 through 38.

If an individual responds to a changing mechanical constraint completely with a

mechanical or Newtonian response, the result of the model statistics would identify no

statistically significant difference for vertical GRFs and temporal parameters for within

loaded and unloaded conditions. On the other hand, for consecutive conditions, this

technique would identify statistically significant differences on all of combinations for
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these variables. That is, a purely Newtonian response to loaded condition would produce

greater Fl and F2 values relative to unloaded conditions with corresponding decrease in

T1 and T2. These biomechanical phenomena would be the result of an unmodified

neuromuscular program directing the activity resulting in no attenuation of impact force

upon landing. On the other hand, in response to unloaded condition, lesser Fl and F2

and longer T1 and T2 would be obtained relative to loaded conditions.

If an individual responds to the changing mechanical constraints completely with

neuromuscular response, on the other hand, there would be no statistically significant

difference across conditions for force parameters, but for the temporal parameters, there

would be statistically significant differences for all combinations of consecutive

conditions and no statistically significant difference for within loaded and unloaded

conditions with corresponding increase for loaded conditions. Theoretically, if an

individual responds to the changing mechanical constraints solely depends on

neuromuscular response strategy, the change in mechanical constraints would cause no

significant difference in vertical GRFs by attenuating increased impact force by modifying

the neuromuscular program. However, in the toe-heel landing style, since the T1 is too

short to activate the neuromuscular activity and joint movement attenuating impact force,

Fl would be more mechanical in nature relative to F2. It should be noted that the changes

in response to mechanical constraints are most likely to result in responses utilizing some

combination of both Newtonian and neuromuscular responses.

Because of the nature of the human performance, between day variability is
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considered to be quite high, the discussion of the results of the model statistics were

presented within the limit of within day comparison for groups of loaded, unloaded, and

consecutive conditions. The results of model statistics were presented with respect to Fl,

F2, Ti, and T2. Further explanation of neuromuscular activity was provided under the

discussion of regression model procedures. Summary tables of model statistics is also

presented in Table 4.

Bates, et al. have described two possible response strategies accommodating

changing mechanical constraints during running. If an individual perceived a mechanical

perturbation as a situation dangerous to the system, there would be some modification in

the neuromuscular program directing the activity in order to attenuate the excessive impact

force upon contact. If there is no such a perception, the result of changing mechanical

constraints would be a purely mechanical or Newtonian response. By considering these

suggestion it was assumed that the unloaded condition between two loaded conditions or

the loaded condition between two unloaded conditions may cause some differences

between these two loaded or unloaded conditions. From the purely Newtonian response

point of view, there would be no effect of the unloaded condition on these two loaded

conditions nor of the loaded condition on these two unloaded conditions. On the other

hand, purely neuromuscular response would cause significant effects of unloaded or

loaded condition on these two loaded or unloaded conditions. However, a more likely

explanation for responses to accommodate to the changing mechanical constraints is some

combination of Newtonian and neuromuscular response.
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Table 4. Summary of Model Statistics Analyses

for Vertical GRFs and Their Temporal Parameters

Conditions F1/T1 F2/T2
Si S2 S3 S4 S1 S2 S3 S4

Loaded Conditions
-/+

+/*-

+/*-

*4.1*_

*4_

*4*+

+/-
*4*+
*4*+

*41_

*4+
*4.

*41*_

*41*_

*44*_

*44_

*4+

* +/+
*4*+
*4+

C 1 C3

Cl C5
C3 - C5

*-/-

*-/+

+/+

Unloaded Conditions
C4 - C6 *-/*- *+/*- -I- *4*_ *41*_ *41*_ *.44.. *4_

C2 - C4 *-/+ *+/*+ *4*+ -/*+ *4*+ *4*+ +/*- *+/+

C2 - C6 *-/+ *+/- *4+ * -/+ *4*+ *+/*_ *4+ *4*+

Consecutive Conditions

C1 C2 -/*- +/- *44*_ *41_ *+/*_ +Pic- *44_ * +/-

C2 - C3 *-/+ -/+ *4_ *4+ *4*+ *4*.f. +/*- *+/+

C4 - C5 -/- -/*- 4- *4+ -Pc- -I- *4+
C5 C6 +/- *+/+ -/- *4_ +/- *41*_ 4_ *4_

* = Statistically significant at p < 0.05.
Note : Values were obtained by subtracting the mean value of the variable within condition listed at the
left side from that of the right side.
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Effects of Unloaded Condition on Loaded Condition

The results of model statistics analyses of Fl/T1 and F2/T2 for loaded condition

showed unique response of each individual to additional load application orders. For

example, the results between Cl and C3 identified a statistically significant increase in Fl

for Si suggesting decreasing neuromuscular response which would be due to C2 (the

unloaded condition between these two loaded conditions). On the other hand, the same

procedure for S3 identified a statistically significant decrease in Fl associated with a

statistically significant increase in T1 suggesting increasing neuromuscular response

which would be due to the unloaded condition between these two loaded conditions.

These differences in response pattern would be the result of each subject's perception of

additional load as a different level to the system. That is, for example, Si apparently

perceived the additional load as relatively safe to the system since he had performed an

unloaded landing between these two loaded conditions resulting in decreased

neuromuscular response for C3 relative to Cl. On the other hand, S3 apparently

perceived the same additional load as relatively dangerous to the system, resulting in

increased neuromuscular response for C3. However, Fl is more mechanically oriented

since T1 is too short for the neuromuscular system to activate the muscle in order to

attenuate the additional forces encountered with load application. On the other hand, F2

would more clearly show the neuromuscular program modification response to the

changing mechanical constraints since T2 would allow the neuromuscular system to
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respond and modify its program to changing mechanical constraints. The results of

model statistics identified statistically significant decreases of F2 between Cl and C3 for

S1,S 3, and S4. For example, the results for S1 and S3 showed decreased F2 associated

with increased T2 suggesting that there were some neuromuscular program modification

in response to changing mechanical constraints. These results would further suggest that

S 1 , S3, and S4 apparently perceived additional load after unloaded condition as

dangerous to the system relative to the same additional load applied prior to the unloaded

condition causing neuromuscular program modifications in these subjects to attenuate the

greater impact forces associated with the changing mechanical constraints.

Effects of Loaded Condition on Unloaded Condition

The results of model statistics analyses of F1/T1 and F2/T2 for the unloaded

condition also indicated unique responses of each individual to additional load

applications and their orders.

The results between C4 and C6 for F1/T1 identified two statistically significant

increases in Fl associated with increase in T1 for Si and S4. But in the case of S2, a

statistically significant decrease in Fl associated with increase in T1 was identified.

However, compared to the mean value for F1/T1 with F2/T2, the difference between

conditions were relatively small in F1/T1 since the effects of neuromuscular modification

to the changing mechanical constraints on F1/Ti would be small due to the time of the
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event occurrence which would not fully allow the neuromuscular response. That is, the

response to the changing mechanical constraints of Fl would be more Newtonian

oriented than of F2.

On the other hand, the result of the model statistics analyses for F2/T2 between

C4 and C6 identified statistically significant decreases in F2 and a significant increase of

T2 for Si, S2, and S3. These results would suggest the existence of effects of a loaded

condition situated between two unloaded conditions on a later unloaded condition. That

is, these three subject apparently perceived unloaded landing in C6 as more dangerous to

the system than in C4 and C5, with C6 resulting in a more neuromuscular oriented

response. However, there is another possible explanation for these biomechanical

phenomena. If these subjects employed a neuromuscular oriented response to C5, which

was a loaded condition and preceded C6, they might have continued to employ the same

response to C6 resulting in an increased impact force attenuation relative to C4. The

results for S4, on the other hand, identified a statistically significant increase in F2 which

would suggest that S4 responded to C6 with a more Newtonian oriented response. This

might be because S4 may have perceived C6 as less dangerous to the system than C4,

thus performing C5 with a more Newtonian oriented response.

Results of Model Statistics Analyses for Consecutive Conditions

If an individual responded to changing mechanical constraints with a purely
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Newtonian response, there would be statistically significant differences across four

combinations of consecutive conditions of Fl and F2 in association with decreasing Ti

and T2 for loading combinations and increasing T1 and T2 for unloading combinations.

The results of model statistics analyses for C1 -C2 and C5-C6 would identify statistically

significant decreases in Fl and F2 while for C2-C3 and C4-05, they would identify

statistically significant increases in Fl and F2. The other results would suggest some

combination of Newtonian and neuromuscular response to the changing mechanical

constraints, or a purely neuromuscular response to the changing mechanical constraints.

The results of model statistics analyses for Fl/T1 for the two unloading

combinations identified statistically significant decreases in Fl for Cl-C2 in the case of

S3 and S4, and increases in T1 for Si and S3. For C5-C6, one decrease and one

increase in Fl for S2 and S4 respectively, were identified. On the other hand, the results

for F2/T2 identified statistically significant decreases for Si, S3, and S4, and increases in

T2 for Si and S2. For C5-C6, one decrease and one increase were identified for S2 and

S4 respectively, and one decrease in T2 for S2. These results would suggest that for Cl-

C2 which had no preceding trial, 51, S3, and S4 responded to C2 with a more

Newtonian oriented response relative to Cl. On the other hand, for C5-C6 which had

preceded unloaded condition, S2 responded to the unloading combination with a

neuromuscular oriented response while S4 responded to the same condition with a more

Newtonian oriented response.
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Summary of Model Statistics Analyses Results

By summarizing the results of model statistics analyses for F2 for loaded

condition, unloaded condition, as well as loading and unloading combinations, it might

be possible to identify the response strategy employed by individual subjects to

accommodate to changing mechanical constraints and their application orders. S 1, S3,

and S4 responded to C3, which was a loaded condition preceded by an unloaded

condition, with a more neuromuscular oriented responses than in Cl which had no

preceding trial. These results would suggest that these subjects may have perceived C3

as more dangerous to the system relative to Cl resulting in increased impact force

attenuation for C3 as opposed to Cl. On the other hand, concerning the effects of a

loaded condition on the unloaded condition, Si, S2, and S3 responded to C6 (preceded

by a loaded condition) with a more neuromuscular oriented response than to C4 which

had no preceding trial, exhibiting greater impact force attenuation for C6. S4, however,

responded to C6 with a more Newtonian oriented response relative to C4 resulting in less

impact force attenuation for C6 as compared to C4. These results would further indicate

the unique strategies employed by individual subjects to accommodate to changing

mechanical constraints and their application orders.
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Regression Model Analyses Results

Greater explained variance in the regression model using Load as the only

predictor is indicative of a Newtonian response while greater explained variance using

IEMG parameters, with little or no Load contribution to the model, is indicative of a

strong neuromuscular response. Equal amounts of muscular activities are expected for

changing mechanical constraints in Newtonian response resulting in a consistent

contribution of the Load variable in predicting Fl and F2. Therefore, in Newtonian

response, it would be expected that Load in the multiple regression model would be a

significant contributor to the explained variance. On the other hand, it is assumed in a

neuromuscular response that a greater amount of muscular activity would be produced in

order to attenuate the greater forces engaged in the loaded condition, resulting in shared

contribution of Load and IEMG parameters in predicting Fl and F2.

One simple regression model using Load as the only predictor of vertical GRF

parameters was initially employed for each subject in order to identify the contribution of

the load on changing vertical GRF parameters which corresponds to a Newtonian

response. The simple regression model was followed by four regression models

predicting vertical GRF parameters with Load and IEMG parameters as independent

variables in order to assess the neuromuscular response component in addition to the

Newtonian response component. Four models of multiple regression procedures were
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computed by using Maximum R-squared Improvement technique in which the alpha level

for variable entry was set at 0.05. Four regression models include (1). Cl and C2

representing the load-unload combination followed by load condition, (2). C2 and C3

representing the unload-load combination following load condition, (3). C4 and C5

representing the unload-load combination followed by unload condition, and (4). C5 and

C6 representing the load-unload combination following unloaded condition. The results

of the regression procedure, including regression coefficients (Beta), proportions of

explained variance (R-squared), and significance level of the models are presented in

Appendix J (Tables 39 through 48). Means and standard deviations of all IEMG

parameters for individual subjects are also presented in Appendix F (Tables 13 through

24). Summarized simple regression model results for each subject and multiple

regression model results are given in Tables 5 and 6 respectively. Summary of

differences between simple and multiple regression model results and best prediction

equations for Fl and F2 are also presented in Tables 7, 8, and 9 respectively.

Simple Regression Model Analyses Results

The simple regression model with Load as an independent variable was employed

in order to examine the contribution of Load which corresponded to the Newtonian

response in predicting Fl and F2. A summary table of simple regression model results is

presented in Table 5. The simple regression model results for overall subjects accounted
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for 24.09% of the variance for F 1 and 6.16% for F2, supporting the results of model

statistics analyses as well as ANOVA for the greater Newtonian nature of Fl. The

greatest amount of average total explained variance for the simple regression model was

33.38% when predicting F1 for loading of additional mass which was preceded by

loaded condition. This result also supports the greater Newtonian nature of Fl. The

average total explained variance of Fl for each model as well as the grand average was

always greater than those of F2. The average total explained variance of Fl for each

subject was greater than those of F2 except in the case of S2.

In predicting F1 with Load as the only predictor, the simple regression model

exhibited greater predictability than in predicting F2. This would be because of the

Newtonian nature of Fl in which temporal characteristics of Fl (T1) limits the

neuromuscular system to respond to the changing mechanical constraints. The results of

simple regression model analyses identified two statistically significant effects of Load in

predicting Fl for Cl and C2. The greatest contribution of Load in predicting Fl for Cl

and C2 was observed for S3 (71.22% in total explained variance). For C5 and C6, two

statistically significant effects of Load were identified in predicting Fl where the greatest

contribution of Load was observed for S2 (28.70% in total explained variance). Three

statistically significant effects of Load were identified in predicting Fl for C2 and C3.

The greatest contribution of Load in predicting Fl for C2 and C3 was observed for S3

(72.13% in total explained variance). For C4 and C5, the simple regression model also

identified three statistically significant effects of Load in predicting Fl. The greatest
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contribution of Load in predicting Fl for C4 and C5 was observed for S4 (46.47% in

total explained variance). The average total explained variance in predicting Fl across

subjects and conditions was 24.09%.

In predicting F2 with Load as the only predictor, the simple regression model

exhibited lesser predictability than when predicting Fl. This result would be due to the

temporal factor of F2 where there is sufficient time for the neuromuscular system to

respond to the changing mechanical constraints causing greater contribution of IEMG

parameters in predicting F2. The results of the simple regression model in predicting F2

identified only one of each combination of conditions where total explained variance were

23.17% for C5 and C6 for S2, 9.35% for C2 and C3 for S4, and 20.15% for C4 and

C5 for S2, while for Cl and C2, it identified 14.56% and 10.03% for S1 and S3

respectively. The greatest contribution of Load in predicting F2 was observed for S2

(23.17% in total explained variance) for C5 and C6. These results would suggest the

necessity of employing multiple regression models with IEMG parameters as predictor

for Fl and F2. The average total explained variance in predicting F2 across subjects and

conditions was 6.16%.
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Individual Results of Simple Regression Model Analyses

The result of the simple regression model in predicting F1 identified two

statistically significant effects of Load for Si for C2 and C3, and C4 and C5 where total

explained variances were 37.06% and 12.64% respectively. On the other hand, only one

statistically significant effect of Load was identified for Cl and C2 in predicting F2 which

was 14.56% in total explained variance. The average total explained variance in predicting

Fl and F2 from Load for Si was 13.37% and 5.09% respectively.

For S2, the simple regression model identified only one statistically significant

effect of Load for C5 and C6 which was 28.70% of total explained variance in predicting

Fl. On the other hand, it identified two statistically significant effects of Load in

predicting F2 for C4 and C5, and C5 and C6 which were 20.15 % and 23.17%

respectively. Average total explained variance in predicting Fl and F2 from Load for S2

were 10.02% and 11.42% respectively.

All effects of Load in predicting Fl were identified as statistically significant for

S3. These were 71.22%, 15.50%, 72.13%, and 22.72% respectively. On the other

hand only one statistically significant effect of Load was observed in predicting F2 from

Load for Cl and C2 and this was 10.03% in total explained variance. The average total

explained variance in predicting F1 and F2 from Load as a the only predictor were

45.39% and 3.34% respectively.

Three effects of Load were identified as statistically significant in predicting Fl
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from Load for S4 for Cl and C2, C2 and C3, and C4 and C5, where the total explained

variances were 37.95%, 19.05%, and 46.47% respectively. On the other hand, in

predicting F2, the simple model statistics analyses identified only one significant effect of

Load for C2 and C3 which was 9.35% in total explained variance. The average total

explained variances in predicting Fl and F2 were 27.56% and 3.57% respectively.

Of the four subjects, only S2 exhibited a greater contribution of Load in

predicting F2 than in predicting Fl.
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Table 5. Prediction of First and Second Maximum Forces

from Load

Simple Regression Model Results

Total Explained Variance (Tel

Condition Subject 1 Subject 2 Subject 3 Subject 4 Average

First Maximum Force

C1 & C2 0.01% 1.42% 71.22%* 37.59%* 27.56%

C5 & C6 3.77% 28.70%* 15.50%* 7.11% 13.77%

C2 & C3 37.06%* 5.27% 72.13%* 19.05%* 33.38%

C4 & C5 12.64%* 4.70% 22.72%* 46.47%* 21.63%

Average 13.37% 10.02% 45.39% 27.56% 24.09%

Second Maximum Force

Cl & C2 14.56%* 0.63% 10.03%* 3.89% 7.28%

C5 & C6 0.96% 23.17%* 0.54% 0.33% 7.63%

C2 & C3 3.19% 1.74% 0.16% 9.35%* 3.61%

C4 & C5 1.65% 20.15%* 2.63% 0.07% 6.13%

Average 5.09% 12.81% 3.34% 3.41% 6.16%

* = Statistically significant at p < 0.05.
Note : Cl & C2 and C5 & C6 represent load-unload orders; C2 & C3 and C4 & C5 represent unload-load
orders
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Multiple Regression Model Analyses Results

The results of simple regression analyses identified the contribution of Load to the

response to changing mechanical constraints which corresponded to a Newtonian

response model. In order to examine the neuromuscular response to the changing

mechanical constraints, utilization of four multiple regression models using Load and ten

IEMG parameters as predictors of F1 and F2 was necessary. The same four

combinations of conditions used for simple regression models were used for the multiple

regression model procedure. Multiple regression models were computed by using

Maximum R-squared Improvement technique where alpha level for variable entry was set

at 0.05. The summary table of multiple regression model results is presented in Table 6.

The best equations for predicting Fl and F2 for each subject are presented in Tables 8 and

9. The summary table of improvement of prediction from simple regression model to

multiple regression model is also given in Table 7.

The greatest average total explained variances by using multiple regression

analyses in predicting Fl was observed for Cl and C2, and C2 and C3 which were

42.98% and 42.66% respectively. By employing multiple regression models, the greatest

improvement of the average total explained variance across subjects in predicting Fl was

15.42% (27.56% to 42.98%) which was observed for Cl and C2. The improvements in

predicting Fl by employing multiple regression were also observed for C5 and C6, C2

and C3, and C4 and C5 which were 4.53% (13.77% to 18.30%), 9.28% (33.38% to
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42.66%), and 5.05% (21.63% to 26.68%) respectively. The average improvement in

total explained variance in predicting Fl across subjects and conditions by multiple

regression analyses was 8.57%. Summarizing the results of multiple regression models

across subjects for Fl, in Load-Unload combinations, subjects performed landing with

more neuromuscular oriented strategies for Cl and C2, which was with no preceding

trial, than for C5 and C6 which was preceded by an unloaded condition. For F 1 of the

Unload-Load combinations, on the other hand, subjects performed landing with more

neuromuscular oriented strategies for C2 and C3 which was preceded by loaded

condition, than for C4 and C5 which had no preceding trials. These results would

suggest that for Fl in Load-Unload combination, the preceding unloaded condition may

affect the following performance in such a way that subjects perceived mechanical

perturbation as of less danger to the system, resulting in a lesser degree of neuromuscular

program modification producing more Newtonian oriented landing strategy. On the other

hand, for Fl in Unload-Load combination, the preceding loaded condition exerted an

influence on following performance in such a way that subjects perceived the mechanical

perturbation as a greater danger to the system resulting in a greater degree of

neuromuscular modification producing a more neuromuscular oriented landing strategy.

The greatest average total explained variance in predicting F2 was observed for

C4 and C5 which was 32.36%. The greatest improvement of total explained variance in

predicting F2 was 26.23% (6.1 .3% to 32.36%) which was identified for C4 and C5. The

improvements of total explained variance in predicting F2 were also observed for Cl and
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C2, C5 and C6, and C2 and C3 which were 19.31% (7.28% to 26.59%), 14.01%

(21.64%), and 18.63% (3.61% to 22.24%) respectively. Summarizing the results of

multiple regression models across subjects for F2, in Load-Unload combinations,

subjects performed landing with more neuromuscular oriented strategies for Cl and C2

which had no preceding trial, than for C5 and C6 which was preceded by an unloaded

condition. On the other hand, for Unload-Load combinations, subjects performed more

neuromuscular oriented landing strategies for C4 and C5 which was with no preceding

trial as opposed to C2 and C3 which was preceded by a loaded condition. These results

of multiple regression models across subjects for F2 in Load-Unload combination would

suggest that the preceding unloaded condition might affect following performance in such

a way that subjects perceived mechanical perturbation as less dangerous to the system,

resulting in a lesser degree of neuromuscular program modification and producing more

Newtonian oriented landing strategy. On the other hand, for F2 in the Unload-Load

combination, the preceding loaded condition influenced following performance in such a

way that subjects perceived the mechanical perturbation as a lesser danger to the system

resulting in a lesser degree of neuromuscular modification and producing a more

Newtonian oriented landing strategy.

It is highly probable, however, that the nature of human performance, which has

a considerable degree of between subjects variability, between subject analyses would

conceal the actual responses unique to each individual subject. In order to assess these

unique performances, discussion of within subject results is necessary.
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Table 7. Difference of Total Explained Variance in Predicting

First and Second Maximum Forces
Between Simple and Multiple Regression Model

Total Explained Variance Difference** (TO
Condition Subject 1 Subject 2 Subject 3 Subject 4 Average (Multiple)

First Maximum Force
Cl & C2 39.58% 16.36% 0.00% 5.73% 15.42% (42.98%)
C5 & C6 18.10% 0.00% 0.00% 0.00% 4.53% (18.30%)
C2 & C3 9.67% 10.59% 0.00% 9.26% 9.28% (42.66%)
C4 & C5 8.07% 4.41% 7.60% 7.70% 5.05% (26.68%)

Average 18.86% 7.84% 1.90% 5.67% 8.57%
(32.23%) (17.86%) (47.29%) (33.23%) (32.65%)

Second Maximum Force
Cl & C2 25.73% 19.31% 32.19% 0.00% 19.31% (26.59%)
C5 & C6 12.22% 17.10% 21.60% 5.10% 14.01% (21.64%)
C2 & C3 10.16% 26.39% 36.55% 1.40% 18.63% (22.24%)
C4 & C5 3.86% 23.00% 35.57% 42.48% 26.23% (32.36%)

Average 12.99% 21.45% 31.43% 12.25% 19.55%
(18.08%) (32.87%) (34.82%) (15.81%) (25.71%)

* = Statistically significant at p < 0.05.
** = Values were obtained by subtracting the total explained variance of simple regression model from
that of multiple regression model
Note : Cl & C2 and C5 & C6 represent load-unload orders; C2 & C3 and C4 & C5 represent unload-
load orders
Values in parentheses were mean value of multiple regression model analyses results

See Table 12. APPENDIX-E for abbreviations.

blackp
Text Box
p.65 (Table 6) missing.  Author unavailable to supply.
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Table 8. Best* Prediction Equations

for First Maximum Force

Subject/ Conditions /
Variables

Total Explained

Variance

Cl &C2
Si: (GA1 x 2494.611) + (RF1 x 2494.333) + (VM1 x -2364.512) 39.59%
S2: (VM1 x 1977.575) 17.78%
S3: (Load x 0.183) 71.22%
S4: (Load x 0.084) + (VM1 x 3169.414) 43.32%

C2 &C3
Si: (Load x 0.084) + (GA1 x 2178.025) 46.73%
S2: (VM1 x 1803.051) 15.86%
S3 (Load x 0.146) 72.13%
S4: (Load x 0.055) + (VM1 x 4515.977) 28.31%

C4 &C5
Si: (ST1 x -0.1388) + (Load x 0.030) 20.71%
S2: (GA1 x 1073.088) 9.11%
S3: (Load x 0.058) + (RF1 x 3939.724) 30.32%
S4: (Load x 0.117) + (BF1 x -3924.677) 54.17%

C5 & C6
Si: (GA1 x 2020.383) + (ST1 x -1212.635) 21.87%
S2: (Load x 0.074) 28.70%
S3: (Load x 0.046) 15.50%
S4: (Load x 0.034)** 7.11%

* = Best Prediction Model at p < 0.05.
** = No variable obtained p < 0.05.
See Table 12. APPENDIX-E for abbreviations.
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Table 9. Best* Prediction Equations

for Second Maximum Force

Subject / Conditions /
Variables

Total Explained

Variance

Cl & C2
Si: (GA2 x -17190.526) + (Load x 0.128)
S2: (GA2 x -22242.029)
S3: (VM2 x -3580.088)
S4: (Load x 0.043)**

C2 &C3
Si: (VM2 x -6135.575)
S2: (GA2 x -21901.766) + (Load x 0.097)
S3 (RF2 x -5036.305) + (BF2 x -12064.853)
S4: (VM2 x 2079.333)

C4 & C5
Si: (GA2 x -10687.612)**
S2: (VM2 x -9713.040) + (ST2 x -5235.049)
S3: (RF2 x -8669.643) + (ST2 x -5842.178)
S4: (GA2 x -10642.328) + (Load x 0.146) + (ST2 x -40889.081)

C5 & C6
Si: (RF2 x -6608.835)
S2: (Load x 0.129) + (GA2 x -9679.120)
S3: (ST2 x -19925.236) + (RF2 x -3935.331)
S4: (GA2 x 4954.740)**

40.29%
19.94%
42.22%

3.89%

13.35%
28.13%
36.71%
10.75%

5.51%
43.15%
38.20%
43.18%

13.18%
40.27%
22.14%

5.43%

* = Best Prediction Model at p < 0.05
** = No variable obtained p < 0.05
See Table 12. APPENDIX-E for abbreviations.
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Individual Results of Multiple Regression Model Analyses

The results of multiple regression model analyses across subjects identified some

tendency toward biomechanical accommodation to additional load application orders.

However, since it is assumed that excessive between subjects variability eliminates

effective explanation of individual landing strategies employed to accommodate to

changing mechanical constraints and their application orders, providing individual results

of a multiple regression model analysis would yield a meaningful explanation and an

understanding of individual performance.

Individual Results for Subject 1

The multiple regression model analyses for predicting Fl for S1 identified an

18.86% improvement in average total explained variance as opposed to the simple

regression model (13.37% to 32.23%). The results for Cl and C2 in predicting Fl

identified a 39.58% improvement in total explained variance as opposed to the simple

regression model (0.01% to 39.59%). The results for C5 and C6 identified an 18.10%

improvement in total explained variance relative to the simple regression model (3.77% to

21.87%). For C2 and C3, results of the multiple regression analyses described 9.67% of

improved total explained variance when compared to the simple regression model

(37.06% to 46.73%) while for C4 and C5, it identified 8.07% improvement in total
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explained variance relative to the simple regression model (12.64% to 20.71%).

Results of multiple regression analyses in predicting F2 for S1 identified an

improvement in average total explained variance of 12.99% compared to the simple

regression model (5.09% to 18.08%). For Cl and C2, the results showed a 25.73%

improvement in total explained variance as opposed to the simple regression model

(14.56% to .40.29%) while for C5 and C6, it identified a 12.22% improvement in total

explained variance compared to the simple regression model (0.96% to 13.18%). The

greater difference between the two Load-Unload combinations might be accounted for by

a greater activation level of gastrocnemius (GA) for Cl and C2 which exhibited 66.89%

and 67.96% of the total explained variance, 39.59% for Fl and of 40.29% for F2. The

results for C2 and C3 of Si identified a 10.16% improvement in total explained variance

when contrasted to the simple regression model (3.19% to 13.35%). On the other hand,

for C4 and C5, no variable obtained statistical significance. Therefore, it was not

possible to provide the comparison on effect of a loaded condition on the Unload-Load

combination for F2 in the case of Si.

Best prediction equations for F 1 and F2 for each condition identified by multiple

regression analyses are given in Tables 8 and 9. These results would suggest that the

modification in a neuromuscular program to respond to the changing mechanical

constraints and their orders was mainly generated by GA for Si.

These results of multiple regression analyses for Si may describe some tendency

in biomechanical accommodation mechanisms employed by S1 to respond to the
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changing mechanical constraints as well as to their application orders. The unloaded

condition preceding Load-Unload combination (C5 and C6) could affect Si such a way

that Si perceived additional load as reduced danger to the system, producing lesser

neuromuscular program modification resulting in greater Newtonian oriented. landing

strategy as compared Load-Unload combination without a preceding trial (C1 and C2).

On the other hand, in predicting Fl for Unload-Load combination, a preceding loaded

condition may cause perception of additional load as a greater danger to the system

producing greater modification in neuromuscular program resulting in a more

neuromuscular oriented response to the changing mechanical constraints and their

application orders as contrasted against Unload-Load combination without preceding

loaded condition.

Individual Results for Subject 2

The multiple regression analyses for predicting Fl for S2 identified improvement

in average total explained variance of 7.84% as opposed to the simple regression model

(10.02% to 17.86%). The results for Cl and C2 in predicting F1 identified 16.36%

improvement in total explained variance (1.42% to 17.78%). On the other hand, results

for C5 and C6 identified no improvement in total explained variance beyond that provided

by the simple regression model. For C2 and C3, results of the multiple regression model

described 10.59% of improved total explained variance compared to the simple regression
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model (5.27% to 15.86%) while for C4 and C5, it identified a 4.41% improvement in

total explained variance (4.70% to 9.11%).

Results of multiple regression analyses in predicting F2 for S2 identified

improved average total explained variance of 21.45% as opposed to the simple regression

model (12.81% to 32.87%). For Cl and C2, the results showed improvement in total

explained variance of a 19.31% compared to the simple regression model (0.63% to

19.94%), while for C5 and C6, it identified a 17.10% improvement in total explained

variance compared to simple regression model (23.17% to 40.27%). The greater

differences between two Load-Unload combinations would be accounted for by greater

contribution of Load for C5 and C6 which exhibited 100.00% and 57.54% of total

explained variance, 28.70% for Fl and of 40.27% for F2. However, improvement of

total explained variance for C5 and C6 was associated with GA2 (see Table 12.

APPENDIX-E for abbreviations) entering the model suggesting an increasing

neuromuscular response. The results for C2 and C3 of S2 identified a 26.39%

improvement in total explained variance compared to the simple regression model (1.74%

to 28.13%). This large degree of improvement in total explained variance was induced

by GA2 entering the model. On the other hand, result for C4 and C5 distinguished

improvement in total explained variance of a 23.00% compared to the simple regression

model ( 20.15% to 43.15%). This improvement was accounted for by VM2 (see Table

12. APPENDIX-E for abbreviation) and ST2 (see Table 12. APPENDIX-E for

abbreviation) entering the model.
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The best prediction equations for Fl and F2 for each condition are given in Tables

8 and 9. For S2, the dominant muscles to respond to the changing mechanical constraints

and their application orders would be vastus medialis (VM) and GA.

These results of multiple regression analyses for S2 may describe S2's response

to the changing mechanical constraints. Unloaded condition preceding the Load-Unload

combination (C5 and C6) may have affected S2 such a way that S2 perceived additional

load as a lesser danger to the system producing lesser neuromuscular program

modification resulting greater Newtonian oriented landing strategy contrasted against

Load-Unload combination without preceding trial (C1 and C2). On the other hand, in the

Unload-Load combination, the preceding loaded condition apparently caused S2 to

perceive additional load as a greater danger to the system producing greater modification

in neuromuscular program and resulting in more neuromuscular oriented response to the

changing mechanical constraints and their application orders.

Individual Results for Subject 3

The multiple regression analyses for predicting Fl for S3 identified improved

average total explained variance of 1.90% as compared to the simple regression model

(45.39% to 47.29%). This result describes a greater Newtonian response employed by

S3 for Fl. The results for Cl and C2, C5 and C6, and C2 and C3 in predicting Fl

identified no improvement in total explained variance beyond that provided by the simple
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regression model. For C4 and C5, on the other hand, it identified a 7.60% improvement

in total explained variance as opposed to simple regression analyses.

Results of multiple regression analyses in predicting F2 for S3 identified

improvement in average total explained variance of a 31.43% as opposed to the simple

regression model (3.34% to 34.82%). For Cl and C2, the results showed a 32.19%

improvement in total explained variance relative to simple regression model (10.03% to

42.22%) which was accounted for by VM2 entering the model contributing 100.00% of

total explained variance. On the other hand, for C5 and C6, it identified a 21.60%

improvement in total explained variance as compared to the simple regression model

(0.54% to 22.14%) which was due to ST2 entering the model contributing 68.97% of

total explained variance. The results for C2 and C3 of S3 identified a 36.55%

improvement in total explained variance compared to the simple regression model (0.16

% to 36.71%) which was mainly accounted for by RF2 (see Table 12. APPENDIX-E for

abbreviation) entering the model contributing 55.16% of total explained variance. On the

other hand, results for C4 and C5 distinguished improvement in total explained variance

of a 35.57% compared to the simple regression model (2.63% to 38.20%). This

improvement was largely accounted for by RF2 entering the model which explained

81.70% of total variance. The best prediction equations identified through multiple

regression analyses are given in Tables 8 and 9. Overall, rectus femoris (RF),

semitendinosus (ST), and VM were considered to be the dominant muscles to respond to

the changing mechanical constraints and their application orders for S3.
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These result for F2 may indicate that the Unloaded condition preceding the Load-

Unload combination (C5 and C6) affected S3 such a way that S3 perceived additional

load as less danger to the system producing lesser neuromuscular program modification

resulting in a greater Newtonian oriented landing strategy as opposed to the Load-Unload

combination without preceding trial (C1 and C2). For F 1 , the results suggested that there

was little, if any, improvement in total explained variance by employing a multiple

regression model, indicating no effect of a preceding unloaded condition on the following

Load-Unload combination. On the other hand, in the Unload-Load combination in

predicting Fl, a preceding loaded condition caused S3 to perceive additional load as less

danger to the system producing no modification in neuromuscular program resulting in a

greater Newtonian oriented response to the changing mechanical constraints and their

application orders relative to Unload-Load combination without preceding loaded

condition (C4 and C5). The Unload-Load combination for F2 with a preceding loaded

condition brought slightly greater neuromuscular program modification when compared

to the Unload-Load combination without preceding loaded condition.

Individual Results for Subject 4

The multiple regression analyses for predicting F1 for S4 identified 5.67%

improvement in average total explained variance compared to the simple regression model

(27.56% to 33.23%). The results for Cl and C2 in predicting F1 identified a 5.73%
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improvement in total explained variance (37.59% to 43.32%). Improved total explained

variance of 5.73% was accounted for by VM1 (see Table 12. APPENDIX-E for

abbreviation) entering the model. On the other hand, for C5 and C6, no variable achieved

statistical significance. Therefore, it was not possible to provide the comparison on effect

of an unloaded condition on the Load-Unload combination for F 1 in the case of S4. For

C2 and C3, results of the multiple regression analyses described a 9.26% improvement in

total explained variance compared to the simple regression model (19.05% to 28.31%)

which was also accounted for by VM1 entering the model, while for C4 and C5, it

identified a 5.05% improvement in total explained variance compared to the simple

regression model (46.47% to 54.17%) which was due to BF1 (see Table 12.

APPENDIX-E for abbreviation) entering the model. Since S4 demonstrated a relatively

greater Newtonian oriented response, small improvement was achieved by employing the

multiple regression model in predicting Fl.

Results of multiple regression analyses in predicting F2 for S4 identified

improvement in average total explained variance of 19.55% as opposed to the simple

regression model (3.41% to 15.81%). For Cl and C2 and for C5 and C6, no variable

obtained statistical significance. Therefore, it was not possible to provide the comparison

on effect of an unloaded condition on the Load-Unload combination for F2 in the case of

S4. The results for C2 and C3 of S4 identified a 1.40% improvement in total explained

variance (9.35% to 10.75%). This improvement in total explained variance was induced

by VM2 entering the model. On the other hand, results for C4 and C5 distinguished
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improvement in total explained variance of a 42.48% compared to the simple regression

model (0.07% to 43.18%) which was accounted for by GA2 entering the model

contributing 54.24% of total explained variance. The best prediction equations identified

through multiple regression analyses are presented in Tables 8 and 9. Overall, these

results would indicate that VM and GA would be the main contributors of neuromuscular

response to accommodate to the changing mechanical constraints and their application

orders.

These results of multiple regression model for S4 may describe the unique

response strategies of S4. S4 performed in a completely opposite manner in regard to the

effect of the loaded condition on the Unload-Load combination for Fl and F2. For the

effects of the unloaded condition on the Load-Unload combination, it was not possible to

provide comparisons between two combinations since in predicting Fl for C5 and C6,

and Cl and C2, and C5 and C6 when predicting F2, none of the variables obtained

statistical significance.

In predicting F1, however, the loaded condition preceding the Unload-Load

combination (C2 and C3) caused a slightly greater neuromuscular program modification

relative to the Unload-Load combination without a preceding loaded condition. On the

other hand, in predicting F2, the loaded condition preceding the Unload-Load

combination produced a lesser neuromuscular program modification while for the

Unload-Load combination without preceding loaded condition there was greater

neuromuscular program modification. These results suggest that the loaded condition
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preceding Unload-Load combination for F2 produced less perception of danger to the

system due to additional load application resulting in less neuromuscular program

modification in order to attenuate the impact force upon landing.

Overall, the results of multiple regression analyses show inconsistency in

predictability among conditions and subjects, suggesting the necessity to develop a more

complete model to assess the biomechanical accommodation mechanisms.
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Table 10. Individual Subjects Response Patterns

Unloaded
on Load-Unload

(C1 &C2 vs. C5&C6)

Loaded
on Unload-Load

(C2&C3 vs. C4&C5)
Subject Fl F2 Fl F2

S1 Newtonian Newtonian Neuromuscular Neuromuscular
Oriented Oriented Oriented Oriented

S2 Newtonian Newtonian Neuromuscular Neuromuscular
Oriented Oriented Oriented Oriented

S3 No Change Newtonian Newtonian Slightly

Oriented Oriented Neuromuscular
Oriented

S4 Newtonian Newtonian Slightly Newtonian
Oriented Oriented Neuromuscular Oriented

Oriented

Note : Results were relative change compare to no preceding condition combination
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Discussion

Statistical Results

Unique biomechanical accommodation strategies to respond to changing

mechanical constraints and their application orders were identified through the statistical

analyses. Simple explanations of main effect of either load or order were not possible

because of the significant interactions of load and application orders identified through

ANOVA procedures. The unique results identified for individual subjects would further

suggest that each individual employed unique response strategies to accomplish the

required tasks. Although, there were considerable variability among subjects, it would be

possible to identify the general trends of biomechanical accommodation mechanisms to

changing mechanical constraints as well as their application orders.

ANOVA results for each subject identified main effect of Load on Fl except for

S3. On the the other hand, ANOVA results identified only one main effect of Load on F2

for S4. Seven out of eight main effects of order were identified as statistically significant

for F2 except for S3. All effects of interaction between Load and Order were identified as

statistically significant suggesting complexity of biomechanical accommodation

mechanisms. Since ANOVA procedures identified overall main effects of Load and Order

as well as interaction of Load and Order, the results failed to identify underlying effects.

The results of model statistics and regression analyses, on the other hand,
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identified three trends of biomechanical accommodation strategies to respond to the

additional load application orders.

The results of model statistics and regression analyses indicated that there was a

considerable degree of variability among subjects in response strategies employed by

individual subjects to respond to the changing mechanical constraints as well as their

application orders. Overall, both simple and multiple regression analyses identified

greater average total explained variances in predicting Fl than F2, and multiple regression

analyses predicted greater variance than that of simple regression model. These results

would suggest superiority of the multiple regression model to assess the response

strategies employed by the individual subjects.

Individual results of model statistics as well as regression model procedure also

indicated considerable variance among individual subjects. For both simple and multiple

regression models, greater total explained variance in predicting Fl was identified for S1,

S3, and S4 while S2 was identified for greater total explained variance in predicting F2.

However, the difference in predictability between simple and multiple regression models

indicated even greater variances among individual subjects. Simple regression for

predicting Fl identified greater Newtonian response in the case of S3 and S4, while

greater neuromuscular response was identified for S2. Prediction of F2 demonstrated

greater neuromuscular response of Si, S3, and S4, while for S2, greater Newtonian

response was identified. Multiple regression model results in predicting Fl, however,

identified considerable improvement in total explained variance suggesting greater
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neuromuscular response of S 1. For S2, utilization of multiple regression in predicting Fl

did not provide greater improvement in total explained variance even though the results of

simple regression identified the performance of S2 in Fl as neuromuscular response.

The large degree of variability in predicting vertical GRF parameters would suggest not

only the unique response strategies employed by individual subjects but also that either

inappropriate variables were chosen and/or that other related biomechanical measures

such as kinematic parameters or joint torques should be employed to obtain better

explanation of these performance strategies. The other possible explanation for this

variability would be the temporal characteristics of IEMG employed in this study which

may not appropriately represent the neuromuscular activity for Fl and F2.

The examination of the effects of additional load application orders on landing

strategies for individual subjects based on the model statistics and regression model

procedures identified three different patterns within four subjects. The summary table of

the response patterns employed by individual subjects to respond to changing mechanical

constraints and their application orders is presented in Table 10.

The first pattern exhibited by Si and S2 was that the unloaded condition

preceding the Load-Unload combination produced less neuromuscular program

modification for both Fl and F2, resulting in more Newtonian oriented response strategy

relative to Load-Unload combination without the preceding unload condition. When a

loaded condition preceded Unload-Load combination, a greater neuromuscular program

modification resulted in a lesser Newtonian oriented response strategy relative to the
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Unload-Load combination without preceding loaded condition.

The second pattern to respond to the changing mechanical constraints and their

application orders was performed by S3 in which the unloaded condition preceded the

Load-Unload combination and produced no effect on Fl while a lesser neuromuscular

program modification for F2 resulted in a greater Newtonian oriented response strategy

for Fl and a more neuromuscular oriented response strategy for F2. On the other hand, a

loaded condition preceding the Unload-Load combination produced slightly more

Newtonian oriented response strategies for Fl, while for F2, it produced slightly more

neuromuscular program modification resulting in a more neuromuscular oriented

response.

The last pattern exhibited by S4 identified quite different response strategies

compare to the two patterns discussed above. The unloaded condition preceding the

Load-Unload combination caused a lesser neuromuscular program modification for Fl

and F2 as compared to the Load-Unload combination without the preceding unloaded

condition. On the other hand, the loaded condition preceding Unload-Load combination

produced slightly more neuromuscular program modification for Fl while for F2, it

caused quite less neuromuscular program modification relative to the Unload-Load

combination without a preceding loaded condition, resulting in a more neuromuscular

oriented response for Fl, and a greater Newtonian oriented response for F2.

These results suggest that the combination of model statistics and regression

model procedure is a more appropriate procedure to assess biomechanical accommodation
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mechanisms responding to changing mechanical constraints and their application orders

than are ANOVA procedures.

Performance Strategies

This study was conducted based on the concept of individual performance

strategies even though the use of within subject design usually does not allow

generalization of the results. However, if the unique performance strategies employed by

individual subjects were the true effect of experimental manipulation, any attempt to

generalize results by using between subjects analyses would result in false assessment of

true performance. Comparisons of group and single subject ANOVA analyses as well as

other statistical procedure presented in this study to assess the biomechanical

accommodation mechanisms of interest supported the concept of the individuality of

performance. Since the nature of human performance has a considerable degree of both

within and between subject variability, it can be said that the within subject analysis

technique is not only an acceptable technique, but is the preferable analysis design in

order to assess the true response strategies of individual subjects to an assigned task.
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CHAPTER V

SUMMARY AND RECOMMENDATIONS

Landing is a common movement in many sports that entail jumping and running

components. Landing has been considered to have the greatest potential for sports related

injury since it imposes forces on an individual's body at the instant of landing which must

be absorbed primarily by the musculo-skeletal system of the lower extremities. Little

biomechanical research -has been conducted concerning this aspect of the activity.

Specifically, biomechanical research concerning the effects of additional load application

orders on landing performance has never been done. The purpose of the study was to

investigate the possible within-subject variability of landing strategies used by individuals

to accommodate to variable combinations of additional load application orders.

Methodology

Four male university students, ranging in age from 24-30 years, served as

volunteer subjects.

Ground reaction force data as well as IEMG data from five lower extremity

landing muscles of the right leg were collected using a force platform (1000 Hz) and

electromyography which were interfaced with a laboratory computer via a modular data
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acquisition system containing an analog to digital converter. A saggital view of the right

lower extremity was obtained by using a Selspot Auto Tracking System and a mechanical

video system.

The experimental protocol consisted of three sets of 25 trials each, on each of two

different test days. On day-1, a mass of 1800 g was attached to each leg during first (C1)

and third (C3) conditions while on day-2, the same mass was attached only during the

second (C5) condition. For condition 2 (C2) which was the second condition of day-1,

condition 4 (C4) and 6 (C6) which were the first and the third conditions of day-2 were

performed with no additional load. The testing order for the two experimental conditions

was randomly chosen and counterbalanced between two test days.

All ground reaction force data were normalized to body weight for comparative

purposes. All EMG data were converted into millivolts (mV) using the appropriate gain

factors used in data collection. Each data set was then rectified and integrated. Selspot

data as well as mechanical video data were used only for qualitative analysis. Two

vertical ground reaction force (F1 and F2), two temporal parameters (T1 and T2)

corresponding to Fl and F2, as well as ten IEMG parameters corresponding to Fl and F2

were obtained from these data.

A 3 way factorial analysis of variance (group ANOVA) and two way analysis of

variance (single subject ANOVA) were calculated for Fl and F2. Model statistics were

conducted for all variables for each condition (25 trials each), loaded and unloaded

conditions (75 trials each), and all of six conditions of loaded and unloaded status (150
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trials). In addition, simple and four multiple regression models were employed to predict

Fl and F2 from Load and ten IEMG parameters. The simple regression model predicted

Fl and F2 from Load for each of six conditions for each subject. Four multiple

regression model, including Cl and C2, and C5 and C6 which represented Load-Unload

combination, and C2 and C3, and C4 and C5 which represented Unload-Load

combination, were calculated for Fl and F2 with independent variables of Load and ten

IEMG parameters for each subject. In addition, correlation coefficients were calculated

for each variable and subject.

Summary

Group (3 way factorial ANOVA) and single subject ANOVA (2 way ANOVA)

were conducted on Fl, F2, Ti, and T2 with independent variables of Load, Order and

Load x Order. The collapsed statistical results did not identify accurate representation of

individual subjects response strategies. Each subject was identified as unique using

single ANOVA results which were considerably different from group ANOVA results.

Significant interaction of Load and Order was identified for Fl and F2 across subjects.

Dominant effect of Order was identified for Fl across all subjects. Main effect of Load

was mainly identified for Fl, while for F2, only one main effect of Load was identified.

These results indicate that Fl is Newtonian oriented response.

Model statistics as well as simple and multiple regression models further
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supported the concept of individual performance of biomechanical accommodation

mechanisms.

Simple regression models identified ten out of sixteen statistically significant

effect of Load in predicting Fl, while five out of sixteen statistically significant

differences were identified in predicting F2. Within these results, however, unique

responses of individual subjects were identified. Four, three, two , and one statistically

significant effects of Load in predicting Fl were identified for S3, S4, Si, and S2

respectively suggesting greater Newtonian responses of S3 and S4, a greater

neuromuscular response of S2, and an intermediate response of Si. One statistically

significant effect of Load was identified for Si, S3, and S4, while for S2, two

statistically significant effects of Load were identified.

Results of multiple regression analyses identified even greater individual subject

variability. Utilization of multiple regression provided greater improvement in total

explained variance for F2 although this was not the case for Si as compared to the simple

regression analysis. These results further support the superiority of within subject

design.

The results of model statistics as well as simple and multiple regression analyses

identified three unique biomechanical accommodation mechanisms employed by the four

subjects who participated in this study. For Si and S2, a preceding unloaded condition

produced lesser neuromuscular oriented response for both Fl and F2 on Load-Unload

combination as contrasted against the Load-Unload combination without a preceding
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unloaded condition. On the other hand, the loaded condition preceding the Unload-Load

combination caused greater neuromuscular oriented responses for both F 1 and F2.

Between these two subjects responses, however, there were considerable differences in

dominant muscles employed to respond to the changing mechanical constraints and their

orders.

The results for S3 identified that an unloaded condition preceding the Load-

Unload combination produced no effect on F1 and lesser neuromuscular oriented

response on F2, while a loaded condition preceding the Unload-Load combination caused

a more Newtonian oriented response on F1 and a slightly neuromuscular oriented

response on F2.

The results for S4, on the other hand, identified more neuromuscular oriented

response on F2 in the Load-Unload combination when preceded by the unloaded

condition. Furthermore, the effects of the preceding loaded condition impacted on the

Unload-Load combination such that S4 reacted to the changing mechanical constraints

and their orders with a greater Newtonian oriented response on F2 as compared to the

Unload-Load combination without a preceding loaded condition.

Dominant muscles employed in neuromuscular response were identified as unique

to individual subjects as well. The results of multiple regression model identified GA1

and ST1 for Fl and GA2, RF2 and VM2 for F2 as the dominant muscles for S1 in

responding to the changing mechanical constraints and their application orders. For S2,

VM1 and GA1 for F 1, GA2 and VM2 for F2 were identified as the dominant muscles.
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Load was the dominant factor in responding to Fl for S3 and S4, with muscular response

of VM1 for S4. Dominant muscles for F2 varied considerably depending on experimental

conditions for S3, while GA2 and VM2 responded to the changing mechanical constraints

and their application orders for S4.

Although three biomechanical accommodation mechanisms were identified

through this study, these response were quite unique to individual subjects. Since the

response to the same additional mass may depend on the individual's past experience,

anatomical constraints and anatomical characteristics, further research attention would be

required prior to a major re-establishment of performance criteria. In addition, more

complete models to assess the individual responses must be developed which would

include additional IEMG parameters, kinematic parameters, and joint torque history.

Also, considering the true nature of human performance, as well as the perception

mechanisms of the human, jump landings may be a more suitable activity to assess true

response to changing mechanical constraints and their application orders.

Recommendation

Based upon the findings of this study, the following recommendations for future

research are suggested:

1. Employing similar methodology, study individuals by categorizing subjects

such as jumpers, backpackers, gymnasts, and skiers.
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2. Conduct similar studies using:

a. greater number and different temporal characteristics of IEMG

parameters.

b. either greater height or additional mass or both.

c. application of additional mass to different body segments.

d. additional information such as kinematics, joint torque histories for

predicting first and second maximum forces.

e. controlled landing technique.

f. greater number of conditions.

g. longer interval between test days.

h. involuntary release landings and jump landings.

i. varying height and weight or both.

3. The results of this study further strongly indicate the need for instructors of

physical activities to be aware of the individuality of response to accommodating

to landing, and that there appears to be no one best way to teach such skills.
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APPENDIX-A

EtsTFORMED CONSENT

Name
/ /

Birth Date Sex

Address
( )

Telephone

97

Several activities such as skiing, skating, backpacking, American foot ball, and
ice hockey involve additional mass on body segments. Moreover, some activity require
landing from considerable height with additional mass on an individual's body segment.
Mechanically, these activities would produce greater ground reaction forces (GRF) during
contact with surface which may cause potential injury in these activities. Although, there
is some research concerning biomechanical accommodation mechanisms to respond to
additional mass added to a body segment with regard to running and landing, there is no
research concerning effects of additional load application order to vertical GRF nor as
regards landing strategies. By investigating this aspect of landing, individuals would be
able to prevent injury due to landing while carrying additional mass as well as to achieve
effective landing strategies. In addition, information acquired from this study will be
added to the limited body of knowledge of the biomechanics of landing as well as
beneficial to other areas such as injury prevention.

As a volunteer subject you will be required to perform three sets of 25 trials of
voluntary release landing from an initial overhead hanging position 2 feet above the floor
on each of two data collection days. On one day, you will be required to perform 25 trials
of unload landing, 25 trials of loaded landing, and 25 trials of unloaded landing, while on
the other day, you will be required to perform 25 trials of loaded landing, 25 trials of
unloaded landing, and 25 trials of loaded landing. These two conditions will be assigned
randomly and counterbalanced between two test days. During landing performance
surface electrodes which do not penetrate the skin but record muscle activity, will be
attached to your leg as well be other instruments to measure effect of landing on your
body. For loaded condition, the additional mass of about 3.96 pounds (1800 g) will be
attached to each of your legs in the form of standard ankle weights. You will be allowed
to have 1-3 minutes rest between each trial in order to minimize the possible negative
effects of fatigue. In addition, for all landing performances, you will be required to wear
laboratory standard shoe in order to minimize the possible effects of shoe material on
reliability of landing performance.

Each data collection session will take approximately 3 hours including warm up,
instrumentation, and data collection.

Figure 1. Individual Informed Consent Form.
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More complete information concerning this study is available through personal
contact with an investigator:

Koichiro Kanatani (Coco)
861 SW. 15th #205, Corvallis, Oregon 97333
(503)753-6301

Your participation in this project may cause possible minor injuries such as ankle
strain, knee strain, as well as muscle soreness. Also, voluntary release landing from the
height of about 2 feet (60cm) may cause some possible discomfort during contact with the
landing surface; however, considering the weight attatched to your leg as well as height of
release, it will not likely to cause potential injury. Also, electrode paste which is used for
electrode placement may develop some skin irritation but this disappears after a short
period of time. In the case of skin irritation, anti-bacterial ointment will be applied right
after the completion of the test session.

As a volunteer for this study you will have the satisfaction of knowing that you
have helped to evaluate the effects of load application order on biomechanical
accommodation mechanisms in landing performance and strategies. Your participation in
this study will allow me to see if there is any biomechanical accommodation mechanisms
to respond to variable load application order which would contribute to the body of
knowledge of biomechanics of landings as well as injury prevention.

The data from this project will be used for a statistical analysis and will be
published as a partial fulfillment for the requirement for the M.S degree in physical
education. It is also possible that the information from this study may be published
elsewhere, however, at all times will your anonymity will be preserved.

In order for you to participate in this study, it will be necessary for you to give
your written consent.

If you have any questions, lease write them in the space provided below entitled
"I have the following questions" and I will answer them immediately.

I have the following questions:

Figure 1. Continued.
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APPENDIX-B

IN2IYIDIIALSUBIECILONSENIE213111

1. I hereby consent to participate in a research project to be conducted under the direction

of Mr. Koichiro Kanatani. I understand that although the project will be under Mr.
Kanatani's direction, other investigator will assist him or be associated with him.

2. It has been explained to me and I understand that:

a). This project is to investigate the effects of additional load application order on pattern

of GRF and muscle response characteristics during landing performance.
b). My participation will be two sessions of approximately 3 hours each. My

participation is more specifically described in the attached informed consent

statement.
c). I may end my participation in this project at any time without prejudice and Mr.

Kanatani may end it any time also with or without my consent.
d). The data from this project will be used for a statistical analysis and that upon

publication my identity will be concealed.

3. I further consent to allow Mr. Kanatani or his associates or assistants to administer the

program described in the attached informed consent statement; report their findings to
government agencies; manufacturers; or scientific bodies, and to publish their
findings.

4. My consent is given freely and with full knowledge of the nature and purpose of this
project, the alternatives that are reasonably available, the benefits that may be
expected, and the risks that may be involved, as more particularly described in the
attached memorandum, which memorandum is incorporated herein and made part
hereof.

Witness Signed Date

Figure 2. Individual Subject Consent Form.
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SI TR.TECT CHARACTERISTICS,



102

APPENDIX-C

Table 11. Subject Characteristics

Subject Age Height Weight Primary Sport / Activity

(yrs.) (m) (kg)

Si 30 1.915 83.65 Basketball, Softball

S2 29 1.652 64.55 Tennis, Gymnastics

S3 25 1.710 64.20 Long Jump, Sprint Run, Ski, Golf

S4 24 1.730 72.67 Discus Throw, Weight Training
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APPENDIX-D

Bioamplifier

MDAS

Summing
Amplifier

EMG
Electrodes

Computer

Selspot
Computer

I
Selspot
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Force
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Selspot
Camera Selspot

Camera

Selspot
System

Video
Monitor Video

Recorder

Video
Camera

Figure 3. Schematic Diagram of Experimental Set-Up
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AUREVIATIONS FOR THE STUDY,
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APPENDIX -E

Table 12. Abbreviations for the Study

Symbol Definition

S 1: Subject one

S2: Subject two

S 3 : Subject three

S4: Subject four

Cl: Condition one : First loaded condition of Day 1

C2: Condition two : Unloaded condition of Day 1

C3: Condition three : Second loaded condition of Day 1

C4: Condition four : First unloaded condition of Day 2

C5: Condition five : Loaded condition of Day 2

C6: Condition six : Second unloaded condition of Day 2

GRF: Ground reaction force

Fl: First maximum vertical ground reaction force

F2: Second maximum vertical ground reaction force

Ti: Time from contact to first maximum vertical ground reaction force

T2: Time from contact to second maximum vertical ground reaction force

EMG: Electromyography

IEMG: Integrated EMG

VM: Vastus medialis

RF: Rectus femoris

ST: Semitendinosus
BF: Biceps femoris

GA: Gastrocnemius
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Table 12. Continued.

Symbol Definition

VM1:

VM2:

RF 1 :

RF2:

ST1:

ST2:

BF 1 :

BF2:

GAl:

GA2:

Integrated EMG value of vastus medialis from 120ms prior to contact to

contact
Integrated EMG value of vastus medialis from contact to second
maximum vertical ground reaction force
Integrated EMG value of rectus femoris from 120ms prior to contact to

contact

Integrated EMG value of rectus femoris from contact to second
maximum vertical ground reaction force
Integrated EMG value of semitendinosus from 120ms prior to contact to

contact

Integrated EMG value of semitendinosus from contact to second
maximum vertical ground reaction force
Integrated EMG value of biceps femoris from 120ms prior to contact to

contact

Integrated EMG value of biceps femoris from contact to second
maximum vertical ground reaction force
Integrated EMG value of gastrocnemius from 120ms prior to contact to

contact

Integrated EMG value of gastrocnemius from contact to second
maximum vertical ground reaction force
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SIMPLE STATISTICS RESULTS,
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Table 13. Overall and Main Effect Mean Force and Temporal
Parameter Values for Subject 1

Source Fl F2 T1 T2

Overall 2.0000 4.3747 0.0131 0.0586
0.2347 0.1891 0.0018 0.0031

Condition 1 1.7728 4.1098 0.0129 0.0587
0.2726 0.1865 0.0022 0.0067

Condition 2 1.8100 3.6198 0.0141 0.0630

0.1919 0.1747 0.0019 0.0066

Condition 3 2.1207 3.8112 0.0132 0.0593

0.2673 0.2087 0.0014 0.0069

Condition 4 1.9722 5.1106 0.0121 0.0548

0.2327 0.2290 0.0016 0.0034

Condition 5 2.0973 4.8103 0.0126 0.0572
0.2193 0.1475 0.0018 0.0047

Condition 6 2.2274 4.7868 0.0134 0.0588

0.2140 0.1775 0.0016 0.0043

Note : Mean values are followed by standard deviations.
Force variables (Fl, F2) are in N/kg/Body Weight, time variables (T1, T2) are in s.
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Table 14. Overall and Main Effect Mean Force and Temporal
Parameter Values for Subject 2

Source Fl F2 T1 T2

Overall 2.1309 3.9432 0.0138 0.0545

0.3139 0.1132 0.0021 0.0049

Condition 1 2.2582 4.1330 0.0133 0.0498

0.3783 0.1756 0.0021 0.0072

Condition 2 2.2359 4.0400 0.0140 0.0570

0.3345 0.2531 0.0024 0.0104

Condition 3 2.3108 4.1856 0.0130 0.0520

0.2574 0.2434 0.0019 0.0077

Condition 4 2.0591 4.5311 0.0125 0.0470

0.2158 0.1912 0.0018 0.0089

Condition 5 2.1426 3.7015 0.0152 0.0576

0.4027 0.1724 0.0020 0.0073

Condition 6 1.7787 3.0681 0.0146 0.0633

0.2476 0.1650 0.0025 0.0105

Note : Mean values are followed by standard deviations.
Force variables (Fl, F2) are in N/kg/Body Weight, time variables (T1, T2) are in s.
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Table 15. Overall and Main Effect Mean Force and Temporal
Parameter Values for Subject 3

Source Fl F2 T1 T2

Overall 3.2312 5.4791 0.0161 0.0655

0.3155 0.2361 0.0018 0.0084

Condition 1 3.3949 5.6043 0.0152 0.0621

0.3772 0.2570 0.0024 0.0110

Condition 2 2.4560 5.1120 0.0170 0.0660

0.2727 0.2297 0.0013 0.0078

Condition 3 3.1927 5.0406 0.0170 0.0712
0.2437 0.2033 0.0009 0.0082

Condition 4 3.3453 5.9504 0.0154 0.0628

0.2327 0.2290 0.0016 0.0034

Condition 5 3.5784 5.4489 0.0160 0.0652

0.2440 0.2205 0.0020 0.0080

Condition 6 3.4199 5.7185 0.0162 0.0655

0.3575 0.1745 0.0020 0.0048

Note : Mean values are followed by standard deviations.
Force variables (Fl, F2) are in N/kg/Body Weight, time variables (T1, T2) are in s.
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Table 16. Overall and Main Effect Mean Force and Temporal
Parameter Values for Subject 4

Source Fl F2 T1 T2

Overall 3.4532 3.9857 0.0151 0.0616
0.3137 0.1825 0.0017 0.0095

Condition 1 3.5117 3.6644 0.0152 0.0666
0.2741 0.1304 0.0023 0.0097

Condition 2 3.1764 3.5368 0.0158 0.0662
0.2744 0.1433 0.0022 0.0104

Condition 3 3.3702 3.1379 0.0155 0.0620
0.3006 0.1069 0.0022 0.0148

Condition 4 3.2495 4.4260 0.0143 0.0583

0.3983 0.2116 0.0010 0.0054

Condition 5 3.7438 4.4660 0.0142 0.0583
0.2135 0.2391 0.0009 0.0078

Condition 6 3.6677 4.6817 0.0157 0.0586
0.3815 0.2211 0.0011 0.0056

Note : Mean values are followed by standard deviations.
Force variables (F1, F2) are in N/kg/Body Weight, time variables (T1, T2) are in s.
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Table 17. Overall and Main Effect Mean IEMG1
Parameter Values for Subject 1

Source VM1 RF1 ST1 BF1 GA1

Overall 0.0423 0.0281 0.0604 0.0221 0.0952

0.0103 0.0099 0.0281 0.0079 0.0187

Condition 1 0.0508 0.0240 0.0792 0.0269 0.0822

0.0122 0.0090 0.0344 0.0088 0.0226

Condition 2 0.0474 0.0277 0.0264 0.0216 0.0874

0.0132 0.0126 0.0264 0.0092 0.0188

Condition 3 0.0452 0.0276 0.0392 0.0168 0.0804

0.0118 0.1182 0.0212 0.0049 0.0173

Condition 4 0.0370 0.0284 0.0708 0.0262 0.1016

0.0087 0.0080 0.0361 0.0097 0.0215

Condition 5 0.0368 0.0278 0.0532 0.0184 0.0105

0.0072 0.0064 0.0240 0.0080 0.0104

Condition 6 0.0364 0.0329 0.0621 0.0226 0.1143

0.0070 0.0101 0.0228 0.0054 0.0191

Note : Mean values are followed by standard deviations.
Force variables (F1, F2) are in N/kg/Body Weight, time variables (T1, T2) are in s.
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Table 18. Overall and Main Effect Mean IEMG2
Parameter Values for Subject 1

Source VM2 RF2 ST2 BF2 GA2

Overall 0.0730 0.0524 0.0150 0.0125 0.0165

0.0174 0.0153 0.0099 0.0048 0.0076

Condition 1 0.0795 0.0433 0.0165 0.0154 0.0184

0.2114 0.0170 0.0095 0.0043 0.0115

Condition 2 0.0821 0.0458 0.0164 0.0174 0.0193

0.0176 0.0176 0.0094 0.0051 0.0082

Condition 3 0.0736 0.0374 0.0134 0.0182 0.0166
0.0205 0.0162 0.0144 0.0039 0.0055

Condition 4 0.0660 0.0609 0.0153 0.0099 0.0149

0.0141 0.0117 0.0083 0.0070 0.0054

Condition 5 0.0648 0.0596 0.0156 0.0080 0.0158

0.0124 0.0139 0.0096 0.0045 0.0084

Condition 6 0.0717 0.0674 0.0125 0.0064 0.0142

0.0170 0.0149 0.0058 0.0032 0.0043

Note : Mean values are followed by standard deviations.
Force variables (F1, F2) are in N/kg/Body Weight, time variables (T1, T2) are in s.
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Table 19. Overall and Main Effect Mean LEMG1
Parameter Values for Subject 2

Source VM1 RF1 ST1 BF1 GA1

Overall 0.0517 0.0662 0.0399 .0.0238 0.0810
0.0172 0.0228 0.0240 0.0091 0.0226

Condition 1 0.0796 0.0525 0.0479 0.0238 0.0500
0.0235 0.0139 0.0306 0.0102 0.0104

Condition 2 0.0646 0.0416 0.0334 0.0232 0.0560

0.0234 0.0115 0.0284 0.0104 0.0164

Condition 3 0.0712 0.0524 0.0252 0.0202 0.0617

0.0192 0.0151 0.0264 0.0066 0.0130

Condition 4 0.0346 0.0677 0.0390 0.0303 0.0930

0.0124 0.0246 0.0144 0.0116 0.0348

Condition 5 0.0317 0.1031 0.0552 0.0227 0.1151

0.0084 0.0354 0.0232 0.0059 0.0181

Condition 6 0.0281 0.0796 0.0383 0.0234 0.1102

0.0088 0.0266 0.0167 0.0082 0.0313

Note : Mean values are followed by standard deviations.
Force variables (F1, F2) are in N/kg/Body Weight, time variables (T1, T2) are in s.
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Table 20. Overall and Main Effect Mean IEMG2
Parameter Values for Subject 2

Source VM2 RF2 ST2 BF2 GA2

Overall 0.1438 0.0694 0.0271 0.0085 0.0243

0.0387 0.0245 0.0121 0.0026 0.0090

Condition 1 0.1886 0.0519 0.0236 0.0081 0.0100
0.0505 0.0206 0.0100 0.0020 0.0040

Condition 2 0.2161 0.0612 0.0229 0.0075 0.0144
0.0573 0.0274 0.0087 0.0020 0.0061

Condition 3 0.2246 0.0536 0.0269 0.0072 0.0180
0.0495 0.0113 0.0110 0.0023 0.0069

Condition 4 0.0660 0.0730 0.0200 0.0091 0.0288

0.0141 0.0276 0.0103 0.0039 0.0093

Condition 5 0.0787 0.0938 0.0340 0.0101 0.0362
0.0149 0.0253 0.0155 0.0031 0.0093

Condition 6 0.0889 0.0829 0.0352 0.0087 0.0387

0.0165 0.0300 0.0152 0.0020 0.0116

Note : Mean values are followed by standard deviations.
Force variables (F1, F2) are in N/Icg/Body Weight, time variables (T1, T2) are in s.
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Table 21. Overall and Main Effect Mean LEMG1

Parameter Values for Subject 3

Source VM1 RF1 ST1 BF1 GA1

Overall 0.0703 0.0350 0.0362 0.0552 0.1175

0.0202 0.0095 0.0096 0.0185 0.0156

Condition 1 0.0891 0.0432 0.0406 0.0610 0.1081

0.0214 0.0115 0.0113 0.0238 0.0190

Condition 2 0.0626 0.0384 0.0355 0.0692 0.1081

0.0219 0.0127 0.0093 0.0210 0.0200

Condition 3 0.0708 0.0368 0.0281 0.0607 0.1358
0.0250 0.0090 0.0042 0.0185 0.0181

Condition 4 0.0607 0.0288 0.0374 0.0473 0.1147

0.0158 0.0067 0.0093 0.0108 0.0113

Condition 5 0.0717 0.0325 0.0413 0.0491 0.1128

0.0205 0.0089 0.0117 0.0162 0.0098

Condition 6 0.0668 0.0302 0.0345 0.0441 0.1253

0.0150 0.0070 0.0099 0.0177 0.0118

Note : Mean values are followed by standard deviations.
Force variables (F1, F2) are in N/kg/Body Weight, time variables (T1, T2) are in s.
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Table 22. Overall and Main Effect Mean - IEMG2

Parameter Values for Subject 3

Source VM2 RF2 ST2 BF2 GA2

Overall 0.2128 0.0809 0.0200 0.0173 0.0527

0.0586 0.0221 0.0077 0.0080 0.0139

Condition 1 0.1966 0.0750 0.0246 0.0181 0.0542
0.0536 0.0260 0.0103 0.0098 0.0176

Condition 2 0.2390 0.0816 0.0238 0.0216 0.0568

0.0590 0.0157 0.0091 0.0104 0.0102

Condition 3 0.2211 0.0962 0.0211 0.0201 0.0679
0.0802 0.0288 0.0089 0.0084 0.0174

Condition 4 0.2162 0.0754 0.0158 0.0140 0.0377

0.0626 0.0220 0.0068 0.0059 0.0121

Condition 5 0.2098 0.0803 0.0198 0.0134 0.0490

0.0517 0.0223 0.0046 0.0046 0.0145

Condition 6 0.1940 0.0769 0.0149 0.0164 0.0505

0.0354 0.0109 0.0041 0.0071 0.0094

Note : Mean values are followed by standard deviations.
Force variables (Fl, F2) are in N/kg/Body Weight, time variables (T1, T2) are in s.
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Table 23. Overall and Main Effect Mean [EMG1
Parameter Values for Subject 4

Source VM1 RF1 ST1 BF1 GA1

Overall 0.0278 0.0500 0.0273 0.0260 0.2000
0.0083 0.0129 0.0098 0.0087 0.0255

Condition 1 0.0369 0.0585 0.0277 0.0156 0.1421

0.0097 0.0154 0.0092 0.0036 0.0205

Condition 2 0.0286 0.0462 0.0383 0.0199 0.2549
0.0092 0.0105 0.0109 0.0045 0.0240

Condition 3 0.0204 0.0458 0.0615 0.0222 0.2853
0.0061 0.0110 0.0188 0.0049 0.0297

Condition 4 0.0252 0.0534 0.0099 0.0249 0.1419

0.0067 0.0109 0.0018 0.0109 0.0252

Condition 5 0.0254 0.0551 0.0138 0.0454 0.1916
0.0075 0.0164 0.0031 0.0114 0.0247

Condition 6 0.0294 0.0410 0.0127 0.0280 0.1842

0.0096 0.0115 0.0022 0.0121 0.0281

Note : Mean values are followed by standard deviations.
Force variables (F1, F2) are in N/kg/Body Weight, time variables (T1, T2) are in s.
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Table 24. Overall and Main Effect Mean IEMG2
Parameter Values for Subject 4

Source VM2 RF2 ST2 BF2 GA2

Overall 0.1143 0.1165 0.0141 0.0116 0.0377
0.0313 0.0335 0.0038 0.0040 0.0143

Condition 1 0.1478 0.1424 0.0156 0.0092 0.0333
0.0480 0.0394 0.0047 0.0016 0.0095

Condition 2 0.1154 0.1151 0.0197 0.0118 0.0507
0.0246 0.0335 0.0054 0.0026 0.0157

Condition 3 0.0854 0.1206 0.0185 0.0118 0.0522
0.0272 0.0466 0.0045 0.0030 0.0188

Condition 4 0.1191 0.1154 0.0185 0.0135 0.0223
0.0281 0.0225 0.0045 0.0047 0.0075

Condition 5 0.1046 0.1070 0.0098 0.0121 0.0363
0.0245 0.0320 0.0019 0.0069 0.0170

Condition 6 0.1136 0.0984 0.0107 0.0112 0.0316
0.0289 0.0195 0.0028 0.0025 0.0002

Note : Mean values are followed by standard deviations.
Force variables (F1, F2) are in N/kg/Body Weight, time variables (T1, T2) are in s.
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Table 25. Summary of Main Effect Mean Values for Vertical GRF,
Temporal, and IEMG Parameters

Subject 1 Subject 2 Subject 3 Subject 4
Variable Max. Min. Max. Min. Max. Min. Max. Min.

Fl C6 Cl C3 C6 C5 C2 C5 C2

F2 C4 C2 C4 C6 C6 C3 C6 C3

T1 C2 C6 C5 C4 C3 C1 C2 C5

T2 C2 C4 C6 C4 C3 C1 Cl C4

VM1 Cl C6 Cl C6 Cl C4 C1 C3

VM2 C2 C5 C3 C4 C2 C6 C 1 C3

RF1 C6 Cl C5 C2 Cl C4 Cl C6

RF2 C6 C3 C5 Cl C3 C1 C1 C5

ST1 Cl C3 C5 C3 C5 C3 C6 C4

ST2 Cl C6 C6 C4 C2 C6 C2 C5

BF1 Cl C3 C4 C3 C2 C6 C5 C1

BF2 C3 C6 C5 C3 C2 C6 C5 C1

GA1 C6 C3 C5 Cl C3 C2 C3 C4

GA2 Cl C6 C6 C1 C3 C4 C3 C4
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ANOVA RESULTS,
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Table 26. Single Subject ANOVA Summary Table for Subject 1

Source df F p

First Maximum Force vs. Load** and Orderl***

Load 1 66.00 0.001*

Order 1 2 36.10 0.001*

Load x Order 1 2 37.30 0.001*

Second Maximum Force vs. Load** and Order 1***

Load 1 0.87 0.353

Order 1 2 13.78 0.001*

Load x Order 1 2 15.62 0.001*

* = Statistically significant at p < 0.05
** = Independent variable of load is either "Load" or "Unload"
*** = Order 1 : Cl, C3, C5 for load condition and C2, C4, C6 for unload condition
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Table 27. Single Subject ANOVA Summary Table for Subject 2

Source cif

First Maximum Force vs. Load** and Order2***

Load 1 27.91 0.001*

Order 2 2 9.82 0.001*

Load x Order 2 2 6.99 0.009*

Second Maximum Force vs. Load** and Order 2***

Load 1 3.53 0.069

Order 2 2 12.92 0.001*

Load x Order 2 2 8.07 0.005*

* = Statistically significant at p < 0.05
** = Independent variable of load is either "Load" or "Unload"
*** = Order 2 : C5, Cl, C3 for load condition and C4, C6, C2 for unload condition
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Table 28. Single Subject ANOVA Summary Table for Subject 3

Source clf

First Maximum Force vs. Load** and Orderl***

Load 1 2.49 0.117

Order 1 2 21.86 0.001*

Load x Order 1 2 7.43 0.001*

Second Maximum Force vs. Load** and Order 1***

Load 1 0.13 0.717

Order 1 2 0.35 0.703

Load x Order 1 2 6.32 0.023

* = Statistically significant at p < 0.05
** = Independent variable of load is either "Load" or "Unload"
*** = Order 1 : Cl, C3, C5 for load condition and C2, C4, C6 for unload condition
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Table 29. Single Subject ANOVA Summary Table for Subject 4

Source df

First Maximum Force vs. Load** and Order 2***

Load 1 25.55 0.001*

Order 2 2 14.03 0.001*

Load x Order 2 2 13.94 0.001*

Second Maximum Force vs. Load** and Order 2***

Load 1 9.42 0.003*

Order 2 2 32.06 0.001*

Load x Order 2 2 6.86 0.001*

* = Statistically significant at p < 0.05
** = Independent variable of load is either "Load" or "Unload"
*** = Order 2 : C5, Cl, C3 for load condition and C4, C6, C2 for unload condition
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Table 30. Group ANOVA Summary Table

Source df F P

First Maximum Force vs. Subject, Load**, and Orderl***
Subject 3 828.44 0.001*
Load 1 100.73 0.001*
Subject x Load 3 6.95 0.001*
Order 1 2 30.55 0.001*
Subject x Order 1 6 21.51 0.001*
Load x Order 1 2 7.51 0.001*
Subject x Load x Order 1 5 15.72 0.001*

First Maximum Force vs. Subject, Load**, and Order 2****
Subject 3 828.44 0.001*
Load 1 100.73 0.001*
Subject x Load 3 6.95 0.001*
Order 2 2 16.45 0.001*
Subject x Order 2 6 21.03 0.001*
Load x Order 2 2 24.95 0.001*
Subject x Load x Order 2 5 14.96 0.001*

Second Maximum Force vs. Subject, Load**, and Order 1***
Subject 3 133.79 0.001*
Load 1 1.65 0.020*
Subject x Load 3 3.41 0.017*
Order 1 2 5.89 0.003*
Subject x Order 1 6 15.99 0.001*
Load x Order 1 2 31.53 0.001*
Subject x Load x Order 1 5 3.17 0.008*

Second Maximum Force vs. Subject, Load** and Order 2****
Subject 3 134.33 0.001*
Load 1 1.65 0.199
Subject x Load 3 3.42 0.017*
Order 2 2 21.69 0.001*
Subject x Order 2 6 13.48 0.001*
Load x Order 2 2 0.00 0.998
Subject x Load x Order 2 5 5.76 0.001*

* = Statistically significant at p < 0.05
** = Independent variable of load is either "Load" or "Unload"
*** = Order 1 : Cl, C3, C5 for load condition and C2, C4, C6 for unload condition
**** = Order 2 : C5, Cl, C3 for load condition and C4, C6, C2 for unload condition
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FOI JATION FOR MODEL STATISTICS,
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APPENDIX-H

2 2 2 2 2Spci + SPc2 + SP 2
3 + SPc4 + Spc5 + SPc6

6 (# of Conditions)

Critical Difference = Critical Value x SD
where Critical Value = 0.5572 for 25 Trials at a = 0.05

XDiff= Xi X2

Figure 4. Equations for Model Statistics
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MODEL STATISTICS RESULTS
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Table 31. Results of Model Statistics for Subject 1

Fl, Ti, and IEMG1

Conditions Fl Ti VM1 RF1 ST1 BF1 GA1

Loaded Conditions

Cl C3 -0.0348* -0.0004 0.0056 -0.0036 0.0400* 0.0100* 0.0018
Cl - C5 -0.3244* 0.0004 0.0140* -0.0038 0.0259* 0.0084* 0.0717*
C3 C5 0.0235 0.0007 0.0085* -0.0003 -0.0141 -0.0016 0.0699*

Unloaded Conditions

C4 - C6 -0.2552* -0.0014* 0.0006 -0.0044 0.0087 0.0036 -0.0127*
C2 C4 -0.1622* 0.0020* 0.0104* -0.0007 -0.0131 -0.0046* -0.0141*
C2 C6 -0.4173* 0.0006 0.0110 -0.0052 -0.0044 -0.0010 -0.0268*

Consecutive Conditions

Cl - C2 -0.0372 -0.0012* 0.0034 -0.0037 0.0214* 0.0053* -0.0052
C2 C3 -0.3107* 0.0008 0.0022 0.0002 0.0186* 0.0047* 0.0070
C4 - C5 -0.1251 -0.0005 0.0002 0.0006 0.0176* 0.0078* 0.0910*
C5 - C6 -0.1301 -0.0009 0.0004 -0.0050 -0.0089 -0.0042 -0.1038*

* = Statistically significant at p < 0.05.
Values were obtained by subtracting the mean value of variable within condition listed left side from that of
listed right side
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Table 32. Results of Model Statistics for Subject 2

Fl, Ti, and IEMG1

Conditions F1 TI VM1 RF1 ST1 BFI GA1

Loaded Conditions

Cl - C3 -0.0526 0.0003 0.0450* 0.0002 0.0227* 0.0036 -0.0116
Cl - C5 0.1156 -0.0019* 0.0478* -0.0506* -0.0074 0.0011 -0.0650*
C3 C5 0.1682 -0.0022* 0.0395* -0.0273* -0.0300* -0.0024 -0.0534*

Unloaded Conditions

C4 - C6 0.2805* -0.0021* 0.0065 -0.0119 0.0007 0.0080* -0.0172*
C2 C4 0.1767* 0.0016* 0.0300* -0.0262* -0.0056 -0.0071* -0.0370*
C2 C6 0.4572* -0.0006 0.0365* -0.0381* -0.0049 0.0008 -0.0542*

Consecutive Conditions

Cl C2 0.0224 -0.0008 0.0149* 0.0110 0.0144* 0.0006 -0.0060
C2 C3 -0.0526 0.0010 -0.0066 -0.0108 0.0082 0.0030 -0.0057
C4 C5 -0.0835 -0.0027* 0.0029 -0.0354* -0.0138* 0.0076* -0.0220*
C5 - C6 0.3640* 0.0006 0.0036 0.0235* 0.0169* 0.0003 0.0048

* = Statistically significant at p < 0.05.
Values were obtained by subtracting the mean value of variable within condition listed left side from that of
listed right side
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Table 33. Results of Model Statistics for Subject 3

Fl, T1, and IEMG1

Conditions Fl Ti VM1 RF1 ST1 BF1 GA1

Loaded Conditions

Cl C3 0.2022* -0.0018* 0.0184* 0.0064* 0.0125* 0.0003 -0.0277*
Cl C5 -0.1835* -0.0007 0.0174* 0.0108* -0.0007 0.0119* -0.0046
C3 - C5 -0.3857* 0.0011* -0.0009 0.0044 -0.0132* 0.0116* 0.0230*

Unloaded Conditions

C4 - C6 -0.0746 -0.0008 -0.0061 -0.0014 0.0029 0.0032 -0.0106*
C2 C4 -0.8894* 0.0016* 0.0019 0.0096* -0.019 0.0220* -0.0067
C2 C6 -0.9640* 0.0007 -0.0042 0.0082* 0.0010 0.0252* -0.0172*

Consecutive Conditions

Cl C2 0.9389* -0.0017* 0.0265* 0.0048 0.0051 -0.0083 0.0001
C2 C3 -0.7368* -0.0001 -0.0082 0.0016 0.0074 0.0086 -0.0277*
C4 C5 -0.1526 -0.0006 -0.0110 0.0080* -0.0039 -0.0018 0.0020
C5 C6 0.1585 -0.0003 0.0061 0.0023 0.0068* 0.0050 -0.0125*

* = Statistically significant at p < 0.05.
Values were obtained by subtracting the mean value of variable within condition listed left side from that of
listed right side
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Table 34. Results of Model Statistics for Subject 4

Fl, Ti, and IEMG1

Conditions Fl Ti VM1 RF1 ST1 BF1 GA1

Loaded Conditions

Cl C3 0.1415 -0.0003 0.0165* 0.0127* -0.0338* -0.0066* -0.1432*
Cl C5 -0.2321* 0.0010* 0.0115* 0.0034 0.0138* -0.0298* -0.0494*
C3 C5 -0.3736* 0.0013* -0.0050* -0.0092* 0.0477* -0.0232* 0.0938*

Unloaded Conditions

C4 C6 -0.4181* -0.0014* -0.0042 0.0124* -0.0028 -0.0032 -0.0423*
C2 C4 -0.0732 0.0016* 0.0034 -0.0072* 0.0284* -0.0050* 0.1130*
C2 C6 -0.4913* 0.0002 -0.0084 0.0052 0.0256* -0.0081 0.0707*

Consecutive Conditions

Cl C2 0.3353* -0.0003 0.0084* 0.0123* -0.0106* -0.0043 -0.1128*
C2 C3 -0.1938* 0.0004 0.0081* 0.0004 -0.0232* -0.0205* -0.0497*
C4 - C5 -0.4943* 0.0001 -0.0002 -0.0017 -0.0040 -0.0205* -0.0497*
C5 C6 0.0762 -0.0015* -0.0040 0.0142* 0.0012 0.0173* 0.0074

* = Statistically significant at p < 0.05.
Values were obtained by subtracting the mean value of variable within condition listed left side from that of
listed right side
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Table 35. Results of Model Statistics for Subject 1

F2, T2, and IEMG2

Conditions F2 T2 VM2 RF2 ST2 BF2 GA2

Loaded Conditions

Cl C3 0.2986* -0.0006 0.0059 0.0059 0.0030 -0.0028* 0.0018
Cl C5 -0.7005* 0.0015 0.0147* -0.0164* 0.0009 0.0074* 0.0026
C3 C5 -0.9991* 0.0021 0.0088 -0.0223* -0.0022 0.0102* 0.0008

Unloaded Conditions

C4 - C6 0.3238* -0.0040* -0.0057 -0.0064 0.0028 0.0034* 0.0008
C2 C4 -1.4908* 0.0082* 0.0160* -0.0152* 0.0011 0.0075* 0.0044*
C2 C6 -1.1670* 0.0042* 0.0104* -0.2160* 0.0039 0.0109* 0.0051*

Consecutive Conditions

Cl C2 0.4900* -0.0043* -0.0026 -0.0025 0.0001 -0.0020 -0.0008
C2 C3 -0.1914* 0.0036* 0.0084 0.0084 0.0030 -0.0008 0.0026
C4 - C5 0.3003* -0.0024 0.0012 0.0013 -0.0003 0.0019 -0.0009
CS C6 0.0235 -0.0016 -0.0069 -0.0077 0.0031 0.0015 0.0016

* = Statistically significant at p < 0.05.
Values were obtained by subtracting the mean value of variable within condition listed left side from that of
listed right side
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Table 36. Results of Model Statistics for Subject 2

F2, T2, and IEMG2

Conditions F2 T2 VM2 RF2 ST2 BF2 GA2

Loaded Conditions

Cl - C3 -0.0526 -0.0022 -0.0361* -0.0017 -0.0033 0.0006 -0.0080*
Cl C5 0.4315* -0.0078* 0.1098* -0.0419 -0.0104* -0.0020* -0.0262*
C3 C5 0.4841* -0.0057* 0.1459* -0.0402* -0.0071 -0.0029* -0.0109*

Unloaded Conditions

C4 C6 0.8296* -0.0163* -0.0229* -0.0098 -0.0153 0.0004 -0.0098*
C2 C4 -0.4911* 0.0100* 0.1501* -0.0118 0.0029 -0.0016* -0.0144*
C2 C6 0.9719* -0.0064* 0.1272* -0.0217* -0.0124* -0.0012 -0.0243*

Consecutive Conditions

Cl C2 0.0930 -0.0072* -0.0275* -0.0093 0.0007 0.0006 -0.0044
C2 C3 -0.1456* 0.0050* -0.0086 0.0076 -0.0040 0.0003 -0.0036
C4 C5 0.8296* -0.0106* -0.0128 -0.0207* -0.0140* -0.0010 -0.0073*
C5 - C6 0.6334* -0.0057* -0.0102 0.0109 -0.0012 0.0014 -0.0025

* = Statistically significant at p < 0.05.
Values were obtained by subtracting the mean value of variable within condition listed left side from that of
listed right side
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Table 37. Results of Model Statistics for Subject 3

F2, T2, and IEMG2

Conditions F2 T2 VM2 RF2 ST2 BF2 GA2

Loaded Conditions

Cl C3 0.5636* -0.0091* -0.0245 -0.0211 0.0035 -0.0020 -0.0137*
Cl - C5 0.1554* -0.0030 -0.0132 -0.0053 0.0049* 0.0046* 0.0052
C3 C5 -0.4083* 0.0060 0.0013 0.0158* 0.0014 0.0066* 0.0189*

Unloaded Conditions

C4 C6 0.2319* -0.0027 0.0221 -0.0015 0.0009 -0.0024 -0.0128*
C2 C4 -0.8384* 0.0032 0.0228 0.0062 0.0080* 0.0076* 0.0190*
C2 C6 -0.6066* 0.0005 0.0449* 0.0047 0.0089* 0.0052* 0.0063

Consecutive Conditions

Cl C2 0.4923* -0.0038 -0.0424* -0.0066 0.0008 -0.0035 -0.0026

C2 C3 0.0713 -0.0052* 0.0178 -0.0146* 0.0035 0.0015 -0.0111*

C4 - C5 0.5015* -0.0023 0.0064 -0.0049 -0.0040 0.0006 -0.0112*
C5 C6 -0.2696 -0.0004 0.0158 0.0034 0.0049* -0.0030 -0.0015

* = Statistically significant at p < 0.05.
Values were obtained by subtracting the mean value of variable within condition listed left side from that of
listed right side



138

Table 38. Results of Model Statistics for Subject 4

F2, T2, and IEMG2

Conditions F2 T2 VM2 RF2 ST2 BF2 GA2

Loaded Conditions

Cl C3 0.1276* 0.0046 0.0624* 0.0219* -0.0030* -0.0027* -0.0189*
Cl C5 -0.8016* 0.0084* 0.0432* 0.0355* 0.0058* -0.0029* -0.0030
C3 C5 -0.1328* 0.0038 -0.0192* 0.0136 0.0088* -0.0002 0.0159*

Unloaded Conditions

C4 C6 -0.2557* -0.0010 0.0055 0.0170 -0.0002 0.0023* -0.0093
C2 C4 -0.8892* 0.0086* -0.0037 -0.0003 0.0091* -0.0017 0.0284*
C2 C6 -1.1449* 0.0076* 0.0018 0.0166 0.0090* 0.0006 0.0192*

Consecutive Conditions

Cl C2 0.1276* 0.0004 0.0324* 0.0274* -0.0041* -0.0026* -0.0174*
C2 C3 0.3990* 0.0042 0.0300* -0.0055 0.0012 -0.0001 -0.0015
C4 C5 -0.0400 -0.0006 0.0146 0.0084 0.0008 0.0014 -0.0140*
C5 C6 -0.2157* -0.0003 -0.0090 0.0085 -0.0010 0.0009 0.0047

* = Statistically significant at p < 0.05.
Values were obtained by subtracting the mean value of variable within condition listed left side from that
of listed right side
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JLEGRESSION MODEL RESULTS,
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Table 39. Prediction of First and Second Maximum Force
from Load for Subject 1

Simple Regression Model Results

Conditions R-Squared Beta

First Maximum Force

& C2 0.0001 -0.001 0.00 0.9953
C2 & C3 0.3706 0.039 28.27 0.0001*
C4 & C5 0.1264 0.039 6.94 0.0113*
C5 & C6 0.0377 -0.019 1.88 0.1767

Second Maximum Force

Cl &C2 0.1456 0.136 8.18 0.0062*
C2 & C3 0.0319 0.064 1.58 0.2147
C4 & C5 0.0165 -0.045 0.81 0.3739
C5 & C6 0.0096 0.029 0.46 0.4987

* = Statistically significant at p < 0.05.
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Table 40. Prediction of First and Second Maximum Force

from Load for Subject 2

Simple Regression Model Results

Conditions R-Squared Beta F p

First Maximum Force

Cl & C2 0.0142 0.015 0.69 0.4097
C2 & C3 0.0527 0.025 2.67 0.1088
C4 & C5 0.0470 0.025 2.36 0.1307
C5 & C6 0.2870 0.074 19.32 0.0001*

Second Maximum Force

Cl & C2 0.0063 0.025 0.30 0.5836
C2 & C3 0.0174 0.046 0.85 0.3614
C4 & C5 0.2015 -0.127 12.11 0.0011*
C5 & C6 0.2870 0.129 19.32 0.0001*

* = Statistically significant at p < 0.05.
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Table 41. Prediction of First and Second Maximum Force

from Load for Subject 3

Simple Regression Model Results

Conditions R-Squared Beta F p

First Maximum Force

Cl & C2 0.7122 0.183 118.79 0.0001*
C2 & C3 0.7213 0.146 124.20 0.0001*
C4 & C5 0.2272 0.058 14.11 0.0005*
C5 & C6 0.1550 0.046 8.80 0.0047*

Second Maximum Force

Cl & C2 0.1003 0.115 5.35 0.0251*
C2 & C3 0.0016 0.012 0.08 0.7845
C4 & C6 0.0263 -0.061 1.30 0.2607

C5 & C6 0.0054 -0.20 0.26 0.6121

* = Statistically significant at p < 0.05.
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Table 42. Prediction of First and Second Maximum Force

from Load for Subject 4

Simple Regression Model Results

Conditions R-Squared Beta

First Maximum Force

Cl &C2 0.3759 0.084 28.92 0.0001*

C2 &C3 0.1905 0.054 11.29 0.0015*
C4 & C5 0.4647 0.117 41.66 0.0001*
C5 & C6 0.0711 0.034 3.67 0.0612

Second Maximum Force

CI & C2 0.0389 0.043 1.94 0.1700
C2 & C3 0.0935 -0.064 4.95 0.0308*

C4 & C5 0.0070 0.030 0.34 0.5643
C5 & C6 0.0033 -0.021 0.16 0.6914

* = Statistically significant at p < 0.05.
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Table 43. Prediction of First and Second Maximum Force for Subject 1

Multiple Regression Maximum R-Square Improvement* Results

Conditions Variables R-Squared Beta F p

First Maximum Force vs . EEMG1 and Load

Cl & C2 GA1 0.2642 2494.611 17.24 0.0001
RF1 0.3378 2494.333 11.99 0.0001
VM1 0.3959 -2364.512 10.05 0.0001

C2 & C3 Load 0.3706 0.084 28.27 0.0001
GA1 0.4673 2178.025 20.61 0.0001

C4 &C5 ST1 0.1388 -1169.430 7.73 0.0077
Load 0.2071 0.030 6.14 0.0043

C5 & C6 GA1 0.1250 2020.383 6.86 0.0118
ST1 0.2187 -1212.635 6.58 0.0030

Second Maximum Force vs. IEMG 2 and Load

Cl & C2 GA2 0.2738 -17190.526 18.09 0.0001
Load 0.4029 0.128 15.86 0.0001

C2 & C3 VM2 0.1335 -6135.575 7.39 0.0091

C4 & C5** GA2 0.0551 -10687.612 2.80 0.1007

C5 & C6 RF2 0.1318 -6608.835 7.29 0.0096

* = Maximum R-Square improvement at p < 0.05.
** = No variables obtained p < 0.05.
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Table 44. Prediction of First and Second Maximum Force for Subject 2

Multiple Regression Maximum R-Square Improvement* Results

Conditions Variables R-Squared Beta F p

First Maximum Force vs. IEMG1 and Load

Cl & C2 VM1 0.1778 1977.575 10.38 0.0023

C2 & C3 VM1 0.1586 1803.051 9.04 0.0042

C4 & C5 GA1 0.0911 1073.088 4.81 0.0332

C5 & C6 Load 0.2870 0.074 19.32 0.0001

Second Maximum Force vs. IEMG 2 and Load

Cl & C2 GA2 0.1994 -22242.029 11.95 0.0012

C2 &C3 GA2 0.2108 -21901.766 12.82 0.0008
Load 0.2813 0.097 9.20 0.0004

C4 & C5 VM2 0.3527 -9713.040 26.15 0.0001
ST2 0.4315 -5235.049 17.84 0.0001

C5 & C6 Load 0.2317 0.129 14.48 0.0004
GA2 0.4027 -9679.120 15.84 0.0001

* = Maximum R-Square improvement at p < 0.05.
** = No variables obtained p < 0.05.
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Table 45. Prediction of First and Second Maximum Force for Subject 3
Multiple Regression Maximum R-Square Improvement* Results

Conditions Variables R-Squared Beta F p

First Maximum Force vs . IEMG1 and Load

Cl & C2 Load 0.7122 0.183 118.79 0.0001

C2 & C3 Load 0.7213 0.146 124.20 0.0001

C4 &C5 Load 0.2272 0.058 14.11 0.0005
RF1 0.3032 3939.724 10.22 0.0002

C5 & C6 Load 0.1550 0.046 8.80 0.0047

Second Maximum Force vs. IEMG 2 and Load

Cl & C2 VM2 0.422 -3580.088 35.07 0.0001

C2 & C3 RF2 0.2025 -5036.305 12.19 0.0010
BF2 0.3671 -12064.853 13.63 0.0001

C4 & C5 RF2 0.3121 -8669.643 21.78 0.0001
ST2 0.3820 -5842.178 14.53 0.0001

C5 & C6 ST2 0.1527 -19925.236 8.65 0.0050
RF2 0.2214 -3935.331 6.68 0.0028

* = Maximum R-Square improvement at p < 0.05.
** = No variables obtained p < 0.05.
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Table 46. Prediction of First and Second Maximum Force for Subject 4
Multiple Regression Maximum R-Square Improvement* Results

Conditions Variables R-Squared Beta F p

First Maximum Force vs. IEMG1 and Load

Cl & C2 Load 0.3759 0.084 28.92 0.0001
VM1 0.4332 3169.414 17.96 0.0001

C2 & C3 Load 0.1905 0.055 11.29 0.0015
VM1 0.2831 4515.977 9.28 0.0004

C4 & C5 Load 0.4647 0.117 41.66 0.0001
BF1 0.5417 -3924.677 27.78 0.0001

C5 & C6 Load 0.0711 0.034 3.67 0.0612

Second Maximum Force vs. IEMG 2 and Load

Cl & C2** Load 0.0389 0.043 1.94 0.1700

C2 & C3 VM2 0.1075 2079.333 5.78 0.0201

C4 & C5 GA2 0.2342 -10642.328 14.68 0.0004
Load 0.3628 0.146 13.38 0.0001
ST2 0.4318 -40889.081 11.65 0.0001

C5 & C6 GA2 0.0543 -4954.740 2.75 0.1035

* = Maximum R-Square improvement at p < 0.05.
** = No variables obtained p < 0.05.
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Table 47. Best* Prediction Equations
for First Maximum Force

Subject / Conditions /
Variables

Total Explained
Variance

Cl & C2

Si: (GA1 x 2494.611) + (RF1 x 2494.333) + (VM1 x -2364.512) 39.59%

S2: (VM1 x 1977.575) 17.78%

S3: (Load x 0.183) 71.22%

S4: (Load x 0.084) + (VM1 x 3169.414) 43.32%

C2 &C3

Si: (Load x 0.084) + (GA1 x 2178.025) 46.73%

S2: (VM1 x 1803.051) 15.86%

S3: (Load x 0.146) 72.13%

S4: (Load x 0.055) + (VM1 x 4515.977) 28.31%

C4 &C5

Si: (ST1 x -0.1388) + (Load x 0.030) 20.71%

S2: (GA1 x 1073.088) 9.11%

S3: (Load x 0.058) + (RF1 x 3939.724) 30.32%

S4: (Load x 0.117) + (BF1 x -3924.677) 54.17%

C5 & C6

Si: (GA1 x 2020.383) + (ST1 x -1212.635) 21.87%

S2: (Load x 0.074) 28.70%

S3: (Load x 0.046) 15.50%

S4: (Load x 0.034)** 7.11%

* = Best Prediction Model at p < 0.05.
** = No variables obtained p < 0.05.
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Table 48. Best* Prediction Equations

for Second Maximum Force

Subject / Conditions / Total Explained
Variables Variance

Cl & C2
Si: (GA2 x -17190.526) + (Load x 0.128)
S2: (GA2 x -22242.029)
S3: (VM2 x -3580.088)
S4: (Load x 0.043)**

C2 & C3

Si: (VM2 x -6135.575)
S2: (GA2 x -21901.766) + (Load x 0.097)
S3 (RF2 x -5036.305) + (BF2 x -12064.853)
S4: (VM2 x 2079.333)

C4 & C5

S1: (GA2 x -10687.612)**
S2: (VM2 x -9713.040) + (ST2 x -5235.049)
S3: (RF2 x -8669.643) + (ST2 x -5842.178)
S4: (GA2 x -10642.328) + (Load x 0.146) + (ST2 x -40889.081)

C5 & C6

51: (RF2 x -6608.835)
S2: (Load x 0.129) + (GA2 x -9679.120)
S3: (ST2 x -19925.236) + (RF2 x -3935.331)
S4: (GA2 x 4954.740)**

40.29%
19.94%

42.22%

3.89%

13.35%

28.13%

36.71%
10.75%

5.51%

43.15%

38.20%
43.18%

13.18%
40.27%
22.14%

5.43%

* = Best Prediction Model at p < 0.05.
** = No variables obtained p < 0.05.
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APPENDIX-K

CORRELATION COEFFICIENT RESULTS,
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APPENDIX-K

Table 49. Correlation Coefficient Results of Vertical GRFs

and Their Temporal Parameters for Subject 1

Source F1/F2 T1fT2 Fl/T1 F2/T2

Cl (25) -0.654* 0.750* 0.713* -0.695*

C2 (25) -0.110 0.561* 0.263 0.334*

C3 (25) -0.489* 0.330* 0.576* -0.186

C4 (25) 0.372* 0.533* 0.284 -0.452*

C5 (25) -0.308 0.666* 0.668* -0.758*

C6 (25) 0.099 0.640* 0.677 * -0.485*

C1,3,5 (75) -0.419* 0.595* 0.575* -0.499*

C2,4,6 (75) 0.287* 0.664* 0.274* -0.580*

C1-6 (150) -0.077 0.630* 0.418* -0.536*

Note : Numbers in parentheses are number of trials
* = Statistically significant at p < 0.05.
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Table 50. Correlation Coefficient Results of Vertical GRFs

and Their Temporal Parameters for Subject 2

Source F1/F2 T11T2 Fl/ T1 F2/T2

Cl (25) 0.431* 0.444* 0.630 -0.200

C2 (25) 0.816* 0.593* 0.305 -0.630*

C3 (25) 0.648* 0.560* 0.244 -0.694*

C4 (25) 0.368* 0.780* 0.066 -0.714*

C5 (25) 0.373* 0.726* 0.050 -0.697*

C6 (25) 0.513* 0.666* -0.257 -0.479*

C1,3,5 (75) 0.482* 0.637* 0.182* -0.586*

C2,4,6 (75) 0.670* 0.717* -0.033 -0.717*

C1-6 (150) 0.577* 0.671 0.077 -0.673*

Note : Numbers in parentheses are number of trials
* = Statistically significant at p < 0.05.
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Table 51. Correlation Coefficient Results of Vertical GRFs

and Their Temporal Parameters for Subject 3

Source F1/F2 T1/T2 Fl/T1 F2/T2

Cl (25) -0.115 0.696* 0.403* -0.845*

C2 (25) 0.275 0.374* 0.024 -0.389*

C3 (25) 0.201 0.308 0.119 -0.831*

C4 (25) 0.440* 0.606* -0.078 -0.917*

C5 (25) 0.128 0.542* 0.041 -0.333*

C6 (25) 0.482* 0.358* 0.350* -0.722*

C1,3,5 (75) 0.100 0.630* 0.096 -0.720*

C2,4,6 (75) 0.467* 0.476* -0.153 -0.710*

C1-6 (150) 0.280* 0.559* -0.060* -0.705*

Note : Numbers in parentheses are number of trials
* = Statistically significant at p < 0.05.
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Table 52. Correlation Coefficient Results of Vertical GRFs

and Their Temporal Parameters for Subject 4

Source F1/F2 T1/T2 F1/T1 F2/T2

Cl (25) -0.132 0.408* 0.407* 0.164

C2 (25) 0.482* 0.554* 0.118 -0.117

C3 (25) 0.135 0.461* 0.300 0.390*

C4 (25) 0.524* 0.377 0.145 -0.459*

C5 (25) -0.080 0.208 0.219 -0.346*

C6 (25) 0.397* 0.357* 0.465* -0.231

C1,3,5 (75) 0.312* 0.422* 0.123 -0.084

C2,4,6 (75) 0.555* 0.518* 0.213* -0.407*

C1-6 (150) 0.346* 0.447* 0.127* -0.229*

Note : Numbers in parentheses are number of trials
* = Statistically significant at p < 0.05.
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Table 53. Correlation Coefficient Results of First Maximum Force

and IEMG1 Parameters for Subject 1

Source F1/VM1 Fl/RF1 F1 /ST1 F1/BF1 Fl/GA1

Cl (25) 0.348* 0.520* 0.019 0.435* 0.671*

C2 (25) -0.108 0.122 -0.174 -0.054 0.256

C3 (25) 0.244 0.018 -0.076 0.057 0.511*

C4 (25) 0.080 0.163 -0.251 0.030 0.001

C5 (25) -0.012 0.043 -0.400 0.094 0.107

C6 (25) 0.414* 0.228 -0.350 -0.095 0.417*

C1,3,5 (75) 0.028 0.222* -0.350 -0.095 0.417*

C2,4,6 (75) -0.139 0.255 -0.142 0.047 0.429*

C1-6 (150) -0.026 0.216* -0.267* -0.047 0.373*

* = Statistically significant at p < 0.05.
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Table 54. Correlation Coefficient Results of Second Maximum Force

and IEMG2 Parameters for Subject 1

Source F2/VM2 F2/RF2 F2/ST2 F2/BF2 F2/GA2

Cl (25) -0.542* -0.624* -0.391 -0.044 -0.691

C2 (25) -0.433* -0.079 -0.286 0.089 -0.323*

C3 (25) -0.279 -0.358* -0.001 -0.268 -0.127

C4 (25) 0.089 0.130 -0.282 -0.284 -0.362*

C5 (25) -0.228 -0.431* 0.009 -0.065 -0.140

C6 (25) -0.084 -0.288 0.124 0.302 -0.425*

C1,3,5 (75) -0.417* -0.136 -0.071 -0.393* -0.360*

C2,4,6 (75) -0.329* 0.226* -0.213* -0.380* -0.450*

C1-6 (150) -0.367* 0.069 -0.132* -0.390* -0.395*

* = Statistically significant at p < 0.05.
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Table 55. Correlation Coefficient Results of First Maximum Force

and IEMG1 Parameters for Subject 2

Source F1/VM1 F1/RF1 F1 /ST1 F1/BF1 Fl /GAl

Cl (25) 0.383* -0.033 0.004 0.123 0.428*

C2 (25) 0.439* 0.305 0.130 0.037 -0.117

C3 (25) 0.282 -0.260 0.132 -0.080 -0.082

C4 (25) 0.080 0.108 0.015 -0.246 0.384*

C5 (25) 0.275 0.248 -0.046 0.081 0.210

C6 (25) 0.196 0.061 0.057 -0.241 0.074

C1,3,5 (75) 0.336* -0.083 -0.065 0.042 -0.087

C2,4,6 (75) 0.550* -0.252* 0.021 -0.049 -0.274*

C1-6 (150) 0.500* -0.103 0.014 -0.068 -0.225*

* = Statistically significant at p < 0.05.
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Table 56. Correlation Coefficient Results of Second Maximum Force

and IEMG2 Parameters for Subject 2

Source F2/VM2 F2/RF2 F2/ST2 F2/BF2 F2/GA2

Cl (25) 0.008 0.063 0.231 0.143 -0.344*

C2 (25) -0.151 -0.010 -0.367* -0.124 -0.483*

C3 (25) -0.648* -0.529* -0.370* -0.586* -0.552*

C4 (25) -0.608* -0.428* -0.359* -0.272 -0.383*

C5 (25) -0.398* -0.229 -0.342* 0.130 -0.635*

C6 (25) -0.095 -0.268 -0.535* 0.130 -0.635*

C1,3,5 (75) 0.044 -0.321* -0.268* -0.329* -0.414*

C2,4,6 (75) -0.036 -0.272* -0.569* -0.094 -0.496*

C1-6 (150) 0.034 -0.302 -0.417* -0.197* -0.474*

* = Statistically significant at p < 0.05.
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Table 57. Correlation Coefficient Results of First Maximum Force

and IEMG1 Parameters for Subject 3

Source F1/VM1 F1/RF1 F1 /ST1 F1/BF1 Fl/GA1

Cl (25) 0.182 0.016 0.011 0.242 0.258

C2 (25) 0.386* 0.369* 0.216 0.147 0.154

C3 (25) 0.015 -0.042 -0.372* 0.081 -0.089

C4 (25) 0.270 0.542* -0.363 0.180 0.242

C5 (25) 0.185 0.098 0.015 0.250 -0.291

C6 (25) -0.131 0.198 0.015 0.250 -0.291

C1,3,5 (75) 0.127 -0.040 0.233* 0.080 -0.140

C2,4,6 (75) 0.139 -0.144 -0.030 -0.346* 0.311*

C1-6 (150) 0.243* 0.016 0.089 -0.124* 0.132*

* = Statistically significant at p < 0.05.
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Table 58. Correlation Coefficient Results of Second Maximum Force

and IEMG2 Parameters for Subject 3

Source F2/VM2 F2/RF2 F2/S T2 F2/BF2 F2/GA2

Cl (25) -0.737* -0.680 -0.553* -0.056 -0.573*

C2 (25) -0.477* -0.390* -0.194 -0.461* -0.233

C3 (25) -0.422* -0.590* -0.502* -0.421* 0.054

C4 (25) -0.627* -0.653* -0.591* -0.151 -0.497*

C5 (25) -0.135 -0.430* -0.369* -0.553* -0.215

C6 (25) -0.235 -0.161 -0.469* 0.016 -0.147

C1,3,5 (75) -0.458* -0.603* -0.418* -0.275* -0.324*

C2,4,6 (75) -0.529* -0.517* -0.467* -0.324* -0.434*

C1-6 (150) -0.488* -0.548* -0.437* -0.300* -0.360*

* = Statistically significant at p < 0.05.
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Table 59. Correlation Coefficient Results of First Maximum Force

and IEMG1 Parameters for Subject 4

Source F1/VM1 F1/RF1 F1 /ST1 F1/BF1 FI/GA1

Cl (25) 0.282 0.263 -0.034 0.204 0.511*

C2 (25) 0.326* 0.061 -0.068 0.142 -0.096

C3 (25) 0.381* -0.105 -0.319 0.132 -0.106

C4 (25) 0.398* 0.046 0.075 -0.316 0.019

C5 (25) 0.015 -0.336* -0.334* -0.541* -0.152

C6 (25) 0.445* -0.203 0.635* -0.233 0.104

C1,3,5 (75) 0.200* 0.080 -0.509* 0.312 -0.233*

C2,4,6 (75) 0.377* -0.197* -0.244* -0.019 -0.128

C1-6 (150) 0.266* 0.021 -0.207* 0.182* -0.125*

* = Statistically significant at p < 0.05.
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Table 60. Correlation Coefficient Results of Second Maximum Force
and IEMG2 Parameters for Subject 4

Source F2/VM2 F2/RF2 F2/ST2 F2/BF2 F2/GA2

Cl (25) 0.022 0.134 -0.156 -0.281 0.118

C2 (25) 0.163 -0.111 0.094 0.093 0.178

C3 (25) 0.274 0.503* 0.254 0.477* 0.318

C4 (25) -0.519* -0.277 -0.253 -0.474* -0.675*

C5 (25) -0.261 0.235 -0.459* -0.226 -0.607*

C6 (25) 0.078 0.086 0.215 0.287 0.284

C1,3,5 (75) 0.049 0.068 -0.494* -0.056 -0.358*

C2,4,6 (75) -0.107 -0.185* -0.392* -0.108 -0.304*

C1-6 (150) -0.02 -0.070 -0.448* -0.048 -0.352*

* = Statistically significant at p < 0.05.




