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During heel-toe running, the vertical ground reaction force (VGRF)

profile has both impact and active peaks. Although the mass-spring model (a

single mass and a linear spring) is simple and useful to predict running

characteristics, its simulation of VGRF profiles produces only a single peak rather

than the double peak typically observed in running. In contrast, the mass-spring-

damper model (two masses, two springs and a damper) produces a simulated force

profile with two separate peak values.

Running barefoot versus with shoes of varying stiffness produces VGRF

profiles with quite different characteristics. The purpose of this study was to use

the mass-spring and mass-spring-damper models to investigate the stiffness

characteristics of human running in barefoot, hard-shoe and soft-shoe conditions.

Ten recreational runners ran overground at 3.83 m/s and completed five trials of

each footwear condition. Force data and two-dimensional kinematic data were

recorded simultaneously at 1000 and 250 Hz respectively. Using the mass-spring

model, vertical stiffnesses with the barefoot, hard-shoe and soft-shoe conditions
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were 27.6, 25.3 and 24.6 kNIm, respectively. Hard-shoe and soft-shoe material

stiffnesses were about 150 and 100 kNm1. Considering the leg and shoe as two

springs in series, the leg's actual vertical stiffness could be estimated as 30 and 33

kNm' for hard and soft-shoe conditions. The result suggested that runners

increased their actual vertical stiffness with the sequence of barefoot, hard-shoe,

and soft-shoe conditions.

Using the mass-spring-damper model, the upper spring stiffness was

relatively constant while the lower spring stiffness changed with footwear

condition: 274, 136 and 126 kN/m, respectively. While it is mathematically

convenient to model the leg and body with constant spring characteristics over

time, physiologically it is likely that muscle-tendon stiffness does change during

stance as muscle activity changes. This suggests that mass-spring models of

running would be improved by time varying spring characteristics. Variable

stiffness of the simple mass-spring model was tested using a smoothly varying

stiffness function. This provided a significantly better force profile simulation for

each of the footwear conditions than did the constant stiffness model. Further

mass-spring-damper modeling may also be improved through incorporation of such

time varying characteristics.
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COMPARISON OF LEG SPRING CHARACTERISTICS DURING
RUNNING USING MASS-SPRING-DAMPER MODELING

CHAPTER 1

INTRODUCTION

Mass-spring models have been designed for simplifying and predicting

human gait characteristics. The simple linear mass-spring model (Figure 1 .1)

introduced by McMahon and Cheng (1990) has been used to determine the

relationship between stiffness parameters and other variables, such as speed

(McMahon & Cheng, 1990), different levels of gravity (He, Kram, & McMahon,

1991), stride frequency (Farley & Gonzalez, 1996), and aerobic demand of running

(Dalleau, Belli, Bourdin, & Lacour, 1998; Heise & Martin, 1998). The two main

stiffness parameters of the model are leg stiffness (kieg) and effective vertical

stiffness (kvert).

Although the mass-spring (MS) model is simple and provides some

explanation for the relationship between stiffness parameters and a variety of

running characteristics, the model still lacks the competency to predict the overall

ground reaction force (GRF) profile (McMahon & Cheng, 1990).

In heel-toe running, human GRF characteristics generally have two peaks.

The first peak force, which occurs early as the foot collides with the ground, is

generally called the impact peak force or passive peak force. The latter peak force.

which occurs later while the center of mass bounces up from the lowest level



foot contact toe-off

Figure 1.1.
A simple linear mass-spring model (modified from Farley and Gonazlez, 1996. The
mechanics of running: how does stiffness couple with speed. Journal of
Biornechanics, 29, 181-186). The figure depicts a running motion from left to right
direction and displays the model at three positions during the stance phase (foot
contact, mid-stance, and toe-off). The arc represents the trajectory of the body's
center of gravity during stance. The dotted mass-spring model displays the length
of uncompressed spring in a vertical orientation; 0 is half the angle swept by the leg
spring during stance; L0 is initial leg length at the instant of foot contact; and Ay is
the peak vertical displacement of the body's center of gravity during stance.



(Cavanagh & Lafortune, 1980), is called the active peak force. The active peak

force is generally higher and sometimes called the maximal vertical ground

reaction force.

To simulate the GRF profile in heel-toe running, the model should produce

two peak forces in each GRF cycle. The MS model simulates the GRF profile with

only one peak, the active peak force (McMahon, Valient, & Frederick, 1987). The

addition of a second mass-spring system representing the leg adds an impact force

peak to the simulated GRF profile (Alexander, Bennett, & Ker, 1986). Bobbert,

Schamhardt, and Nigg (1991) used the positional data to justify the primary

contributions of the support leg and the rest of the body to the impact and active

part of the GRF profile.

Alexander, Bennett, and Ker (1986) mentioned three mass-spring models

with two masses for simulating the GRF profile of the locomotion from the paw

pads of some mammals. The only model (Figure 1.2) which could simulate the

GRF profile similar to the real one requires adding a damper. The damper was

connected to the lower mass parallel to the lower spring. This model was later used

for predicting the GRF profiles of varying stride length of a constant running speed

(Derrick, Caidwell, & Hamill, 2000).

The small and large masses of the model represent the support leg and the

remainder of the whole body, respectively. While both masses are connected

together with a linear spring, the lower mass contacts the support surface with a

linear spring and a damper aligned parallel. The objective to add a damper to the



Mass Spring Damper Active component Ground

_______ I i4i

jII i//i//i

Figure 1.2.
The modified mass-spring-damper model (modified from Derrick, Caldwell, and
Hamill, 2000. Modeling the stiffness characteristics of the human body while
running with various stride lengths. Journal ofApplied Biomechanics, 16, 36-51).
M1 represents the mass of the whole body except the support leg. M2 represents the
support leg. K1 and K2 represent the stiffness coefficient of upper and lower
springs. C represents the damping coefficient. Xi and X2 represent the vertical
distance from the ground to the center of mass of the rest of the body and the
center. of mass of the support leg, respectively. Active component represents the
vertical ground reaction force.



model is to prevent a phenomenon called 'chattering", which is defined as an

incorrect transient loss of the model's simulating force signal at the beginning of

the ground contact phase due to oscillations of the signal (Alexander, Bennett, &

Kerr, 1986). Derrick et al. (2000) demonstrated that the mass-spring-damper

(MSD) model can generate a proper ground reaction force profile matching the real

one.

Previous research has reported that runners increase their leg stiffness while

vertical stiffness remains nearly constant during running on softer versus firm

surfaces (Ferris. Louie, & Fancy, 1998; Ferris, Liang, & Farley, 1999). Running

characteristics including ground contact time, maximum CM vertical displacement.

maximum GRF, and leg sweep angle, remain relatively constant across varying

surfaces. When running with shoes of different levels of stiffness, the calculated

leg and vertical stiffnesses from the MS model represent the system response

including the shoe with its own spring stiffness. One purpose of this study was to

investigate how leg and vertical stiffness of the MS model were adjusted to

represent leg-shoe interaction when subjects run in barefoot, hard-shoe, and soft-

shoe conditions. From the Ferris et al. papers, overall vertical center of mass

motion and stiffness were expected to compensate for shoe compression differences

associated with shoe stiffness.

For analysis using the MSD model, runners are known to decrease their

upper-spring stiffness but increase lower-spring stiffness when they increased their

stride length (Derrick et al, 2000). Lower-spring stiffness includes the stiffness



combination of the support leg and shoe together. With the barefoot, soft-shoe, and

hard-shoe running test, the MSD model can determine how the support leg or the

support leg-shoe system stiffness interacts with the ground during the contact time.

With the assumption of a linear spring in these models, it is mathematically

convenient to calculate, describe, and compare the stiffness among test conditions.

However, the physiological pattern of muscle activity, which determines leg

stiffness, is not uniform during running. Using electromyography, most leg

muscles show activity during late flight phase and early stance phase but may stop

activity near mid-stance (McClay, Lake, & Cavanagh, 1990). This suggests that

variable stiffness based on muscle activity timing may represent stiffness

characteristics better than does a constant stiffness. Using the MS model, GRF

profiles were simulated separately with a constant and a variable stiffness. Both

force profiles were compared to the real GRF pattern to assess the effectiveness of

a variable stiffness MS model.



CHAPTER 2

SIMPLE MASS-SPRING MODELING OF GROUND REACTION FORCE
AND LEG STIFFNESS CHARACTERISTICS IN RUNNING

Pasakorn Watanatada and Gerald A. Smith

Department of Exercise and Sport Science
Oregon State University, Corvallis, Oregon



Abstract

The simple mass-spring (MS) model was used to characterize how the foot-

shoe interface would affect the stiffness characteristics of human running. Ten

recreational runners were tested at a running speed of 3.83 ms1 under barefoot,

soft-shoe and hard-shoe conditions. Ground reaction force data of five trials were

collected for each footwear condition from which kinetic and kinematic

characteristics were obtained. The test revealed that subjects ran with shorter stride

length but faster stride frequency in the barefoot condition. The difference of step

time across the conditions was mainly due to stance time while flight time was

constant. Constant flight time related directly to relatively constant impact and

take-off velocity as well as average vertical ground reaction force. Impact peak and

active peak were constant across the conditions while the relative minimum was

lower under barefoot condition. Impact peak and relative minimum occurred

earlier in the barefoot condition while active peak occurred consistently across the

conditions. The average of maximum loading rates were 411, 160, and 155 BWs'

for barefoot, hard-shoe, soft-shoe conditio:ns respectively. The average vertical

stiffness values were 27.6, 25.3, and 24.6 kNm* The differences of the loading

rate and vertical stiffness were significant for barefoot versus shoes but not for

shoe-shoe conditions. The significant difference of vertical stiffness between

barefoot and shod conditions resulted from the different center of mass (CM)

vertical motion, not maximum active peak force. Assuming the leg and shoes as

two linear springs connecting serially, the actual vertical stiffness of hard and soft-



shoe system calculated from barefoot and shoe stiffness were 30 and 33 kNm'

respectively. This suggests that runners increased the leg's actual vertical stiffness

as they ran barefoot, hard-shoe, and soft-shoe respectively.

Introduction

Ground reaction force (GRF) is a fundamental kinetic parameter to

investigate foot-ground interaction during any activities. The GRF indicates the

magnitude and the direction of the external force that the ground applies to the foot

continually during the period of contact. Generally, GRF is separately collected

into three orthogonal parts: vertical, anteroposterior, and mediolateral components.

Each component has its own pattern. During running, the vertical component

(VGRF) is generally the principal component to characterize due to its domination

of the magnitude.

When humans run, they bounce along the ground using muscles, tendons,

and ligaments to alternately store and return elastic energy (Cavanagh, Heglund, &

Taylor, 1977). Muscles, tendons, and ligaments store elastic energy when they are

stretched and return energy when they recoil. During running activity, the human

body has been described as a bouncing mass along the ground.

A simple mass-spring (MS) model (Figure 2.1) was introduced to simplify

and predict the regulation of human running and hopping mechanics (Blickhan,

1989; McMahon & Cheng; 1990). The model consisted of a mass equivalent to the

body mass and a single linear massless spring that connected the foot to the



I0

foot contact toe-off

Figure 2.1.
A simple linear mass-spring model. (modified from Farley and Gonazlez, 1996.
The mechanics of running: how does stiffness couple with speed. Journal of
Biornechanics, 29, 181-186). The figure depicts a running motion from left to right
direction and displays the model at three positions during the stance phase (foot
contact, mid-stance, and toe-off). The arc represents the trajectory of the body's
center of gravity during stance. The dotted mass-spring model displays the length
of uncompressed spring in a vertical orientation; 0 is half the angle swept by the leg
spring during stance; L0 is initial leg length at the instant of foot contact; and Ay is
the peak vertical displacement of the body's center of gravity during stance.



center of mass (CM). Many mechanical characteristics of running have been

accurately explained using the simple MS model (Farley, Glasheen, & McMahon,

1993; He, Kram, & McMahon, 1991; McMahon, Valient, & Frederick, 1987).

The model defined two stiffness parameters: the leg stiffness (kieg) and the

effective vertical stiffness (kvei-t). Considering the human body as a single mass, the

center of mass (CM) movement analysis can be investigated independently into

three orthogonal axes using the corresponding component of GRF. Only the CM

movement along the vertical axis was required for calculating the stiffness using

VGRF data.

The model was recently used to determine the relationship between stiffness

parameters and other variables, such as speed (McMahon & Cheng, 1990),

different levels of gravity (He, Kram, & McMahon, 1991), stride frequency (Farley

& Gonzalez, 1996), and aerobic demand of running (Dalleau, Belli, Bourdin,

Lacour, 1998; Heise & Martin, 1998). The two stiffness parameters of the model

are leg stiffness (kieg) and effective vertical stiffness (kvert). A variable required for

calculating kieg is the initial leg length (L0). Farley and Gonzalez (1996) defined L0

as the vertical distance measured from the ground to the greater trochanter during

standing. The definition clearly indicates that L0 includes the height of shoes.

Shoe condition were seldom mentioned for both stiffness parameters

whether the subjects are tested in barefoot running or shod running modes in most

of the published articles including all of the following (He, Kram, & McMahon,

1991; Farley & Gonzalez, 1996; Dalleau, Belli, Bourdin, & Lacour, 1998). From
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Figure 2.2.
The model of shoe/foot system (modified from Misevich and Cavanagh, 1983).
The model concludes that all the forces acting to foot, every element of shoe, and
the ground are equal.
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the diagram (Figure 2.2) of the final model of shoe/foot system (Misevich &

Cavanagh, 1983, pp.71), the authors concluded that all forces acting to heel, insole,

foam, outsole, and surface were equal, From the conclusion, barefoot and shod

running modes should provide different stiffness results. First shoes that are not a

biological tissue are also considered as a part of the human body and included for

calculation of both stiffness parameters of the model. Secondly, the forces not only

act on the human body but also compress the shoes and finally reduce the height of

the shoes during running activity. The change of the height of shoes will

consequently affect the values of the maximum vertical displacement of the CM

(Ay) and the displacement of the leg spring (AL). As a result, the calculated values

of kieg and kvert are altered.

Ferris, Louie, and Farley (1998) reported that runners adjusted their leg

stiffness to compensate for softer surface stiffness. Vertical stiffness remained

constant during running on surfaces of different levels of stiffness up to twofold.

Ferris, Liang, and Farley (1999) also reported that runners could maintain their

vertical stiffness nearly constant by adjusting their leg stiffness when they ran on

two surfaces with large stiffness variation. On both hard and soft surfaces, runners

adjusted their leg stiffness to maintain similar running mechanics, which included

ground contact time, maximum CM vertical displacement, maximum VGRF, and

leg sweep angle relatively constant. Based on the conclusion that vertical stiffness

remains constant on any surface stiffness, runners are expected to adjust their actual

leg's vertical stiffness constant when they run in barefoot, hard-shoe, and soft-shoe
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conditions. In fact, the vertical stiffness calculated from the MS model includes

both the actual leg's vertical stiffness and the shoe stiffness. To compare the actual

leg's vertical stiffness among footwear conditions, the actual leg's vertical stiffness

has to be estimated by subtracting the shoe stiffness out of the vertical stiffness

calculated directly from the MS model. The purpose of this study was to

investigate how vertical stiffnesses of the MS system were adjusted to represent

leg-shoe interaction when subjects run in the barefoot, hard-shoe, and soft-shoe

conditions.

Methods

Subjects. Ten male recreational runners agreed to participate in this study.

Subjects met the criteria: (a) they currently ran at least 10 miles/week, (b) they are

heel-toe runners, (c) they can fit Adidas Boston and Cairo shoes between size 9 and

size II, and (d) they were currently free of injury likely to affect their running. The

average age of runners was 30.4 ± 9.7 years (mean ± S.D.). The average body

mass without shoes was 71.3 ± 8.4 kg, and average leg length without shoes (the

distance from the great trochanter to the ground during quiet standing, Lo) was 87.3

± 3.7 cm. Individual subject characteristics are shown in Table 2.1. Body weight

under each condition was calculated from the average VGRF when subjects stood

motionless on the center of the force plate. Approval for this study was obtained

from the university committee for the protection of human subjects and all subjects

signed informed consents.
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Table 2.1.
Subject characteristic data.

Subject Mass (kg) L0 (cm)
1 79.2 93.0
2 68.2 86.0
3 79.2 85.5
4 81.3 87.0
5 75.3 89.0
6 77.7 92.0
7 65.7 82.0
8 60.8 82.0
9 68.0 87.0
10 57.5 89.0

Shoes. Adidas Boston and Adidas Cairo shoes were chosen as

representative soft and hard shoes (Figure 2.3). The midsole of both Adidas Boston

and Adidas Cairo shoes were constructed using ethylene vinyl acetate (EVA)

(Canozza, 2000). Adidas Boston used a single-density EVA while the Adidas

Cairo used a two-density EVA with higher density in the medial portion of the

mjdsole. Adidas Boston was classified as a cushioned shoe while Adidas Cairo

was classified as a motion control shoe (Carrozza, 2000).

The additional height of leg length, which was calculated from the

difference of leg length between barefoot and Boston or Cairo conditions was 3.5

cm. The leg length used for calculation under Boston and Cairo conditions was the

leg length of barefoot condition plus 3.5 cm.
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Figure 2.3.
Conditions of running test. (A) Barefoot. (B) Adidas Boston. (C) Adidas Cairo.

Shoe stiffness was tested by measuring the load-deformation response of

the heel region of each shoe with loading applied through an area of about 8.5 cm2.

The load deformation curves for Boston and Cairo shoes are shown in Figure 2.4.

The shoe sole stiffness was calculated as the slope of the linear region near the

maximum load. The Boston and Cairo shoe sole stiffnesses were about 100 and

150 kNm for loading through the tested area. Large area loading such as the full

heel of the foot would involve greater material stiffness.

Testing procedure. All practice and testing trials were performed in the

Biomechanics Laboratory at Oregon State University, Corvallis, Oregon. The test

procedure was read carefully to all subjects by the principle investigator. Subjects

were required to perform their normal overground running. The test speed was

controlled at the speed of 3.83 ms' within 5% of accuracy using a pair of timing

lights set 2 m apart. The vertical ground reaction force was collected through a

force plate (Kistler. 9281 B) at 1000 Hz. using a Microsoft Visual Basic program.

The force plate was centered between the timing lights, which were set up
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Figure 2.4. Load-deformation curves of Adidas Boston and Cairo.

approximately at the height of the subjects' head. Two-dimensional calibration

was performed each day prior to video data recording. The subjects' running

pattern was videotape-recorded simultaneously using a high-speed digital camera at

250 Hz (Redlake Corporation, model 1000/s).

The sequence of running conditions for each subject was randomized prior

to the test. Subjects required completing five successful trials each for barefoot,

soft-shoe (Boston), and hard-shoe (Cairo) conditions. Successful trials were

defined as the trials which subjects ran with a speed within 5% of 3.83 ms1 and had

complete contact with the force plate.

All VGRF and stiffness parameters were calculated using raw force data

without filtering. For statistical parameters, repeated measures ANOVA was used
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for comparison among test conditions. Contrast in repeated measures designs for

shoe-shoe conditions were tested for statistical significance at the level of 0.05.

Statistic analysis was performed using SuperANOVA (Abacus Concepts, Inc.,

Berkeley, CA, 1989).

Experimental calculation. The simple MS model was shown in Figure 2.1.

It displayed the MS model at three different positions, the beginning (left-most

position), middle (middle position) and end of the ground contact phase (right-most

position). The simple MS model had an initial length (Lo) at the beginning of the

ground contact phase, and its maximal compression was represented by AL. The

dotted spring represented the length of the uncompressed spring, Ay represented the

vertical displacement of the center of mass, and 0 represented half of the angle

swept by the leg spring during the stance phase.

Leg stiffness (kieg) was defined as the ratio of the force in the spring (F) to

the displacement of the spring (AL) at the instant that the spring was maximally

compressed:

kiegF/AL (2.1)

The peak displacement of the leg spring (AL) was calculated from the

maximal vertical displacement of the center of mass (Ay), the initial length of the

leg spring (Lo) (the vertical distance from the ground to the greater trochanter

during quiet standing), and half of the angle swept by the simple MS model while it

was in contact with the ground (0):

ALAy+Lo(1cosO) (2.2)
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From geometric considerations, an equation for calculating 0 from the time

of foot contact with the ground (ta), the forward speed (u), and L0 was obtained:

0 = sin (utI2Lo) (2.3)

The vertical displacement of the center of mass (Ay) was calculated by

integrating the vertical acceleration twice. The acceleration was calculated by

applying Newton's second law of motion: a = (VGRF mg) I m where m and g

represent body mass and gravitational constant respectively. The vertical velocity

of the center of mass at the instant of ground contact phase was determined by the

boundary condition of the system. It was assumed that the center of mass would

return to the same vertical level with the same CM impact velocity after subjects

completed a step cycle (Blickhan & Full, 1992).

The vertical motion of the system during the stance phase was described in

terms of a "vertical stiffness" (kvei). The vertical stiffness described the vertical

motions of the center of mass during the stance phase and was important in

determining how long the spring-mass system remained in contact with the ground.

The effective vertical stiffness (k1.) was calculated from the ratio of the maximal

vertical force (F) to the maximal vertical displacement of the center of mass (y2 of

Figure 2.5), which was calculated from the CM lowest level to the CM take-off

level (Figure 2.5): (Note: Ay in equation 2.4 was equivalent to y2 represented in

Figure 2.5)

kertF/Ay (2.4)
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Figure 2.5.
VGRF and vertical CM displacement during a single running step.
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Data from 5 trials were calculated to represent each subject's average values

for each test condition. Ten subjects' average values among the conditions are

described in Tables 2.2 and 2.3. Ensemble average VGRF profile of a single

subject for all conditions is displayed in Figure 2.6. Repeated measures ANOVA

were performed to compare seven statistical parameters. Contrasts for shoe-shoe

conditions with equal weight were done as follow-up to the repeated measures

ANOVA but did not show any statistically significant differences of the hard and

soft shoes for any parameters.

The result will always be reported in the sequence of barefoot, hard-shoe,

and soft-shoe conditions, which can be thought of as a progression from most stiff
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Table 2.2.
The mean (SD) of statistical parameters of barefoot, hard-shoe, and soft-shoe
running conditions. F = force; Ay = center of mass vertical movement; K =
stiffness

Statistical Parameters Barefoot Hard-shoe Soft-shoe Prob.
Loading rate (BWs1) 411(74) 160 (58) 155 (66) 0.0001
F Impact (BW) 1.97 (0.38) 1.99 (0.30) 1.99 (0.26) 0.9747
F Minimum (BW) 1.21 (0.32) 1.62 (0.25) 1.73 (0.23) 0.0001
F Active (BW) 2.71 (0.27) 2.75 (0.25) 2.73 (0.23) 0.6188
Ay (cm) 7.05 (1.32) 7.81 (1.51) 8.00 (1.56) 0.0010
K Leg (kNm1) 10.7 (1.1) 9.9 (1.2) 9.6 (1.1) 0.0079
K Vertical (kNm') 27.6 (4.5) 25.3 (4.3) 24.5 (3.9) 0.0029

Table 2.3.
The mean (SD) of descriptive parameters of barefoot, hard-shoe, and soft-shoe
running conditions. T = time; AVGRF = average vertical ground reaction force:
V = velocity; P = position; AL = leg compression; 0 = leg swept angle

Descriptive parameters Barefoot Hard-shoe Soft-shoe
Step length (m) 1.13 1.18 1.18
T Step (ms) 523 (10) 522 (8) 527 (7)
T Stance (ms) 220 (13) 234 (15) 239 (12)
T Flight (ms) 126 (32) 127 (34) 126 (36)
T Stance (%T step) 64 (6) 65 (6) 66 (6)
AVGRF(BW) 1.58 (0.16) 1.55 (0.15) 1.53 (0.15)

T Impact (%Stance) 7.4 (2.8) 14.2 (2.0) 15.2 (2.2)
T Minimal (%Stance) 12.7 (2.6) 18.9 (1.9) 19.8 (1.8)
T Active (%Stance) 42.4 (3.6) 41.5 (4.6) 40.9 (4.7)
V Contact (ms1) 0.76 (0.15) 0.77 (0.16) 0.76 (0.18)
V Take-off(ms1) 0.47 (0.18) 0.46 (0.18) 0.46 (0.l8)
Impulse (Ns) 241 (29) 254 (36) 257 (34)
P Take-off (cm) 1.50 (0.50) 1.64 (0.69) 1.53 (0.70)
AL(cm) 17.86 (2.26) 19.68 (2.61) 20.23 (2.18)
0 (degrees) 29.0 (1.9) 29.6 (2.2) 30.1 (1.8)
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Figure 2.6.
Ensemble running VGRF profile of a single subject in barefoot, soft-shoe, and
hard-shoe conditions.

to least stiff footwear. At the running test speed of 3.83 ms, the average step were

1.13, 1 .18, and 1.18 m respectively. The step frequency of all three conditions

were 3.40, 3.21, and 3.25 Hz respectively. The data showed that subjects generally

ran with higher step frequency to compensate for shorter step length when they

performed a predetermined running speed in the barefoot condition. The average

step length and frequency of both shoe conditions were similar. The average stance

time of all subjects was 220, 234, and 239 milliseconds. The flight time was nearly

constant across the conditions. The average flight time of all subjects was 126,

127, and 126 milliseconds. This result suggests that variation of step time is due to

change of stance time. Note that the trend is for stance time to increase as footwear

stiffness decreases.
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Loading rate was calculated from the maximal slope between heel-strike

and impact peak. The average loading rates of all three conditions were 411, 160,

and 155 BWs'. The relative minimum and loading rate showed a statistically

significant difference among conditions, but the follow-up contrasts did not detect a

significant difference between hard shoe and soft shoe conditions. Note that the

trend is for the loading rate to increase as footwear stiffness increases. The

normalized impact peaks were nearly constant across the conditions. The average

normalized impact peaks were 1.97, 1.99, and 1.99 BW. The average time that

impact peaks occurred was at 7.4, 14.2, and 15.2% of stance time. The larger

loading rate with stiffer footwear has the effect of shifting the impact peak earlier in

stance. While the impact peaks were nearly constant, the relative minimal forces

were obviously different. The average normalized relative minimal forces were

1.21, 1.62, and 1.73 BW, respectively, while the relative minimal forces occurred at

12.7, 18.9, and 19.8% of stance time respectively. Again, a clear trend with

footwear stiffness was apparent. The average normalized active peaks of all testing

conditions were nearly constant in the range from 2.71 to 2.75 BW. The time that

average active peaks occurred was relatively invariable in the range from 40.9 to

42.4% of stance time.

The average vertical impact and take-off velocities were very similar in the

range of 0.76-0.77 ms1 and 0.46-0.47 ms* The average impulses per step of the

three conditions were 241, 254, and 257 Ns. The lower impulse observed for the

barefoot condition related to the average contact time; with active peak forces about
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constant, the area under the force-time graph was influenced by reduced stance

time for barefoot running.

Both leg and vertical stiffness parameters showed the same trend from high

to low values: barefoot, hard-shoe, and soft-shoe conditions respectively. The

average vertical stiffnesses were 27.6, 25.3, and 24.5 kNm1, and average leg

stiffnesses were 10.7, 9.9, and 9.6 kNm'. Center of mass vertical displacements

from maximal compression to take-off were 7.05, 7.81, and 8.00 cm. The average

leg compression of all conditions revealed the same trend to the CM vertical

movement with the values of 17.86, 19.68, and 20.23 cm. The average leg swept

angles of all conditions were 29.0, 29.6, and 30.1 degrees, respectively. With a

nearly constant active peak, it was obvious that the significant difference of vertical

stiffness between barefoot and shod conditions resulted from the different center of

mass (CM) vertical motion. The trend across footwear conditions was clear; as

footwear stiffness increased, the observed vertical and leg stiffness also increased

due to decreased vertical motion of the center of mass.

Discussion

When the ground reaction force characteristics of barefoot, hard-shoe, and

soft-shoe conditions were compared together, all average values of GRF related

parameters in hard-shoe condition were generally between the average values of the

same parameters of the barefoot and soft-shoe conditions. The difference of any

parameters between barefoot and hard-shoe conditions was generally much larger
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than that between soft-shoe and hard-shoe conditions. The comparison showed that

all average values of GRF related parameters on both shoe conditions were quite

similar and did not show any statistically significant difference at the level of 0.05.

However, the general trend on every case was for the hard-shoe characteristic to be

between barefoot and soft-shoe.

Impact peak comparison for soft-shoes and hard-shoes is a somewhat

controversial issue. This experiment found the average normalized impact peak

values were similar for each of the footwear. Nigg, Bahlsen, Luethi, and Stokes

(1987) reported that the average impact peak of hard midsole shoe decreased about

10% compared with that of a soft midsole shoe. On the contrary, De Vita and

Bates (1988) reported that the impact peak from the hard shoes were slightly higher

than for soft shoes.

At the running speed of 3.83 ms', subjects increased their step frequency to

compensate for a shorter step length of barefoot conditions. At a constant running

speed, the step time relates inversely to the step length. Therefore, the step time of

the barefoot condition was less than that of both shoe conditions. Physically, the

step time can be separated into two phases: stance phase and flight phase. The

major change of step time was mainly due to the stance time because the flight time

was nearly constant across all three conditions. Nearly constant vertical velocities

at impact and take-off in all three conditions clearly produced constant flight times.

Considering the different stance time among the conditions, it was clear that the

stance time related inversely to the vertical stiffness. The inverse relationship
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between the stance time and vertical stiffness confirmed that the simple MS model

represented CM vertical motion appropriately.

For the normalized magnitude of the VGRF, impact peak and active peak

forces were nearly constant across the three conditions while average relative

minimal force of the barefoot condition was significantly lower than that of both

shoe conditions. The trend of all GRF related characteristics between barefoot and

both shoe conditions agreed with the comparison between barefoot and shod

conditions reported by De Wit, De Clercq, and Aerts (2000). However, De Vita

and Bates (1988) reported that the average impact peak of the motion control shoes

was higher that that of the cushion shoes while the normalized time to the impact

peak agreed with our result.

Kleindienst, Krabbe, Westphal, and Grandmontagne (2001) reported the

material stiffness of the 55Asker C and 70Asker C shoes at both forefoot and

rearfoot areas. At 20°C, the estimated of 55Asker C stiffnesses at rearfoot and

forefoot areas were about 150 and 220 kNm1 while the estimated of 70Asker C

stiffnesses at rearfoot and forefoot areas were about 180 and 290 kNm. The mean

of soft-shoe and hard-shoe stiffness were 185 and 235 kNm1. To compare our

measurements, the stiffnesses of soft-shoe and hard-shoe were 100 and 150 kNm'.

However, the stiffness is not directly comparable because the values depend on the

different areas of the impacting device (Kinoshita and Bates, 1996). The standard

impact device for shore A measurement has a diameter of 3.95 cm compared with

3.3 cm of our device. For the result based on the impacting area factor, the
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stiffness of our experiment was expected to be about 70% of the stiffness expected

from the standard measurement.

The calculated vertical stiffness for shoe conditions represented the

combination between the stiffness of leg and shoe. If the leg and shoes are

considered as two linear springs connecting serially together, subtracting the shoe

stiffness out of the calculated vertical stiffness will represent the leg's actual

vertical stiffness for each shoe condition. The leg's actual vertical stiffness of soft-

shoe and hard-shoe conditions can be estimated as about 30 and 33 kNm* Heise

and Martin (1998) reported an inverse relationship between oxygen demand and

vertical stiffness. Frederick, Howley, and Powers (1986) compared running with

an air-soled shoe and an EVA foam shoe and found that oxygen demand was lower

when runners used an air-soled shoes. The material test showed that the air-soled

shoe had more deformation than the EVA foam shoe when each shoes was loaded

with the same procedure. From the result of our experiment, the calculated actual

leg vertical stiffness in the soft-shoe and hard-shoe conditions supported the

relationship between vertical stiffness and oxygen demand previously reported.
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Abstract

The mass-spring-damper model was used to simulate the vertical ground

reaction force profile of human running. Subjects were tested at a constant speed

of 3.83 ms' in the barefoot, hard, and soft-shoe conditions. The model did not

provide a good fit on the slow rising part of early contact and the slow decaying

part of late take-off. The model simulated a better fitting force profile for the

barefoot condition because the force profile of barefoot condition started with a

rapid rising curve. For all conditions, simulated stance time was generally shorter

than actual stance time because the model failed to simulate the slow decaying part

of the actual force profile. The average lower spring stiffness were 274, 136, and

126 kNm in the barefoot, hard, and soft-shoe conditions. The lower spring

stiffness was significantly greater in the barefoot condition than those of both shoe

conditions but there was no significant difference of lower spring stiffness between

hard and soft-shoe conditions. The upper spring stiffnesses were relatively

constant between 34 and 39 kNm' among all conditions. The result supported the

main contribution of lower and upper spring on impact peak and active peak

respectively. The total stiffnesses of upper and lower springs were 30.1, 29.6, and

28.4 kNm* Subtracting the shoe stiffnesses out of the total stiffnesses, the total

stiffnesses without shoes were estimated about 37 and 40 kNm' for hard and soft-

shoe conditions. This indicated that the total stiffness of the body and support leg

was adjusted to be stiffer when runners ran with shoes.
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Introduction

Mass-spring models are designed for simplifying human motion kinetics to

and in understanding the underlying mechanisms that determine the motion

characteristics. The simple mass-spring (MS) model (Figure 3.1) introduced by

McMahon and Cheng (1990) has been recently used to determine the relationship

between stiffness parameters and variables such as speed (McMahon & Cheng,

1990), different levels of gravity (He, Kram, & McMahon, 1991), stride frequency

(Farley & Gonzalez, 1996), and aerobic demand of running (Dalleau, Belli,

Bourdin, & Lacour, 1998; Heise & Martin, 1998). The two main important

stiffness parameters of the model are leg stiffness (kieg) and effective vertical

stiffness De Wit, De Clercq, and Aerts (2000) reported that runners adjusted

their leg to be stiffer when they ran in the barefoot condition compared with shod

condition. The result can be explained by a simple mechanics concept. Placing a

shoe under the foot during running was similar to adding two springs together in

series. The total stiffness, which was calculated by the formula of serial spring

combination, was less than either one of the spring stiffnesses. The total vertical

movement was the addition of both spring compressions.

Although the MS model is simple and provides a reasonable prediction of

the relationship between stiffness parameters and a variety of running

characteristics, the model still lacks the competency to predict the overall ground

reaction force (GRF) profile (McMahon & Cheng, 1990).
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foot contact toe-off

Figure 3.1
A simple linear mass-spring model (modified from Farley and Gonazlez (1996).
The mechanics of running: how does stiffness couple with speed. Journal of
Biomechanics, 29, 181-186). The figure depicts a running motion from left to right
direction and displays the model at three positions during the stance phase (foot
contact, mid-stance, and toe-off). The arc represents the trajectory of the body's
center of gravity during stance. The dotted mass-spring model displays the length
of uncompressed spring in a vertical orientation; 0 is half the angle swept by the leg
spring during stance; L0 is initial leg length at the instant of foot contact; and Ay is
the peak vertical displacement of the body's center of gravity during stance.
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During heel-toe running, human GRF characteristics generally have two

peaks. The first peak force, which occurs early as the foot collides with the ground,

is generally called the impact peak force or passive peak force. A later force peak.

which occurs near mid-stance while the center of mass (CM) bounces up from the

lowest level (Cavanagh & Lafortune, 1980), is called the active peak force. The

active peak force is generally higher and sometimes called the maximal vertical

ground reaction force (VGRF). Bobbert, Schamhardt, and Nigg (1991) used

positional data to determine the association of the support leg with the impact peak

while the active peak is generated by the motion of the rest of the body.

To simulate the VGRF profile in heel-toe running, the model requires

producing two peak forces in each cycle. A single linear spring model can simulate

the GRF profile with only one peak force, the active peak force (McMahon,

Valient, & Frederick, 1987). It requires an additional smaller lower mass to

simulate the impact force peak of the GRF profile (Alexander, Bennett, & Ker,

1986).

Alexander et al. (1986) mentioned three mass-spring models with two

masses for simulation of mammal locomotion GRF profiles of the paw pads. A

model (Figure 3.2), which could simulate the double peaked GRF profile similar to

that directly observed, requires adding a damper. The damper was connected to the

lower mass parallel to the lower spring. The model was later used for predicting

the GRF profiles of varying stride length of a constant running speed (Derrick,

Caldwell, & Hamill, 2000).
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Mass Spring Damper Active component Ground

_______ I t I/Ill/I

Figure 3.2.
The modified mass-spring-damper model (modified from Derrick, Caidwell, and
Flamill (2000). Modeling the stiffness characteristics of the human body while
running with various stride lengths. Journal ofApplied Biomechanics, 16, 36-51).
M1 represents the mass of the whole body except the support leg. M2 represents the
support leg. K1 and K2 represent the stiffness coefficient of upper and lower
springs. C represents the damping coefficient. X1 and X2 represent the vertical
distance from the ground to the center of mass of the rest of the body and the center
of mass of the support leg, respectively. Active component represents the vertical
ground reaction force.
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The small and large rigid masses represent the support leg and the

remaining of the whole body respectively (Derrick et al., 2000). While both

masses are connected together with a linear spring, the lower mass contacts the

support surface with a linear spring and a damper aligned in parallel. The objective

to add a damper to the model is to prevent a phenomenon called "chattering",

which is defined as faulty temporary loss of the model's simulating force profile at

the beginning of the ground contact phase due to oscillations of the force curve

(Alexander, Bennett, & Ker, 1986). Derrick et al. proved that the mass-spring-

damper (MSD) model could generate a proper ground reaction force profile

matching the real one.

Previous research has reported that runners increase their leg stiffness while

vertical stiffness remains nearly constant during running on softer versus firm

surfaces (Ferris, Louie, & Farley, 1998; Ferris, Liang, & Farley, 1999). Testing on

both hard and soft surfaces, runners adjusted their leg stiffness to maintain similar

running mechanics, which included ground contact time, maximum CM vertical

displacement, maximum VGRF, and leg sweep angle relatively constant.

Assuming different shoes as different surfaces, runners are expected to adjust their

actual leg's vertical stiffness constant when they run in barefoot, hard-shoe, and

soft-shoe conditions. In fact, the vertical stiffness represents the combination of

both the actual leg's vertical stiffness and the shoe stiffness. To compare the actual

leg's vertical stiffness among footwear conditions, subtracting the shoe stiffness out

of the vertical stiffness are required for estimating the actual leg's vertical stiffness.
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This study used the MSD model to investigate the stiffness characteristics. The

purpose of this study was to investigate how the vertical stiffness were adjusted to

represent leg-shoe interaction when subjects run in the barefoot, hard-shoe, and

soft-shoe conditions. The vertical stiffness of the MSD model was calculated by

adding the upper and lower spring stiffnesses together.

Methods

Subjects. Ten male recreational runners agreed to participate in this study.

Subjects met the criteria: (a) they currently ran at least 10 miles/week, (b) they

were heel-toe runners, (c) they could fit Adidas Boston and Cairo shoes between

size 9 and size 11, and (d) they were currently free of injury likely to affect their

running. The average age of runners was 30.4 ± 9.7 years (mean ± SD). The

average body mass without shoes was 71.3 ± 8.4 kg, and average leg length without

shoes (the distance from the great trochanter to the ground during quiet standing,

L0) was 87.3 ± 3.7 cm. Body weight of each condition was calculated from the

average VGRF when subjects stood motionless on the center of the force plate.

Approval for this study was obtained from the university committee for the

protection of human subjects and all subjects signed informed consents.

Shoes. Adidas Boston and Adidas Cairo shoes were chosen as

representative soft and hard shoes. The midsole of both Adidas Boston and Adidas

Cairo shoes were constructed using ethylene vinyl acetate (EVA) (Carrozza, 2000).
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Adidas Boston used a single-density EVA while the Adidas Cairo used a two-

density EVA with higher density in the medial portion of the midsole. Adidas

Boston was classified as a cushioned shoe while Adidas Cairo was classified as a

motion control shoe (Carrozza, 2000).

Shoe stiffness was tested by measuring the load-deformation response of

the heel region of each shoe with loading applied through an area of about 8.5 cm2.

The load deformation curves for Boston and Cairo shoes are shown in Figure 3.3.

The shoe sole stiffness was calculated as the slope of the linear region near the

maximum load. The Boston and Cairo shoe sole stiffnesses were about 100 and

150 kNm for loading through the tested area. Large area loading such as the full

heel of the foot would involve greater material stiffness.

2000

1B0E,, Cairo

Deformation (cm)

Figure 3.3. Load-deformation curves of Adidas Boston and Cairo.
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Testing procedure. All practice and testing trials were performed in the

Biomechanics Laboratory at Oregon State University, Corvallis, Oregon. The test

procedure was read carefully to all subjects by the principle investigator. Subjects

were required to perform their normal overground running. The test speeds were

controlled to within 5% of 3.83 ms using a pair of time lights set 2 m apart. The

vertical ground reaction force was collected through a force plate (Kistler, 9281 B)

at 1000 Hz using a Microsoft Visual Basic program. Two-dimensional calibration

was performed prior to video data recording.

During the test, subjects' running motion was recorded at 250 Hz for two-

dimensional motion analysis. Four reflective markers were attached to the

following landmarks of the right side of the leg: the greater trochanter, lateral

femoral condyle, lateral malleolus, and the distal end of metatarsal bone of the

toe. The coordinates of all landmarks were digitized at the center of the reflective

markers. Using Peak Motus software (Englewood, CO), kinematic data during the

impact phase was analyzed for the impact velocity of the leg. The impact velocity

of the leg was calculated from the average vertical velocity of thigh, shank and foot

of the support leg at the instant of ground impact. The calculation weighed each

segment as the proportion of the whole body mass (Dempster, 1955; Miller &

Nelson, 1973; Winter, 1990).

The sequence of running conditions for each subject was randomized prior

to the test. Subjects required completing five successful trials each for barefoot,

soft-shoe (Boston), and hard-shoe (Cairo) conditions. Successful trials were
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defined as the trials in which subjects ran with a speed within 5% of 3.83 ms and

had complete foot contact with the force plate without noticeable targeting of the

plate.

All VGRF and stiffness parameters were calculated based on unfiltered data

of each trial. Statistic analysis was performed using SuperANOVA (Abacus

Concepts, Inc., Berkeley, CA, 1989). For statistical parameters, repeated measures

ANOVA was used for comparison among test conditions. Contrasts for shoe-shoe

conditions with equal weight were done as follow-up to the repeated measures

ANOVA.

Experimental calculation. The simulation process of VGRF was calculated

using mechanics equations at the upper and lower mass as well as the ground. This

was similar to the method described by Derrick et al. (2000). The process used the

Euler method with a step time of 0.0001 s (10000 Hz) to generate the velocity and

position in time sequence from accelerations of each mass. Finally, the model

ground reaction force (MGRF) profile was generated using equation 3.3 based on

the corresponding position and velocity. The damping coefficient (C) was

calculated using the equation 3.4.

A1 = (K1/M1) * (P2-P1) + g (3.1)

A2 -(K2/M2) * P2 - (K1/M2) * (P2-P1) (C/M2) * V2 + g (3.2)

MGRF = (K2*P2)(C*V2) (3.3)

C = 2*c*(K2*M2)°5 (3.4)
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A Visual Basic program was written to simulate the motion of upper and

lower masses. The ratio of the support leg to the whole body mass was held

constant at 0.161 (Dempster, 1955; Miller & Nelson, 1973; Winter, 1990). The

gravitational acceleration was held constant at 9.81 ms2. The initial velocity of the

lower mass was the lower leg impact velocity calculated from kinematic data. The

initial position of the lower leg was calculated using the equation 3.3 and assuming

the model ground reaction force (MGRF) at the beginning of foot contact was zero.

The damping factor () was held constant at 0.35. The program was written to find

a pair of lower and upper spring stiffnesses that minimized an optimization

parameter. The real ground reaction force (RGRF) data above 100 N, were used to

compare with the MGRF data. The model was not sensitive enough to generate the

slow rising and decaying part of the curve (Derrick et al., 2000), so low force

magnitude predictions of the model were not included in the optimization

calculation.

Derrick et al. (2000) used a force-time function to optimize the simulation

process. The optimization function was calculated based on the differences

calculated from the RGRF and MGRF profile of all the following parameters: the

force of the first data, the slope between 20% and 80% of the impact peak, the

impact peak, the local minimum, the active peak, the force of the last data, and the

time to reach the impact peak. All parameters were weighed with different

coefficients. Finally, the addition of the weighed parameters was multiplied by the

coefficient representing the time variation between the RGRF and MGRF profile.
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However, the optimization process for the current experiment was modified to

preserve distinct characteristics among the footwear test conditions. For this

experiment, the root mean square error (RMS) was calculated as the optimization

parameter, on which best fit of the MGRF patterns to the RGRF was determined.

An optimization process was implemented with a Visual Basic program.

The program was written to calculate all MGRF profiles with the corresponding

RMS through the range of both K1 and K2. The range for looping K1 was from 15

to 65 kNm1 while the range for looping K2 was from 65 to 400 kNm1. The step of

looping both K1 and K2 was 1 kNm1. The number of simulated MGRF profiles

through the range of both K1 and K2 was quite large. The time required for the

simulation process was more than 90 minutes per a single trial using the computer

with Pentium III processor with 450-Megahertz clock speed. Because many of

simulated profiles would not be a close fit, some restrictions were applied to reduce

the computation time. The simulation process was always set to begin with the

ratio of the lower and upper spring stiffness was equal to or greater than 1.5 as this

was observed to be the minimum ratio which generated appropriately shaped force

curves. Although the MGRF profile with the lowest RMS generally indicated that

the MGRF profile fit the corresponding RGRF profile better than did the other

MGRF profiles for overall stance time, the MGRF profile with the lowest RMS did

not guarantee to have a similar shape to the corresponding RGRF. Among the test

conditions, the impact portion was the distinct characteristic (Figure 3.4).

1'herefore, the program was set to focus on a subset of MGRF profiles, which had
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Figure 3.4.
Ensemble running VGRF profile of a single subject in barefoot, soft-shoe, and
hard-shoe conditions.

the difference between model impact peak and relative minimal (C-D) in the range

between 0 and 0.25 BW more than the difference between real impact peak and real

relative minimum (A-B) (Figure 3.5). Finally the MGRF profile with the least

RMS from previous subsets was selected as the optimized MGRF.

Results.

During the simulation process, the optimizing value of K2 reached the upper

limit of looping in 8 trials. The upper limit in those trials was likely not the

optimizing values. Therefore those trials were recalculated with the extension of

the K2 looping upper limit at 700 kNm to obtain the optimizing K2 values.
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Figure 3.5.
Comparison of RGRF and MGRF. A = Impact peak RGRF; B = Relative minimal
RGRF; C = Impact peak MGRF; D = Relative minimal MGRF; E = Slow rising
part of RGRF; F = Slow decaying part of RGRF.

The result will always be reported in the sequence of barefoot, hard-shoe,

and soft-shoe conditions, which can be thought of as a progression from most stiff

to least stiff footwear. The normalized impact peaks were nearly constant across the

conditions. The average normalized impact peaks were 1.97, 1.99, and 1.99 BW.

The average time that impact peaks occurred was at 7.4, 14.2, and 15.2% of stance

time. While the impact peaks were nearly constant, the relative minimal forces

were obviously different. The average normalized relative minimal forces were

1.21, 1.62, and 1.73 BW while the relative minimal forces occurred at 12.7, 18.9,

and 19.8% of stance time. The average normalized active peaks of all testing

conditions were nearly constant in the range from 2.71 to 2.75 BW. The time that
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average active peaks occurred was relatively invariable in the range from 40.9 to

42.4% of stance time.

Using the previously mentioned optimization process, the MSD model

generally produced impact peak (F 1) and relative minimum (F2) lower than those

of actual VGRF. The average values of all RGRF and MGRF parameters are

presented in Tables 3.1 and 3.2 while ensemble profiles of RGRF and MGRF of a

single subject in the barefoot, hard-shoe, and soft-shoe were presented in Figures

3.6, 3.7, and 3.8. The average magnitudes of the simulated impact peak (SF1) and

relative minimum (SF2) are very low (1.47 and 0.97 BW) compared with the actual

magnitudes of Fl and F2 (1.99 and 1.53 BW). However, the model simulated the

active peak much better with average active peaks of the real (F3) and model (SF3)

VGRF profiles of 2.71 and 2.65 BW. Comparing among conditions, the MSD

model provided slightly better impact peak predictions for the barefoot trials. The

average simulated impact peaks SF1 were 1.60, 1.47, and 1.36 BW for barefoot,

hard-shoe, and soft-shoe conditions while the average real impact peak were about

1.97 to 1.99 BW for each footwear condition.

Adjusted stance time was defined as the actual stance time without the slow

rising part where force was less than 100 N. All actual time parameters were

normalized with adjusted stance time. Simulated stance time was defined as the

interval where the simulated force profile was above 0 N. All simulated time

parameters were normalized with simulated stance time. In the barefoot condition,

the adjusted time to impact peak (Ti) and the adjusted time to relative minimum
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Table 3.1.
The mean (SD) of statistical parameters of barefoot, hard-shoe, and soft-shoe
conditions. K = stiffness; F = force; S = simulation results; RMS = root mean
square error; 1 = at impact peak; 2 = at relative minimum; 3 = at active peak.

Statistical Barefoot Hard-shoe Soft-shoe Prob.
K Body (kNm) 34 (8) 39 (9) 38 (9) 0.1293
K Leg (kNm1) 274 (83) 136 (43) 126 (34) 0.0001
K Total (kNm1) 30.1 (6.0) 29.6 (6.4) 28.4 (5.7) 0.5235
SF1 (BW) 1.60 (0.23) 1.47 (0.25) 1.36 (0.27) 0.0004
SF2 (BW) 0.76 (0.17) 1.07 (0.22) 1.08 (0.20) 0.0001
SF3 (BW) 2.69 (0.26) 2.65 (0.32) 2.63 (0.32) 0.3475

(T2) were at 5.6 and 12.1% of stance time while the simulated time to the impact

peak (ST1) and the relative minimum (ST2) were at 5.3 and 13.3% of stance time.

For both shod conditions, TI and T2 occurred approximately at 12 and 17% of

stance time while ST1 and ST2 were approximately at 8 and 16% of stance time.

The result revealed that the MSD model provided a better fit for the impact portion

of the barefoot condition than the impact portion of both shoe conditions. On the

contrary, the MSD model predicted the time to active peak quite well for all

conditions. The average normalized time to active peak of the real (T3) and model

(ST3) \TGRF profile were 42.7 and 46.3 % of stance time. The average stance

time of the model was approximately 9-10% shorter than the average actual stance

time was. The decrement in stance time was quite similar across the conditions.

The average K2 values were 274, 136, and 126 kNm' on barefoot, hard-

shoe, and soft-shoe conditions respectively. The average K2 under the barefoot

condition was significantly higher than those of both shod conditions but contrasts



Table 3.2.
The mean (SD) of descriptive parameters of barefoot, hard-shoe, and soft-shoe
conditions. T = time; F = force; Adjusted = without slow rising force < 100 N; S =
simulation values; V = velocity; P = position; 0 = at instant of impact; 1 = at impact
peak; 2 = at relative minimum; 3 = at active peak; 4 = at take-off.

Descriptive parameters Barefoot Hard-shoe Soft-shoe
T Stance (ms) 220 (13) 234 (16) 239 (12)
TStanceadjusted(ms) 216 (13) 228 (15) 231 (12)
ST Stance (ms) 196 (13) 206 (17) 208 (16)
VO Body(ms1) 0.76 (0.15) 0.77 (0.16) 0.76 (0.18)
VO Leg (ms1) 0.80 (0.13) 0.87 (0.21) 0.84 (0.22)
P0 Leg (mm) 4.0 (1.2) 6.8 (2.1) 6.2 (2.5)
Real Impact Peak (BW) 1.97 (0.38) 1.99 (0.30) 1.99 (0.26)
Real Force Minimum(BW) 1.21 (0.32) 1.62 (0.25) 1.73 (0.23)
Real Active Peak (BW) 2.71 (0.27) 2.75 (0.25) 2.73 (0.23)
F Diff(BW) 0.76 (0.23) 0.36 (0.16) 0.26 (0.08)
SF Diff(BW) 0.83 (0.26) 0.40 (0.17) 0.28 (0.09)
Ti Adjusted(%StAd) 5.6(2.8) 12.1 (2.2) 12.3 (2.4)
ST1 (% S St) Impact(%St) 5.3 (1.0) 7.7 (1.1) 7.8 (1.0)
T2 Adjusted (%St Ad) 11.0(3.0) 16.8 (1.9) 17.0 (2.1)
ST2(%SSt) 13.3(1.5) 16.0(1.5) 15.7(1.7)
T3 Adjusted (%St Ad) 41.3 (4.7) 40.1 (6.0) 38.9 (5.9)
ST3 (%Stance) 48.3 (2.8) 44.9 (5.3) 45.9 (5.1)
RMS (BW) 0.25 (0.08) 0.29 (0.05) 0.32 (0.05)
Energy loss (J) 8.5 (3.0) 14.4 (6.8) 12.6 (7.7)
P4CM (cm) 1.50 (0.50) 1.64 (0.69) 1.53 (0.70)
SP4 CM (cm) 0.21 (0.06) 0.10 (0.04) 0.11 (0.07)
V4 CM (ms1) 0.46 (0.18) 0.46 (0.18) 0.46 (0.18)
SV4 CM (ms') 0.60 (0.15) 0.56 (0.16) 0.55 (0.18)
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Figure 3.6.
Ensemble RGRF and MGRF of a single subject in the barefoot condition.
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Figure 3.7.
Ensemble RGRF and MGRF of a single subject in the hard-shoe condition.
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Figure 3.8.
Ensemble RGRF and MGRF of a single subject in the soft-shoe condition.

in repeated measures designs for shoe-shoe conditions did not show significant

difference in stiffness. The average K1 of all conditions appeared to be rather

constant ranging from 34 to 39 kNm'.

Discussion

Generally the MSD model produced a double-peak curve. Although the

impact portion generated by the MSD model was quite low compared with the

corresponding portion of the actual VGRF profile, the low magnitudes of SF1

agreed with the simulation results by Derrick et al. (2000). Two modifications used

by Derrick et al., which were setting the ratio of leg mass to the whole body mass at

20% instead of 16.1% and adding 10% to overall MGRF profile, produced SF1
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much closer to Fl. Because our criteria controlled the difference between SF1 and

SF2 relatively to the difference between the actual corresponding counterparts, low

SF2 was the consequence of low SF1.

The MSD model generally produced a better fit for the portions of the

VGRF profile with rapidly rising and decaying rate. The normalized RMS per data

were 0.25, 0.29, and 0.32 BW for barefoot, hard-shoe, and soft-shoe respectively.

Comparing across conditions, the average root mean square error (RMS) for the

simulation supported that the overall simulation was better for barefoot condition

than for both shoe conditions. However, the simulation improved statistically only

between barefoot and soft-shoe conditions. Although data with force less than 100

N during early impact was cut off from analysis, the model still generated better fit

in the barefoot condition compared to shod from early impact to the relative

minimum. Almost all of MGRF curves had a shorter stance time than their

corresponding RGRF curves because the MSD model was not sensitive enough to

replicate the slow decaying part at take-off.

Although the simulation process was very complicated, better simulation

for barefoot condition can be roughly simplified by the following justification.

MGRF was determined from the combination of two portions: spring force and

damper force. For the impact portion, the forces simulated for the first and second

half were mainly contributed by the damper and the spring respectively. The force

generated by the damper was roughly constant from trial to trial due to similar leg
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impact velocities and small effect from stiffness adjustment. For the impact

portion, proper fitting was controlled by the force generated from the spring.

Although the average magnitude ofF! was relatively constant among

conditions, the average magnitude of Ti was clearly different between barefoot and

shod conditions. During the period between early ground contact to impact peak,

the rising rate of the barefoot condition was higher than that of shod conditions.

For shod conditions, simulating can be much improved by lower stiffness with

higher leg CM vertical displacement for a longer period between early ground

contact and impact peak.

However, simulation between impact peak and relative minimum was

troublesome. From the actual VGRF profile, the time between the impact peak and

the relative minimum was similar across conditions at about 5% of stance time.

However, the normalized difference between Fl and F2 were 0.76, 0.36, and 0.26

BW (barefoot, hard-shoe, soft-shoe). With a constant K2 applied to the MSD

model, it would be almost impossible to match the curve from Ti to T2 under the

stiffness constraint that provided proper fitting between early ground contact and

impact peak. From visual observation, the simulation curve during the period

between TI and T2 was similar to the mirror image of the rising part with the same

magnitude.

From our experimental results, better simulation of the impact portion for

barefoot VGRF profile was related to the criterion of controlling the difference

between SF1 and SF2 based on the difference between Fl and F2. The constraint
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of rising rate from early ground contact to impact peak and the decaying rate from

TI to T2 provided a good fit for SF1 at nearly perfect ST1 in the barefoot condition

but a low SF1 on an improper earlier STI in the shod conditions. Consequently,

the simulation of the impact portion was definitely better in the barefoot condition.

Before the stiffness results are discussed, it should be always considered

that the values are just relative to other test conditions. The stiffness values, which

were finally calculated, would change depending on optimization methods and

parameter settings. The optimization process revealed that the lower spring

stiffnesses were different between barefoot and shoe conditions but not between

soft-shoe and hard-shoe conditions. In contrast, the upper spring stiffnesses were

relatively constant across the conditions. The finding supported the contribution of

the lower and upper springs to the impact and active peaks of the VGRF profile.

The total stiffnesses, which were calculated by adding the upper and lower spring

stiffnesses together, were 30.1, 29.6, and 28.4 kNm' for the barefoot, hard-shoe,

and soft-shoe conditions, respectively. However, the total stiffnesses for the shoe

conditions included the shoe stiffnesses. Subtracting the shoe stiffness out of the

total stiffness will represent the leg's actual vertical stiffness for each shoe

condition. The leg's actual vertical stiffnesses of soft-shoe and hard-shoe

conditions can be estimated as about 37 and 40 kNm'. Heise and Martin (1998)

found an inverse relationship between effective vertical stiffness and oxygen

consumption. Frederick, Howley, and Powers (1986) found that oxygen demand

was lower when runners used an air-soled shoes versus an EVA foam shoe.
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Material test revealed that the air-soled shoe had more deformation than the EVA

foam shoe when each shoe was loaded with the same procedure. From the result of

our experiment, the calculated actual leg vertical stiffness in the soft-shoe and hard-

shoe conditions supported the relationship between vertical stiffness and oxygen

demand previously reported.

Overall the MSD model did not provide a good simulation for VGRF

profiles for some running trials. From our experiment, the MSD model provided

better fitting for the barefoot condition. In the barefoot condition, the RGRF

profile begins with the rapidly rising portion from the beginning of the ground

contact to the impact peak. Therefore the MSD model clearly provided better

fitting for the impact portion. Because the simulation process was time-sequential,

MGRF for overall stance time was also fitting better in the barefoot condition.

Adjusting some parameter settings and optimization may improve curve

fitting. Because the simulation process was time-consuming, K1 and K2 were the

only parameters adjusted for optimization in this experiment. Adding the mass

ratio and the damping factor as additional adjusted parameters will likely improve

the optimized MGRF profile. However, the time required for the simulation

process would increase substantially. The simulation process can be accomplished

faster by widening the step for each parameter but this modification would increase

uncertainty on optimal stiffness for each condition. While this experiment adjusted

only K1 and K2, adjustment of the mass and damping ratio through a range of

values would likely also influence the stiffness comparison among footwear
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conditions. It would be interesting to separate the simulation process for each

footwear condition and see how all four parameters (K1, K2, mass ratio, damping

ratio) would be optimized simultaneously. The result might give information how

footwear affects the effective mass of the support leg and the damping property.
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Abstract

This study used the simple mass-spring model to simulate the vertical

ground reaction force profile of human running. Subjects were tested at a constant

running speed of 3.83 ms' in barefoot, soft, and hard-shoe conditions. A constant

stiffness and a variable stiffness function were calculated to compare simulation

force profiles. The stiffness function was set to decrease from the maximal to

minimal values through stance time. The maximum and minimum values of the

function were determined by the ratio of the maximum ground reaction force to the

maximum center of mass vertical movement from foot contact to midstance and

from midstance to take-off, respectively. Root mean square error was calculated to

select the optimal constant stiffness. Root mean square error was also calculated

for the variable stiffness. The errors were compared together to assess the accuracy

of both simulation methods. The average optimal constant stiffness value was 30.4

kNm', while the average maximum and minimum stiffness were 32.3 and 25.4

kNm. The variable stiffness function improved the root mean square error from

0.35 BW to 0.27 BW. This result suggests that a variation of stiffness from high to

low values may represent the mechanics of human running better than does a

constant stiffness.
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Introduction

During any human activities, the motion of the human body can be

described in three orthogonal axes: vertical, anteroposterior, mediolateral. During

running, the motion is generally divided into two phases: stance and flight phase.

During flight phase, gravitational and air resistant forces are the external forces

acting to the human body. During stance phase, an additional external force acting

to the human body is ground reaction force (GRF). Due to the constant magnitude

of gravitational force and small magnitude of air resistant force, GRF is the only

external force of which characteristics were extensively studied.

The characteristics of GRF revealed the interaction between foot and

ground during stance phase. Generally, GRF is separately collected into three

orthogonal parts: vertical, anteroposterior, and mediolateral components. Each

component has its own pattern. Due to the domination of the magnitude and

invariable pattern, the vertical component (VGRF) is the principal component to

characterize during running activity.

When humans run, they use muscles, tendons, and ligaments to store and

return elastic energy (Cavanagh, Heglund, & Taylor, 1977). Muscles, tendons, and

ligaments store elastic energy when they are stretched and return energy when they

recoil. With elastic energy recovery during running, the motion of human body has

been described as a bouncing mass.

A linear mass-spring (MS) model (Figure 4.1) was introduced to simplify

and predict the regulation of human running mechanics (Blickhan, 1989; McMahon
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foot contact toe-off

Figure 4.1
A simple linear mass-spring model. (modified from Farley and Gonazlez (1996).
The mechanics of running: how does stiffness couple with speed. Journal of
Biomechanics, 29, 18 1-186). The figure depicts a running motion from left to right
direction and displays the model at three positions during the stance phase (foot
contact, mid-stance, and toe-off). The arc represents the trajectory of the body's
center of gravity during stance. The dotted mass-spring model displays the length
of uncompressed spring in vertical orientation; 0 is half the angle swept by the leg
spring during stance; L0 is initial leg length at the instant of foot contact; and Ay is
the peak vertical displacement of the body's center of gravity during stance.
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Cheng; 1990). The MS model consisted of a dimensionless mass equivalent to the

body mass and a single linear massless spring that connected the foot to the center

of mass (CM). The mechanics of running have been predicted with reasonable

accuracy using the simple mass-spring model (Farley, Glasheen, & McMahon,

1993; He, Kram, & McMahon, 1991; McMahon, Valient, & Frederick, 1987).

The bouncing property of the MS system was defined as effective vertical

stiffness (kyei.t). The effective vertical stiffness (kvei.t) was the ratio of the maximal

vertical force (F) to the maximal vertical CM displacement (y2), which was

calculated from the CM lowest level to the CM take-off level (Figure 4.2).
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Figure 4.2.
VGRF-CM vertical displacement relationship during stance time.

(4.1)
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Figure 4.3.
VGRF and CM vertical displacement during a single running step.

To represent the effective vertical stiffness more meaningfully, the force-

time curve (Figure 4.2) was transformed as the force-displacement curve (Figure

4.3). The vertical stiffness can roughly estimated by the slope between maximal

peak force (F) and peak displacement (y2).

Alexander, Bennett, and Ker (1986) suggested that VGRF profile of

running can be simulated using the MS model (Figure 4.1) with a single value

stiffness. The vertical stiffness would be expected to represent the single value

stiffness for VGRF profile quite well. In fact, simulating the VGRF profile with

kvert overall stance time will underestimate the actual VGRF because the slope

between F and y2, which was defined as kvei.t, was lower than the slope estimated
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between F and yl. The slope between F and yl should be estimated as the stiffness

from instant contact to the maximum VGRF. In contrast, the slope between F and

y2 would be estimated as the stiffness from the maximum VGRF to the take-off.

These result in two distinctly different stiffness values. Therefore, a function of

stiffness, which was calculated based on the values of both slopes, would likely

provide a better simulation than either constant stiffness.

The study was designed to simulate two VGRF profiles comparing a

constant single stiffness and a function of stiffness. The simulation errors of both

methods were compared to decide whether a function of stiffness improved

simulation VGRF characteristics.

Methods

Subjects. Ten male recreational runners agreed to participate in this study.

Subjects met the criteria: (a) they currently ran at least 10 miles/week, (b) they

were heel-toe runners, (c) they could fit Adidas Boston and Cairo shoes between

size 9 and size 11, and (d) they were currently free of injury likely to affect their

running. The average age of runners was 30.4 ± 9.7 years (mean ± S.D.). The

average body mass without shoes was 71.3 ± 8.40 kg. Approval was obtained from

the university committee for the protection of human subjects and all subjects

signed informed consents.

Shoes. Adidas Boston and Adidas Cairo shoes were chosen as

representative soft and hard shoes. The midsole of both Adidas Boston and Adidas
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Cairo shoes were constructed using ethylene vinyl acetate (EVA) (Carrozza, 2000).

Adidas Boston used a single-density EVA while the Adidas Cairo used a two-

density EVA. Adidas Boston was classified as a cushioned shoe while the Adidas

Cairo was classified as a motion-control shoe.

Shoe stiffness was tested by measuring the load-defonnation response of

the heel region of each shoe with loading applied through an area of about 8.5 cm2.

The load deformation curves for Boston and Cairo shoes are shown in Figure 4.4.

The shoe sole stiffness was calculated as the slope of the linear region near the

maximum load. The Boston and Cairo shoe sole stiffnesses were about 100 and

150 kNm for loading through the tested area. Large area loading such as the full

heel of the foot would involve greater material stiffness.

2000

1500

500

0
0.0 0.5 1.0 1.5 2.0

Deformation (cm)

Cairo

2.5

Figure 4.4. Load-deformation curves of Adidas Boston and Cairo.
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Testing procedure. All practice and testing trials were performed in the

Biomechanics Laboratory at Oregon State University, Corvallis, Oregon. The test

procedure was read carefully to all subjects by the principle investigator. Subjects

were required to perform their normal overground running. The test speed were

controlled at the speed of 3.83 ms1 within 5% of accuracy using a pair of timing

lights set apart 2 m. The timing lights were set up approximately at the height of

subjects' head. The vertical ground reaction force was collected through a force

plate (Kistler, 9281 B) at 1000 Hz using a Microsoft Visual Basic program. The

trigger level of VGRF was setting at 5 N.

The sequence of running conditions for each subject was randomized prior

to the test. Subjects required completing five successful trials for barefoot, soft-

shoe (Boston), and hard-shoe (Cairo) conditions. Successful trials were defined as

the trials which subjects ran with a speed within 5% of 3.83 ms1 and had complete

foot contact with the force plate.

Experimental calculation. All VGRF profiles used for simulation were

from unfiltered data. For each test condition, five trials of VGRF profile from a

single subject were ensembled into normalized stance time. The ensemble VGRF

profile for a single subject is presented in Figure 4.5.
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Figure 4.5.
Ensemble VGRF of a single subject for all test conditions.

Model ground reaction force (MGRF) profile was calculated using the

equation 4.2.

MGRF = K(t) * Ay (4.2)

The simulation process was calculated using the Euler method with the step

time of 0.0001 s (10000 Hz). The Euler method defined the subsequent simulation

value with the present value and its rate of change (Atkinson, 1993). The vertical

displacement from the beginning of the ground contact to the current simulated

time during the step (t) was defined as Ay, which was calculated using the

Newton's second law equation and the velocity and displacement equations for

motion with constant acceleration in time sequence of 10000 Hz simulation. The
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value of K(t) for a constant stiffness simulation was determined by looping from 20

to 50 kNm' with the step of 0.1 kNm1. The optimizing constant stiffness was

defined as the K(t) with the least root mean square error (RMS). Conversely, the

value of K(t) for a function of stiffness was defined by the equations 4.3.

K(t) = 0.5 * (K + Kmax)+ 0.5 * (Kmax Kmin) COS (itt/S) (4.3)
. mm

Kmin = F I y2 (4.4)

Kmax=FIyl (4.5)

Cosine function was selected for the K(t) function because the cosine

function decreased from high to low values and the rate of change was low at the

beginning and the end but very high at the middle. From the equations, t

represented any simulated time between the beginning of the contact and the end of

the take-off while S represented stance time.

From the real ground reaction force (RGRF), the vertical displacements of

the center of mass (yl, y2) were calculated by integrating the vertical acceleration

twice. The acceleration was calculated by applying Newton's second law of

motion: a = (VGRF mg) / m where m and g represent body mass and

gravitational constant respectively. The vertical velocity of the center of mass at

the instant of ground contact phase was determined by the boundary condition of

the system. It was assumed that the center of mass would return to the same

vertical level with the same CM impact velocity after subjects completed a step

cycle (Blickhan & Full, 1992). Finally the RMS of both simulation methods was
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used to compare how much the simulation process improved with a function of

stiffness.

Statistical analyses. Statistic analysis was performed using SuperANOVA

(Abacus Concepts, Inc., Berkeley, CA, 1989). Repeated measures ANOVA was

used for compare RMS error for constant and variable stiffness simulation.

Results.

The maximum VGRF (F) and the CM vertical displacements (yl, y2)

(Figure 4.2.) for barefoot, hard-shoe, and soft-shoe conditions are presented in

Tables 4.1, 4.2 and 4.3 respectively. Optimal constant stiffness and maximum as

well as minimum stiffness of a variable stiffness function are presented separately

for barefoot, hard-shoe, and soft-shoe conditions in Tables 4.4, 4.5, and 4.6

respectively.

For almost all trials, a variable stiffness function provided better simulation

based on RMS. The optimal constant stiffness values were always higher than the

average stiffness of the predetermined function except one trial. An example of

comparison between constant and variable stiffness is presented in Figure 4.6. The

stiffness represented in Figure 4.6 was corresponding to the simulated VGRF in

Figure 4.7. For all three conditions, the average optimal constant stiffness was 30.4

while the average maximum and minimum stiffness were 32.3 and 25.4 kNm'.

The actual vertical ground reaction force profile and analogous simulation curves

for a single subject for all three conditions are separately illustrated in Figures 4.7,
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4.8, and 4.9. The average normalized RMS decreased from 0.36 to 0.29 BW for

the barefoot condition, from 0.33 to 0.26 BW for the soft-shoe condition, and from

0.36 to 0.27 BW for the hard-shoe condition. The normalized values of RMS (BW

unit) using an optimal constant and a variable stiffness for all ensemble trials are

presented in Table 4.7. Comparing between a constant and a variable stiffness

process, the improvement of RMS was statistically significant (p<O.000l).

Table 4.1.
Maximal VGRF and CM vertical displacement (y 1, y2) of barefoot running.

Subject F (N) yl (cm) y2 (cm)
1 2013 5.79 7.27
2 2190 7.99 10.38
3 1918 5.05 6.26
4 1930 4.19 5.63
5 1841 4.72 6.82
6 1936 4.96 6.52
7 1750 6.21 8.22
8 1808 5.21 6.48
9 1823 5.66 6.23
10 1602 5.63 7.30

Average 1881 5.54 7.11

SD 158 1.04 1.35
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Table 4.2.
Maximal VGRF and CM vertical displacement (yl, y2) of hard-shoe running.

Subject F (N) yl (cm) y2 (cm)
1 2083 5.77 8.19
2 2171 10.00 11.44
3 2033 5.15 6.00
4 2126 5.66 8.28
5 1863 5.45 7.52
6 1991 5.93 7.16
7 1737 6.57 8.95
8 1874 5.88 7.71
9 1723 6.21 6.73
10 1595 5.13 6.90

Average 1920 6.18 7.89
SD 192 1.42 1.51

Table 4.3.
Maximal VGRF and CM vertical displacement (yl, y2) of soft-shoe running.

Subject F (N) yl (cm) y2 (cm)
1 2103 6.34 8.33
2 2142 10.01 12.07
3 1956 5.70 6.68
4 2154 6.21 8.29
5 1952 5.23 7.68
6 1947 5.89 6.61
7 1693 6.43 8.73
8 1810 6.16 7.54
9 1710 6.64 7.01
10 1612 6.16 7.82

Average 1908 6.48 8.08
SD 195 1.30 1.57
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Table 4.4.
Optimal stiffness and stiffness range (kNm') of barefoot condition.

Subject Constant Maximum Minimum
1 32.3 34.8 27.7
2 25.7 27.4 21.1
3 34.5 38.0 30.6
4 42.6 46.1 34.3
5 34.8 39.0 27.0
6 35.3 39.0 29.7
7 26.9 28.2 21.3
8 32.7 34.7 27.9
9 30.3 32.2 29.3
10 27.5 28.5 21.9

Average 32.3 34.8 27.1
SD 5.0 5.9 4.4

Table 4.5.
Optimal stiffness and stiffness range (kNm') of hard-shoe condition.

Subject Constant Maximum Minimum
1 32.9 36.1 25.4
2 21.3 21.7 19.0
3 38.1 39.5 33.9
4 34.0 37.6 25.7
5 31.0 34.2 24.8
6 32.8 33.6 27.8
7 25.0 26.4 19.4
8 29.6 31.9 24.3
9 26.8 27.7 25.6
10 28.8 31.1 23.1

Average 30.0 32.0 24.9
SD 4.8 5.4 4.2
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Table 4.6.
Optimal stiffness and stiffness range (kNm') of soft-shoe condition.

Subject Constant Maximum Minimum
1 31.4 33.2 25.2
2 21.0 21.4 17.7
3 33.6 34.3 29.3
4 33.1 34.7 26.0
5 32.9 37.3 25.4
6 33.4 33.1 29.5
7 25.0 26.3 19.4
8 28.3 29.4 24.0
9 25.4 25.8 24.4
10 24.7 26.2 20.6

Average 28.9 30.2 24.2
SD 4.6 5.1 3.9

Table 4.7.
Normalized RMS of simulation curves for all test conditions.

Cond. Barefoot Hard-shoe Soft-shoe
Subject kVC!-t Cons Vary k11 Cons Vary Cons Vary

1 0.48 0.35 0.30 0.74 0.47 0.33 0.61 0.36 0.27
2 0.65 0.38 0.32 0.38 0.24 0.24 0.97 0.28 0.26
3 0.40 0.31 0.24 0.36 0.27 0.23 0.39 0.27 0.23
4 0.61 0.39 0.28 0.78 0.46 0.27 0.24 0.36 0.24
5 0.77 0.52 0.38 0.67 0.47 0.34 0.80 0.56 0.37
6 0.53 0.38 0.28 0.43 0.27 0.22 0.35 0.24 0.24
7 0.66 0.38 0.28 0.70 0.41 0.28 0.70 0.43 0.30
8 0.48 0.27 0.22 0.60 0.34 0.23 0.48 0.28 0.24
9 0.29 0.28 0.30 0.25 0.23 0.24 0.23 0.22 0.23
10 0.64 0.34 0.27 0.67 0.42 0.31 0.55 0.35 0.25

Average 0.55 0.36 0.29 0.56 0.36 0.27 0.53 0.33 0.26
SD 0.14 0.07 0.04 0.19 0.10 0.05 0.24 0.10 0.05
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Figure 4.6.
Constant and variable stiffness values during stance time
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Figure 4.7.
RGRF and MGRF of a single subject in the barefoot condition.
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Figure 4.8.
RGRF and MGRF of a single subject in the hard-shoe condition.
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Figure 4.9.
RGRF and MGRF of a single subject in the soft-shoe condition.



Discussion

Although the MS model is simple and provides a relatively accurate

prediction of the relationship between stiffness parameters and a variety of running

characteristics, the model still does not reproduce a typical double-peaked ground

reaction force profile (McMahon et al., 1990). For the parameter calculation, kert

is usually defined as the ratio of the maximum VGRF and maximum displacement

during stance time. In fact, kvert is better thought as representing the stiffness from

midstance to take-off, not from the instant of foot contact to midstance (Figure 4.3).

In simulating the VGRF profile using the MS model, kvej.t underestimates the RGRF

profile. If a higher constant stiffness were used through stance, an overestimation

of force occurs from midstance to take-off

Based on the force-displacement curve (Figure 4.3), the spring stiffness

property was likely to be characterized by two distinct values: a higher one from

early contact to midstance and a lower one from midstance to take-off Instead of

using two distinct values, a function of stiffness was introduced to prevent an

instant decrement of the simulation curve at the transition between both values. A

function of stiffness was set to have the boundary maximal and minimal values

based on the ratio of maximum VGRF to the maximum displacement of both

phases. With the function of stiffness, RMS was reduced significantly for all test

conditions. The variable stiffness certainly improved the simulation profile

especially for the second half of the force profile. The MS model produced just an
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active peak and not an impact peak. So, it would probably be difficult to improve

fitting the first half without generating the simulated impact peak.

A variable stiffness pattern is suggested by the electromyography of the leg

muscle activity. The electrical activity of Quadricep femoris and Gastrocnemius

muscles were found in the first half of stance phase and disappeared in the second

half of stance phase (McClay, Lake, & Cavanagh, 1990). This pattern suggests that

the stiffness might decrease through the stance phase. Other varying patterns could

certainly be justified such as decreasing stiffness through the first half and a

constant stiffness in the second half. Future studies may explore this or the varying

spring stiffness patterns which provide further insight into the mechanical

characteristics of running.
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CHAPTER 5

SUMMARY AND RECOMMENDATIONS FOR FUTURE RESEARCH

Mass-spring models have been designed for simplifying and predicting

human running characteristics. The mass-spring (MS) model, which consists of a

single mass and a linear spring, has been used to predict the relationship between

stiffness parameters and other variables, such as speed (McMahon & Cheng, 1990),

different levels of gravity (He, Kram, & McMahon, 1991), stride frequency (Farley

& Gonzalez, 1996), and aerobic demand of running (Dalleau, Belli, Bourdin, &

Lacour, 1998; Heise & Martin, 1998). Both stiffness parameters, leg stiffness (kieg)

and effective vertical stiffness (kveii), can be calculated directly by the vertical

ground reaction force (VGRF) profile during stance time.

Although the MS model is simple and provides insight into the relationship

between stiffness parameters and a variety of running characteristics, the

information from kieg and kvert is not enough to reversibly simulate an appropriate

VGRF profile (McMahon & Cheng, 1990).

During the common heel-toe pattern of running, VGRF characteristics

typically have impact and active peaks. The MS model simulates the GRF profile

with only a single active peak (McMahon, Valient, & Frederick, 1987). It requires

an additional smaller lower mass to simulate the impact force peak of the GRF

profile (Alexander, Bennett, & Ker, 1986). The mass-spring-damper (MSD) model,

which has the upper and lower masses connecting to springs with a damper parallel
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to the lower mass, can provide a simulated VGRF profile with two force peaks

(Alexander et al.; Derrick, Caldwell, & Hamill, 2000).

Previous research has reported that runners increase their leg stiffness while

vertical stiffness remains nearly constant during running on softer versus firm

surfaces (Ferris, Louie, & Farley, 1998; Ferris, Liang, & Farley, 1999). This study

expected that the leg's actual vertical stiffness would remain constant when runners

ran with shoes of different levels of stiffness. The calculated vertical stiffnesses

from the MS and MSD models represent the system response including the shoe

with its own spring stiffness. The estimated leg's actual vertical stiffness required

subtracting the shoe stiffness out of the system stiffness. The stiffnesses of the MS

model were calculated directly from the VGRF profile while the stiffnesses of the

MSD model was calculated from the VGRF simulation process.

Although it is mathematically convenient to calculate, describe, and

compare the stiffness of the leg with an assumption of constant stiffness (Alexander

et al., 1986), the electromyography suggests a variable stiffness pattern might be

more physiologically appropriate. Using the MS model, this experiment compared

the simulation profile of constant and variable stiffness patterns to assess the

effectiveness of variable stiffness. For the comparison of the stiffness pattern, the

variable stiffness provided a significantly better simulation than did the constant

stiffness.

In this study, runners were tested in barefoot, hard-shoe, and soft-shoe

conditions. The results of all parameters suggested a response pattern related to
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shoe stiffness in the sequence of barefoot, hard-shoe and soft-shoe, respectively.

Both models found that the overall stiffness of the leg-shoe system decreased in the

sequence of barefoot, hard-shoe and soft-shoe, respectively. However, the

estimated actual leg's vertical stiffness of both models had the opposite sequence.

The disagreement of the result and assumption may be due to the estimation of

shoe stiffness because different procedures of material test leads to a variation of

the stiffness results.

This experiment has some limitations that affect the interpretation of the

results. Output from a simulation process should probably be compared as relative

results, rather than absolute. Adjusting some parameter settings and optimization

processes may affect the optimization results considerably.

For the MSD model simulation, this experiment investigated only the effect

of K1 and K2 due to computation time constraint. Adding the mass ratio and the

damping factor as additional adjusted parameters to be optimized simultaneously

will likely improve the optimized MGRF profile. The optimizing values might

give information how each parameter contributed to the specific test conditions.

For the MS model, this experiment suggested that a variable stiffness

pattern could improve the simulation process. However, other variable stiffness

patterns supported by the electromyography of the leg muscle activity, should be

explored. McClay, Lake, and Cavanagh (1990) reported that the electrical activity

of Quadricep femoris and Gastrocnemius muscles were found in the first half of

stance phase and disappeared in the second half of stance phase. The result
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suggested that a variable pattern might be a decreasing stiffness through the first

half and a constant stiffness in the second half. A variable pattern might be useful

to apply to the MSD model as well. These and other leg stiffness variations may

improve mechanical modeling of running by more closely matching physiological

aspects of locomotion.
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APPENDIX A
REVIEW OF LITERATURE: MASS-SPRING MODELS

Human locomotion is fundamentally controlled by neurological and

musculoskeletal system. Both systems have been investigated extensively about

the property of the fundamental unit and the control mechanism. However the

complexity of human anatomy and physiology makes the application of all

knowledge related to both systems extremely difficult to predict human locomotion

performance.

One strategy is to simplify the system through a model that contains

adequate components to satisfy the behavior of interest. A simple model is

generally easy to understand and process but provides low accuracy. On the

contrary, a complex model requires more processing steps and may be difficult to

interpretation but results in high accuracy. To select the appropriate model for any

analysis requires judgment to balance between accuracy and complication. This

appendix will review models and their application to predict human motion.

Simple motion characteristics are generally periodic. To simplify and

predict the simple motion characteristics, a number of mechanical models have

been invented. Human running has a characteristic of bouncing up and down

continually. The characteristic is similar to the property of the linear spring.

Therefore, human running characteristics are generally predicted by models, which

includes the spring component. All of the mechanical models are often called

mass-spring models because they are mainly composed of two fundamental
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components: mass and spring and occasionally an additional component, damper.

The number of each component determines the complexity of each mass-spring

model. The model organizes all fundamental components together with serial or

parallel connection or the combination of both patterns.

Many mass-spring models are mainly invented for prediction of force and

motion characteristics of the whole human body or a certain segment. Simple

models uses only a single mass representing the entire body segment of interest.

With simple calculation and interpretation, single mass-spring models are very

popular to apply for modeling.

The least complicated model is the mass-spring (MS) model (Figure A. 1),

which has only a mass and a linear spring. The whole body is represented as a

rigid mass, and the support leg as a massless spring. The MS model is very

practical to predict the relationship between stiffness parameters and many

variables of running characteristics, such as speed (McMahon & Cheng, 1990),

different levels of gravity (He, Kram, & McMahon, 1991), stride frequency (Farley

& Gonzalez, 1996), and aerobic demand of running (Dalleau, Belli, Bourdin,

Lacour, 1998; Heise & Martin, 1998).

The MS model has two stiffness parameters, vertical stiffness and leg

stiffness. Both are calculated for predicting global running characteristics. The

definition of the vertical stiffness (k11) is defined as the ratio of the maximal

vertical ground reaction force (VGRFm) to the maximal vertical displacement of

the center of mass (Ay). Leg stiffness is calculated as the ratio of the VGRFmax to
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foot contact toe-off

Figure A.1.
The MS model. (modified from Farley and Gonazlez (1996). The mechanics of
running: how does stiffness couple with speed. Journal ofBiomechanics, 29, 181-
186). The figure depicts a running motion from left to right direction and displays
the model at three positions during the stance phase (foot contact, mid-stance, and
toe-off). The arc represents the trajectory of the body's center of gravity during
stance. The dotted MS model displays the length of uncompressed spring in
vertical orientation; 0 is half the angle swept by the leg spring during stance; L0 is
initial leg length at the instant of foot contact; and Ay is the peak vertical
displacement of the body's center of gravity during stance.
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the displacement of the leg spring at the instant in which the spring is maximally

compressed. From the definition, the two parameters focus only on the VGRFmax

instead of overall ground reaction force (GRF) profile. Although the MS model is

simple and highly accurate to predict the relationship between stiffness parameters

and running characteristics, the model still lacks the competency to predict the

overall GRF profile (McMahon et al., 1990).

In heel-toe running, human GRF characteristics have two peaks. The first

peak force, which occurs early as foot collides the ground, is generally called the

impact peak force or passive peak force. The latter peak force, which occurs later

while the center of mass bounces up from the lowest level (Cavanagh & Lafortune,

1980), is called the active peak force. The active peak force is generally higher and

sometimes called the VGRFmax.

To simulate the GRF profile in heel-toe running, the model required

producing two peak forces in each GRF cycle. The single MS model could

simulate the GRF profile with only one peak force, the active peak force

(McMahon, Valient, & Frederick, 1987). It required an additional smaller lower

mass to simulate the impact force peak of the GRF profile (Alexander, Bennett, &

Ker, 1986). Bobbert, Schamhardt, and Nigg (1991) used the positional data to

justify the primary contributions of the support leg and the rest of the body to the

impact and active part of the GRF profile.

Alexander et al. (1986) mentioned three mass-spring models with two

masses for simulation the GRF profile of the locomotion from the paw pads of
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some mammals. The only model (Figure A.2), which could simulate the GRF

profile similar to the real one, requires adding a damper. The damper was

connected to the lower mass parallel to the lower spring. The mass-spring-damper

(MSD) model was later used for predicting the GRF profiles of varying stride

length of a constant running speed (Derrick, Caldwell, & Hamill, 2000).

The small and large rigid mass represents the support leg and the remaining

of the whole body respectively. While both masses are connected together with a

linear spring, the lower mass contacts the support surface with a linear spring and a

damper aligning parallel together. The objective to add a damper to the model is to

prevent a phenomenon called "chattering", which is defined as an incorrect

transient loss of the model's simulating force signal at the beginning of the ground

contact phase due to oscillations of the signal (Alexander, Bennett, & Kerr, 1986).

Mizrahi and Susak (1982) introduce a two-degree of freedom mechanical

model for predicting the impact acceleration of the greater trochanter during a

vertical jump (Figure A.3). The model has two masses, two springs and two

dampers. The acceleration predicting values were compared to the acceleration

measured from the accelerometer attached to the skin at the greater trochanter level.

The accuracy of the model prediction for the first two peaks is satisfactory within

the maximum difference of 3 percent.

Nigg and Anton (1995) introduced a complicated two mass model for

prediction of the vertical ground reaction force (VGRF) of running and walking

(Figure A.4). The main assumption for force prediction is to minimize the work
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Mass Spring Damper Active component Ground

____ I t I//I/fl

Figure A.2.
The MSD model (modified from Derrick, Caidwell, and Hamill (2000). Modeling
the stiffness characteristics of the human body while running with various stride
lengths. Journal of Applied Biomechanics, 16, 36-5 1). M1 represents the mass of
the whole body except support leg. M2 represents the support leg. K1 and K2
represent the stiffness coefficient of upper and lower springs. C represents the
damping coefficient. X1 and X2 represent the vertical distance from the ground to
the center of mass of the rest of the body and the center of mass of the support leg.
respectively. Active component represents the vertical ground reaction force.
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Figure A.3.
The two-degree of freedom mechanical model. (modified from Mizrahi and Susak
(1982). In-vivo elastic and damping response of the human leg to impact forces.
Journal ofBiomchanical Engineering, 104, 63-66). M1, M2 and m represent the
mass of the leg, the mass of rest of the body, and the massless landing surface,
respectively. K1 and C1 represent the spring and damping properties of the leg to
the surface. K2 and C2 represent the spring and damping properties of the leg to the
rest of the body. X1 and X2 represent the level of the center of mass of the leg and
the center of mass of the rest of the body. F represents the vertical ground reaction
forces. H represents the height of falling. A represents the acceleration at the level
of the greater trochanter.
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F

TX3

Figure A.4.
The mathematical two-segment model. (modified from Nigg and Anton (1995).
Energy aspects for elastic and viscous shoe soles and playing surfaces. Medicine
and Science in Sports and Exercise, 27, 92-97). M1 and M2 represent the foot of
the support leg and the rest of the body respectively. K1 and K2 represent the
spring coefficients of the first and the second spring. C represents the damping
coefficient. X1, X2, and X3 represent the coordinates describing the movement of
the damper, the lower mass, and the upper mass, respectively. F represents the
force acting between the upper and lower mass.
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using for bringing the upper body from touch-down to take-off. A damper is added

due to the fact that running is vigorous and therefore not complies with the system

representing with only energy conserving mechanical elements, like springs. The

model includes an active component, the force interacting between the support leg

and the remaining of the body, to compensate for the loss of energy from a damper.

Robinovitch, Hayes, and McMahon (1997) compared four mass-spring

models, which have only a single mass, for predicting the impact response of the

surrogate pelvis. Four models are the simple mass-spring (Figure A. 1), Voigt

(Figure A.5), Maxwell (Figure A.6), and standard linear solid model (Figure A.7).

The MS model and Voigt support model were used to describe the free-vibration

response of a single degree of freedom mechanical system. All peak force and time

to peak force were more sensitive to impact velocity in the experimental measures

than the model simulations. All models tended to overpredict peak force at the low

impact velocities and underpredict peak force at the high impact velocities.

Nigg and Liu (1999) applied a simplified lumped mass-spring-damper

model for simulation of the VGRF profile (Figure A.8). The model divided the

body into two parts: the support leg, and the upper body with the swing leg. Each

part was represented by a rigid mass and a non-rigid (wobbling) mass. The model

indicated that changing in muscle activity was a possible strategy for a runner to

control the vertical impact peak forces during running.
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x

Figure A.5.
The Voigt support model (modified from Robinovitch, Hayes, and McMahon
(1997). Predicting the impact response of a nonlinear single-degree-of-freedom
shock-absorbing system from the measured step response. Journal of
Biomechanical Engineering, 119, 221-227). M represents the body mass. K
represents the spring coefficient. C represents the damping coefficient. X
represents the vertical displacement from the center of body mass to the ground.

xl

Figure A.6.
The Maxwell support model. (modified from Robinovitch, Hayes, and McMahon
(1997). Predicting the impact response of a nonlinear single-degree-of-freedom
shock-absorbing system from the measured step response. Journal of
Biomechanical Engineering, 119, 22 1-227). M represents the body mass. K
represents the spring coefficient. C represents the damping coefficient. Xi
represents the vertical displacement from the center of body mass to the ground.
X2 represents the length of the spring.
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Figure A.7.
The standard linear solid support model. (modified from Robinovitch, Hayes, and
McMahon (1997). Predicting the impact response of a nonlinear single-degree-of-
freedom shock-absorbing system from the measured step response. Journal of
Biomechanical Engineering, 119, 22 1-227). M represents the body mass. K1 and
K2 represent the spring coefficients of the first and the second spring. C represents
the damping coefficient. X1 represents the vertical displacement from the center of
body mass to the ground. X2 represents the length of the second spring.
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Figure A.8.
The simplified lumped mass-spring-damper model. (modified from Nigg and Liu
(1999). The effect of muscle stiffness and damping on simulated impact force
peaks during running. Journal of Biomchanics, 32, 849-856). M1 and M2 represent
the rigid mass and non-rigid (wobbling) mass of the support leg. M3 andM4
represent the rigid mass and non-rigid (wobbling) mass of the upper body and
swing leg. K1, K2, K3, 1(4 and K5 represent the spring coefficients of the springs of
the model. C1, C2 and C4 represent the damper coefficients of the corresponding
dampers of the model. X1, X2, X3 and X4 represent the height of the center of mass
of the corresponding masses of the model. F represents the vertical ground reaction
forces.
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The discussion of the mechanical models is separated into a single-mass

model and a multiple-mass model. Each model is discussed on the application and

the result the prediction of human motion.

A single-mass model

The single-mass model is discussed about the component, application and

accuracy of prediction. Only the MS model (Blickhan, 1989; McMahon et al.,

1990), which contains only a linear spring and a dimensionless mass, is discussed

extensively on how to apply the model to explain the relationship between stiffness

parameters described by McMahon et al. and various running characteristics.

A mass-spring model by McMahon et al. (1990). The identical model was

previously described about the simulation for GRF (Alexander et al., 1986;

McMahon et al., 1987). However, McMahon et al. (1990) defined the leg stiffness

and vertical stiffness parameters for the model. The two parameters were

differentiated by the leg swept angle (0). The vertical stiffness parameter related to

the fact that the center of mass was lowest at mid-step in running (Cavagna, Thys,

& Zamboni, 1976). The phenomenon occurred coincidentally with the VGRFmax.

Therefore, the application of linear spring coefficient could properly apply for the

model. The model was simple and accurately predicted the relationship between

stiffness parameters and various running characteristics.

Leg stiffness and running speeds in human running. The GRF data showed

that the stiffness of the leg spring remained nearly the same at all speeds and that
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the spring-mass system was adjusted for higher speeds by increasing the angle

swept by the leg spring. As humans run faster, the vertical excursion of the center

of mass during stance phase and the contact time decreases (Farley et al., 1996). In

the spring-mass model, these changes could be the result of an increased angle

swept by the leg spring during the stance phase. By increasing the angle swept by

the leg spring, the vertical excursion of the center of mass and the ground contact

time could be reduced without changing the stiffness of the leg spring.

Biomechanical studies showed that as a human runs faster, the body's spring

system is adjusted to bounce off the ground in less time by increasing the angle

swept by the leg spring during the ground contact phase rather than by increasing

the stiffness of the leg spring (Farley, Glasheen, & McMahon, 1993; He, et al.,

1991). The stiffness of the leg spring remained nearly the same at all forward

speeds in a variety of animals including running humans, hopping kangaroos, and

trotting horses (Farley et al.; He et al.).

Leg stUjness and stride frequencies in human running. Although the

stiffness of the leg spring remained the same at all speeds during forward running,

experimental evidence showed that it was possible for humans to alter the stiffness

of the leg spring. When humans hopped in place and vary their hopping frequency,

the stiffness of the leg spring could be changed by as much as twofold to

accommodate different hopping frequencies (Farley, Blickhan, Saito, & Taylor,

1991). Similarly, when humans bounced vertically on a complaint board, the

stiffness of the leg could be changed by twofold in response to change in knee
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angle (Greene & McMahon, 1979). In addition, when humans run with increased

knee flexion ('Groucho Running'), the stiffness of the leg spring also appears to

decrease (McMahon et al., 1987).

Farley et al. (1996) did an experiment for studying the relationship between

leg stiffness and stride frequencies. The study revealed that the vertical

displacement of the center of mass and the ground contact time decreased at higher

stride frequencies, showing that there were substantial adjustments to the

mechanical behavior of the musculoskeletal spring system when stride frequency

was altered. As human subjects ran 2.5 ms using a range of stride frequencies

from 26% below to 36% above the preferred stride frequency, Ay decreased by

76% (0.107 ± 0.011 m at the lowest frequency to 0.025 ± 0.001 mat the highest

frequency, mean of all subjects ± S.E.M.). In addition, as frequency was increased,

the time that a foot was on the ground (the ground contact time, t) decreased by

32% (0.365 ± 0.009 s at the lowest frequency to 0.248 ± 0.008 s at the highest

frequency). The peak vertical force decreased slightly (-19%). The displacement

of the spring (AL) decreased substantially (-65%). Half the angle swept decreased

at higher stride frequencies, partially offsetting the effect of the increase in kieg 011

kveit. Between the lowest and the highest stride frequencies, half of the angle swept

by the leg spring (0) decreased from 28.2° (± 0.4°) to 18.70 (± 0.3°). From the

results of the parameters mentioned, kieg increased by 2.3 fold from 7.0 to 16.3

kNm' between the highest and lowest stride frequencies (Farley et al., 1996). The

vertical stiffness of the spring-mass system increased at higher stride frequencies.
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Between the lowest and highest frequencies, kvert increased by 3.5-fold from 15.1

(± 0.7 kNm') to 52.4 kNm' (± 2.3 kNm'). The effective vertical stiffness

increases more than three folds because VGRFmaX only changed slightly but the

peak vertical displacement (Ay) decreased substantially over the range of stride

frequencies. The angle swept by the leg spring stiffness decreased at higher stride

frequencies, partially offsetting the effect of the increased leg spring stiffness on

the mechanical behavior of the spring-mass system. Farley et al. concluded that

stiffer leg spring is the most important adjustment of the body to accommodate

higher stride frequencies.

The general pattern of the VGRF at the preferred stride frequency of

running at 2.5 ms' can be explained as the following consequences. The VGRF

began to rise as the foot hit the ground. It rapidly increased to about 1.6 times body

weight (the 'impact peak force') and then decreased slightly (Farley et al., 1996).

This impact peak force appeared to be associated with heel strike and subsequent

deceleration of the shank. The impact peak force related to heel striking of

subjects. When a subject ran at each stride frequency while striking the ground

with his forefoot rather than his heel, the impact peak force was nearly completely

absent. After the impact peak force, the VGRF was nearly linearly related to the

vertical displacement. The active peak force reached its maximum of about 2.3

times body weight as the center of mass reached its lowest point (Farley et al.).

During takeoff, the center of mass moved upward as the force smoothly decreased
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to zero. This general pattern was similar at all stride frequencies, and the slope of

the vertical-force displacement relationship increased at higher frequencies.

The finding about the leg spring stiffness adjustment ability during forward

running parallel to those of an earlier study shows that the stiffness of the leg spring

could be altered substantially when human hop in place at different frequencies

(Farley et al., 1991). When humans hopped in place, the stiffness of the leg spring

increased by about twofold when they increase their hopping frequency by 65%.

Similarly, when humans ran forward at a given speed, the stiffness of the leg spring

increased by about twofold when they increase their stride frequency by 65%.

Thus, the relationship between leg stiffness and stride frequency was similar for

hopping in place and for forward running. Earlier studies (Greene et at., 1979

McMahon et al., 1987) suggested that alterations in limb posture might lead to

changes in leg stiffness.

Leg stiffness on different compliance surfaces. On both hard and complaint

surfaces, the stiffness of the leg increased at higher hopping frequencies (Ferris,

Fancy, & Chen, 1995). At the highest hopping frequency (3.2 Hz), kieg was 54

kNm1 on the complaint surface and 33 kNm on the hard surface. By contrast at

the lowest frequency (2.0 Hz), kieg was only slightly higher on the complaint

surface than on the hard surface. The total stiffness of the system (the series

combination of the leg stiffness and the surface stiffness) was only slightly less on

the complaint surface compared to the hard surface at each frequency. With

extremely different surface stiffness conditions, human could triple their leg
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stiffness on the least stiff surface (ksurf = 26.1 kN/m; kieg = 53.3 kN/m) compared

with the most stiff surface (ksurf = 35,000 kN/m; kieg = 17.8 kN/m) at hopping

frequency of 2 Hz (Ferris & Farley, 1997). From both experiments, the computed

total stiffness on the compliant surface was within 15% that of the hard surface.

Thus, the overall stiffness of the leg and surface in series, stays nearly constant for

a given hopping frequency.

Ferris, Louie, and Farley (1998) concluded that human runners adjusted

their leg stiffness to accommodate changes in surface stiffness. The adjustment

allowed runners to maintain their similar running mechanics, which included

contact time, vertical displacement of their center of mass, and VGRFmax.

Leg stiffness of running barefoot and running with shoes. Watanatada

(1999) reported that the average leg stiffness under barefoot (12.8±0.6 kN/m) was

significantly higher than that under shod mode (11.2±0.5 kN/m), p<O.Ol. The range

of leg stiffness was similar to the average values (approximate 12 kN/m) reported

by Farley and Ferris (1998) over the speed range between 2 and 6 ms'. The

average vertical stiffness under barefoot (22.3±0.9 kN/m) was also significantly

higher than that under shod mode (20.6±0.8 kN/m), p<O.O2. The range of leg

stiffness was lower than the average values (approximate 27 kN/m) reported by He

et al. (1991) at 3 ms* The low vertical stiffness values may have resulted from

greater center of mass (CM) movement than is typical of experienced treadmill

runners. The average CM movement under both barefoot (7.17 cm.) and shod

running (7.90 cm.) was relatively high compared with the average CM movement
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(approximate 6.5 cm) at running speed of 2.5 ms' (Farley et al., 1996). On the

contrary, the normalized peak of VGRF was similar to the values reported by

Munro, Miller, and Fuglevand (1987). The difference might be explained from the

experience of treadmill running. Dal Monte, Fucci, and Manoni (1973) concluded

that the vertical motion of treadmill running was lower than overground running.

The runners in the experiment of Farley et al. were experienced treadmill runners.

On the contrary, the runners in this study seldom trained on a treadmill but did have

some prior treadmill running during other studies.

The average angle swept by the leg spring (21.46 ± 0.45 degrees) under

shod running was significantly greater than that under barefoot running (19.52 ±

0.53 degrees), p<0.05. The difference of the angle swept by the leg spring

essentially was the consequence of the stance time. The average stance time under

shod running (0.25 5 ± 0.005 s) was greater than that under barefoot running (0.23 8

± 0.006 s), p<O.OS. Conversely, the average flight time under barefoot running

(0.120 ± 0.006 s) was not statistically different from that under shod running (0.116

± 0.007 s).

De Wit, De Clercq, and Aerts (2000) also found that the leg stiffness under

barefoot conditions were higher than the leg stiffness under running with shoes

significantly (p <0.05) at all three testing speeds; 3.5, 4.5 and 5.5 ms* The impact

peak occurred significantly faster (p < 0.05) for barefoot running than shod running

at all testing speeds. Barefoot running had a significant larger loading rate than

running with shoes (p <0.05) at all testing speeds. However, the impact peaks



109

were not significantly different between both conditions at all testing speeds. The

impact peaks were only higher when testing speeds were increased.

Leg stiffness and energy cost in human running. Heise et al. (1998) found

that there was an inverse relationship between aerobic demand and the vertical

stiffness parameter (r = -0.48), but not the leg stiffness parameter (r = -0.18).

Dalleau et al.(1998) also reported the comparable relationship between both

parameters (r = -0.80). The conclusion agreed to the finding of an extreme case,

Groucho running reported by McMahon et a! (1987). Groucho running is required

the runners to perform exaggerated hip and knee flexion. The unique pattern

requires extreme aerobic demand (as much as 82%) as the effective vertical

stiffness decreases dramatically (as much as 50%). McMahon et al (1987)

concluded that knee extensors, which were the muscle group that contributed high

muscle force for Groucho running, increased aerobic demand. On the contrary the

simple leg spring model, all leg muscles tended to produce forces together (Heise et

al., 1998). The low normalized leg spring deformation, which corresponds to high

stiffness values, requires less muscle to contribute for the regulate of vertical

movement and results in low aerobic demand. Heise et al. concluded that less

economical runners performed running with greater vertical movement that

required higher aerobic demand.

The Voigi support model. The model had a single mass attached to a pair of

parallel spring and damper. Robinovich, et al. (1997) found that the model

predicted lower impact force and lower time to peak force comparing with the
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mass-spring model, the Maxwell support model, and the standard linear solid

model. The results could be compared to adding 10% to every point GRF profile of

the two mass model (Derrick et al., 2000). The similarity of both models was a pair

of parallel spring and damper connecting to the ground. The role of the damper is

to smooth the predicted GRF profile (Alexander et al., 1986). However, the

damper decreased the energy from the system. Therefore, the force prediction was

lower than the force from the actual measurement. The Voigt model had a higher

accuracy in predicting impact force at low impact velocities than other models.

The finding may be easily explained with the damper property. The damper

decreased the energy of the system with the proportion of the velocity. Therefore,

the damper decreased more energy from the system with high impact velocity

condition.

The Maxwell support model. The Maxwell support system was seldom

used to model a vibrating system because it predicts a steady, nonzero rate of

deformation under a constant load (Robinovich et al., 1997). With a low constant

force applying to the system, the system will demonstrate a pretty constant rate of

mobility (Hixson, 1976). Mobility is defined as the ratio of velocity of the system

to the force applied to the system. The model generally predicted the peak force

and the time to peak force slightly better than all other single mass models

(Robinovich et al., 1997).

The standard linear solid model. This model prevented an instantaneous

change in velocity across the damper because the damper is connected serially with
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damper, functioned as an vibration absorber to prevent a sudden change of the

velocity. Therefore, the simulation of the standard linear solid model provided a

better prediction for a movement with gradual velocity adjustment than that of the

Voigt model. The model was commonly used in viscoelasticity theory to model the

material with creep and stress relaxation properties.

A multiple-mass model

Many multiple-mass models were invented to describe human locomotion

characteristics, such as, the experiments of Mizrahi et al. (1982), Nigg et al. (1995),

Nigg et al. (1999), and Derrick et al. (2000). All models mentioned in this section

were applied to predict a variety of parameters under different types of experiment.

Therefore, the discussion will refer to each experiment separately.

Mizrahi and Susak 's experiment. Mizrahi et al. (1982) invented a two-

degree of freedom linear damped-spring model. The model was used to predict

peak acceleration values of the greater trochanter for a vertical jump GRF profile.

Landing was barefoot on the right leg with a straight knee while the hip and ankle

were in the neutral anatomical position. The left leg was controlled at the knee

flexing approximately 90 degrees. The position of both arms were kept constant

during the test. The protocol mainly controlled the effect of knee bending, stiffness

of both legs verses stiffness of one leg, and other limb movement to the elastic and

damper constant prediction. Two masses represented the support leg and the
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landing body. The acceleration of the lower mass was assumed to be equal to the

acceleration measured by the accelerometer attached to the skin at the level of the

greater trochanter. The acceleration of the upper mass was assumed to be equal to

the acceleration of the center of mass of the human body except the support leg.

The accuracy of prediction was within 3 percent of error for the magnitude of the

first two peaks of the acceleration. The error of the third peak was about 15

percent. The acceleration profile showed about 3.5 ms time delay from the GRF

profile. The acceleration peak magnitude was more sensitive to variations ofC1

than variation of K1.

Nigg and Anton's experiment. Nigg et al. (1995) used a two mass model to

predict the GRF profile of both walking and running. The human body was divided

into two masses, lower mass and upper mass. The lower one represented the foot

of the support leg. The upper one represented the rest of the body. The model

based on the assumption that only support leg motion had an effect to the upper

body motion. The model concerned only the vertical motion and assumes the

horizontal velocity constant. Two springs and a damper were modeled to

characterize dynamic progression of the combination property of the surface, the

shoe midsole and the human heel. The total mechanical energy during the flight

phase was assumed to be constant. The analysis was done only the stance phase.

Optimization process was based on developing a force, which acted between the

body and the foot, to minimize energy required carrying the upper body from

touch-down to take-off.
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The model estimated the GRF quite well both walking and running. The

amount of work generated during a step cycle was generally higher for the softer

spring constant for K2 than the harder spring constant for K2. On the contrary, the

amount of work generated during a step cycle was higher for the high value damper

than the low value damper.

For the high K2 constant, the performed work decreased steadily as the

damper constant increases. Increasing value of K2 finally resulted in higher

damper constant due to more force acting to the damper. For the low K2 constant,

the influence of damping constant to the system was quite small. However, there

was a crucial range in K1 values, which caused the work requirement to change

rapidly while the work requirement remained fairly constant over the remaining

intervals of K1 and C. In a small critical range in K1 values, the work requirement

could increase about 10%.

The model provided the idea that the work requirement was not exclusively

dependent on how much energy was lost in the damper. The main part of work

requirement depended on the work performed by muscles in slowing down the

upper body after touch-down and in accelerating it up toward take-off.

Nigg and Liu 's experiment. Nigg et al. (1999) introduced a complex

multiple spring-damper-mass model to investigate the strategy of muscle tuning to

the external impact forces. The model included four masses, two couple of a rigid

and non-rigid (wobbling) mass. Each couple masses represented the support leg

and the rest of the body. The authors concluded that the combined stiffness of K1,
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K2, and K3 was equivalent to the leg stiffness parameters defined by McMahon et

al. (1990).

The simulated results predicted the vertical impact force peak and the

loading rate similar to the results from the running experiment (Nigg, 1986). The

simulation showed that the maximum vertical impact force was higher in the hard-

shoe condition than in the sofl-shoe condition because the deceleration of both

lower rigid and wobbling mass was higher. Changes in damping coefficients had a

stronger influence on changes in the vertical impact force peak than changes in

stiffness. The results showed that the regulation of the mechanical coupling of

rigid and wobbling mass of the human body had an influence on the magnitude of

the vertical impact force, but not on its loading rate. The results also suggested that

the influence of the stiffness on the impact force could be overridden by the

changes in the damping. It was possible to produce the same impact force peaks by

regulating the joint angles, joint angular velocities, and changes in muscle

activation levels in the lower extremity.

Derrick, Caidwell, and Hamill 's experiment. Derrick et al. (2000) used the

MSD model introduced by Alexander et al. (1986) to simulate the VGRF profile in

order to investigate the stiffness characteristics of the human body running with

various stride lengths. Subjects were ten male recreation runners. The overground

running test speed was 3.83 ms' within 5% of error. The test conditions were

preferred stride length (PSL), PSL ± 10%, and PSL ± 20%. The lower and upper

mass was used to produce the impact and active portion of the GRF profile
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respectively. When runners increased their stride length, the upper spring increased

stiffness up to 51% while the lower spring decreased stiffness up to 20%.

The best fits of the GRF profile obtained when the lower mass was set at

20% of the total body mass instead of the actual support leg mass at 16% (Winter,

1990). A damping coefficient of 0.35 was selected and held constant throughout

every trial for the simulation process. The optimization process was mainly based

on the assumption of equal force-time curve area. In the actual situation, energy

loss from the damper requires compensation by muscular energy for periodic

continuous motion (Nigg et al., 1995). The calculated GRF was added 10% at

every point. With the adjustment, the average absolute difference in impulse was

2.5%.

The increase of the upper spring coefficient increased the magnitude of both

GRF peaks. On the contrary, it decreased contact time and the time to active peak.

However, it relatively unaffected the time to impact peak. The increase of the

lower spring coefficient resulted in the prominent increase of the impact peak but

the slight increase of the active peak. Contact time decreased but less dramatic

than the effect of the upper spring coefficient increment. Both times to impact peak

and active peak occurred slightly earlier.

If the simulation used higher lower mass proportion, the impact peak and

the time to impact peak increased. Contact time would decrease slightly. The main

effect of the damper was to eliminate "chatter" phenomenon, which bounced the
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lower mass during stance phase. The increase of the damping coefficient decreased

the impact peak and increased the time to impact peak.

The model was sensitive to various initial conditions, the position of the

lower mass (X2), the initial velocities of both upper and lower mass (V1 and V2).

The increase of X2 would increase the net force downward due to the difference of

the stiffness of the upper and lower spring. The extra energy storage in the lower

spring would delay but provided higher impact peak. The increase in Vi increased

overall energy and produced higher impact and active peak forces. It decreased

contact time due to fast bouncing effect. The increase in V2 would result in earlier

and higher impact peak force.

Increasing K1 from the optimization process replicated the same range of

shorter stance time associated with shorter stride lengths across stride length

conditions. Decreasing K2 compensated the increasing effect of K1 to the impact

peak. Decreasing K2 was also associated with shorter stride lengths across stride

length conditions. Increasing K2 for longer stride lengths prevented leg collapse

due to higher impact velocity and impulse.

The upper spring stiffness K1 was always less than the lower spring

stiffness K2. The upper spring coefficient increased 2.0 fold between running with

stride frequency 20% below and 20% upper preferred stride frequency. Leg

stiffness coefficient of a simple mass-spring model increased 2.3 fold between

running with 26% below and 36% above the preferred stride frequency. Both

results agreed the similar effect between the single spring in the simple mass-spring
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model and the upper spring of the MSD model. A small higher ratio of increment

in K1 might probably counter to the damper effect.
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APPENDIX B
REVIEW OF LITERATURE: SHOES

This appendix contains a review of running shoes in several aspects: (a)

material, (b) perception, (c) stiffness, (d) energy, (e) temporal characteristics, (f)

kinematic characteristics, and (1) ground reaction force.

Running shoes

Human feet are complex biomechanical structures. The feet impose large

loads, several times of the body weight, especially during running. Two principal

concerns of sports shoe design were to prevent the foot injuries and to maximize

the energy return during bouncing to improve running performance (Easterling,

1993). The discussion of both concerns generally focused on anatomical,

orthopedic, and epidemiological issues (Nigg & Segesser, 1992).

Runners used running shoes or racing spikes for track and field running

events (Stacoff, Kahn, & Stussi, 1991). Racing spikes had lightweight, thinner

sole, and fewer rearfoot-stabilizing elements. Therefore, racing spike was

torsionally flexible compared with running shoes. The rearfoot-stabilizing

elements made the running shoes resist overpronation.

Reinschmidt and Nigg (2000) concluded that current shoe design focused

on two concepts: reduction of high impact peak (cushioning) and reduction of

excessive pronation (motion control). However, today's running shoes for

recreational runners can be categorized in five groups: stability, motion control,
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cushioned, lightweight training and trail (Carrozza, 2000). Stability shoes provided

some degree of both cushioning and medial support. This type of shoe was

appropriate for the mid-weight runners, who didn't have overpronation problem

and wants a shoe with good durability. Motion control shoes were designed to

decrease overpronation. This type of shoe was appropriate for the overpronators or

the heavy runners, who needed extra durability and control. Cushioned shoes are

the softest and least medial support shoes. This type of shoe was appropriate to

runners with high arches. Lightweight training shoes were like standard training

shoes except the lighter weight. It was appropriate for the quick runners, who want

the shoes for fast speed training. Trail Shoes generally added outsole traction to the

stability shoes. The outsole could prevent injury from rough running surface. it

was appropriate for off-road runners.

Material

Due to a variety of the runner's weight, sex, body structure, foot type and

running style, a running shoe was required to be constructed with 15-20 individual

parts, which were stitched and cemented together as in a very specific design

(Stacoff & Luethi, 1986). The midsole material was the main component of shoes,

which had been frequently tested. The most common material for sports shoe

midsole was ethylene vinyl acetate (EVA) (Eastering, 1993; McNair & Marshall,

1994; Johnson, 1996). Ethylene vinyl acetate had the property of mouldability.

resilience, and strength as well as stiffness. (Eastering, 1993). Durometer and
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shore were two main units using for midsole stiffness measurement. The lower the

number, the softer the material (Nigg et al., 1986; Johnson, 1996).

Single density EVA was the most common form for shoe midsole. Softer

EVA provided more cushioning while firmer EVA provides more support. Dual or

tn density EVA used two or more different single density EVA to construct the

midsole. The advantage of using dual or tn density EVA was extra cushioning and

extra support depending on the areas which softer and firmer components were

assembled (Johnson, 1996). The material properties of the midsole had an effect on

human running characteristic. Nigg et al. (1992) found that the vertical movement

of the center of mass increased when runners wore shoes with decreasing midsole

stiffness.

Perception

Subjects can recognize less shock attenuation when they were tested

barefoot running comparing with shod running (McNair et al., 1994). Subjects can

also recognize firmer perception of cushioning when they wore the hard shoes

comparing with the soft and medium one (p<O.Ol) (I-iennig, Valient, & Liu, 1996).

Fifteen-point rating scale, which was modified from Borg's perceive exerting

rating, was used to describe perception of cushioning, ranging from 1 (very hard) to

15 (very soft). Perception of cushioning was described during treadmill running.

On the contrary, GRF and plantar pressure were measured during overground

running at the same speed of 3.8 ms'. With less perception of cushioning from the
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hard shoes, subjects modified their running pattern by decreasing impact peak and

increasing forefoot weight support.

Milani, Hennig, & Lafortune (1997) reported that the perception of impact

was best related to the median power frequency of the VGRF (r = +0.98). The

perception of the impact severity was positively correlated with the loading rate of

VGRF (r = +0.82). On the contrary, it was negatively correlated with the first

impact peak of the VGRF (r = -0.73). The correlation of plantar pressure

perception showed strong with heel pressure (r +0.93), moderate with midfoot

pressure (r = +0.66), and very low with forefoot pressure (r = +0.07). Test

condition was overground running at the speed of 3.3 ms1. Test shoes were

constructed with different stiffness material just only under the heel and midfoot

area. The correlation of pressure perception and pressure of different foot areas

may result from the shoe construction. The study suggested that subjects perceived

well on shoe stiffness and modified their running pattern to avoid high heel impact.

Stiffness

Shoe stiffness is generally described in many units: durometer, Asker C and

kNm'. For all units, the values vary based on the impact tester characteristics

under a specific procedure, for example, durometer in Shore A or Shore D

depending on the impact tester (Denoth, 1986; Kinoshita & Bates, 1996).

Therefore, the shoe stiffness should always be mentioned with the specific test
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procedure. The stiffness mentioned with different test procedures should be

compared relatively, not absolutely (Kinoshita & Bates, 1996).

Shoe stiffness varies depending on the shoe areas and the testing

temperatures. Kleindienst, Krabbe, Westphal, and Grandmontagne (2001) reported

that the forefoot area was always stiffer than the rearfoot area when shoes with 40,

55, 70 Asker C were tested between 0 and 40°C. Kinoshita and Bates (1996)

reported that the peak deformation of the shoe increased about twice when the

temperature tests were changed from5 to 55°C. The finding indicated indirectly

that the shoe stiffness decreased when the temperature decreased.

When shoe stiffness and GRF are considered simultaneously, it should be

always considered that too soft shoes can bottom out when it was loaded with the

magnitude of active peak during both running (shore 20, Nigg et al., 1986) and

material test (40Asker C, Kleindienst et al., 2001).

Energy

Shorten (1993) concluded that the amount of energy return from the running

shoes was quite small compared to the energy storage and recovery of the soft

tissue as well as passive energy transfer within and between body segments of the

runner's lower extremities. The Instron device was used to simulate the plantar

pressure distribution of a 76.0-kg male runner with a simple shoe with 60

durometer EVA midsole at the running speed of 3.8 ms1. A total work of 11.5 J

was done while only 7.9 J was recovered. A lost of 3.6 J from the midsole was



127

estimated during a running step. The work done on the shoe midsole varied with

stiffness and damping properties of the midsole material.

During a running step, the work done on the midsole decreased with stiffer

material but slightly increased with increasing damping property. The work done

could change up to 63% across the possible range of stiffness property, but only 7%

across the possible range of damping property. Under the same loading pattern, the

stiffer midsole was compressed less, therefore work done and energy storage in the

midsole were less. Although the low stiff midsole recovered the most energy in

absolute terms, the stiffer midsole was more efficient than the low stiff midsole

with the same damping property was in terms of energy recovery ratio.

Running speeds involved the amount of work done, energy storage and

energy recovery on the midsole. At the lowest possible jogging speed of 2.0 ms1,

the work done, the energy storage, and energy recovery on the midsole were

slightly higher for the midfoot striker. From the speed of 3 ms and above, the

work done, the energy storage, and the energy recovery on the midsole were higher

for the heel striker.

Although the midsole material and construction of shoes in the commercial

market were different, the ratio of the energy return was quite similar. The ratio of

the energy return of both heel and midsole areas varied from 0.55 to 0.70

depending on their construction (Easterling, 1993). Frederick, Howley, and Powers

(1986) found that the oxygen demand for using soft shoe with air cushion cell was
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significantly lower than that for using similar construction firmer EVA shoe

without air cell.

Temporal characteristics

Stance time depended on the trigger threshold setting value. Munro, Miller,

and Fuglevand (1987) concluded that stance time were 15 to 20 ms longer if the

threshold setting value was 15 N instead of 50 N. De Wit, De Clerq, and Aerts

(2000) reported that stance time decreased significantly as the running speeds

increased among the testing speeds of 3.5, 4.5, and 5.5 ms' on both barefoot and

shod conditions (p<O.O5). However, stance time was not significantly different

between barefoot and shod running (De Wit, et al.), as well as among shoes with

different midsole stiffness (Hinnig et al., 1996; Milani et al., 1997). Both step

frequency and step length were different on both velocity and running conditions

(De Wit et al.). However, flight time was different only for velocity condition

(p<O.OS).

De Wit et al. (2000) concluded that the time at the impact peak, local

minimum, and the active peak of shod condition were longer than those of barefoot

condition were (p<O.O5). All three parameters also occurred earlier with faster

running speeds (p<O.05). McNair et al. (1994) also reported a 48% decrease (18

vs. 34.5 ms) of the time to impact peak of barefoot running comparing with that of

shod running at the test speed of 3.5 ms1 (p<0.05). Nigg et al. (1987) reported that

the time at the impact peak remained fairly constant when changing shoes with
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midsole stiffness from shore 25 to 35 but decreased when changing shoes with

midsole stiffness from shore 35 to 45.

Kinematic characteristics

McNair et al. (1994) found that the knee angular displacement of both

barefoot and shod running were relatively similar throughout the cycle. However,

the net amount of knee joint flexion and the maximum knee flexion of the support

limb were greater under shod running (p<O.05). De Wit et al. (2000) found

significant different of the knee angles at touchdown, impact peak, and the end of

midstance between barefoot and shod conditions (p<O.O5). The knee angle at

touchdown of barefoot running was more flexion than that of shod running was.

On the opposite side, the knee angles at impact peak and at the end of the

midstance of barefoot running were more extension than those of shod running

were. The knee angles of all three events were also different among the running

speeds of 3.5, 4.5, and 5.5 ms1 in both barefoot and shod conditions. Nigg et al.

(1987) didn't find any significant difference of the knee angle at touchdown when

runners wore shoes with midsole stiffness shore 25, 35, and 45 at the speed range

between 3 and 6 ms* Hardin, Hamill, and Bogert (2000) reported that the change

of shoes from shore 40 to shore 70 didn't affect the touchdown and maximum knee

angles. However, the knee angle at touchdown on the hard surface (350 kNm')

decreased significantly compare with those on the softer surface (100 and 200
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kNm) did on both shoes with shore 40 and 70 (p<O.O5). The maximum knee

angles remained quite constant on both surfaces.

McNair et al. (1994) concluded that the ankle joint during barefoot running

maintained more plantar flexion throughout the cycle (p<O.05). However, there

was no difference in the net amount of ankle joint motion between barefoot and

shod running. De Wit et al. (2000) compared the ankle angles at touchdown and

impact peak and found the significant difference over the range of 3.5-5.5 mst

(p<O.O5). The ankle angles at touchdown during barefoot running was larger than

that during shod running (p<O.O5) but the ankle angles at impact peak was similar

on both conditions. The result showed that runners performed more dorsiflexion

the ankle only at the touchdown during barefoot running.

Nigg et al. (1987) reported the vertical velocity of heel increased

significantly from 0.8 ms' to 1.9 ms' (p<O.O5) when the running speeds increased

from 3 to 6 ms. The anteroposterior velocity of heel didn't show any significant

difference.

Ground reaction force

Cavanagh and Lafortune (1980) classified the runners into three groups:

rearfoot, midfoot and forefoot strikers. As the running speed increased, the foot

area that contacted the ground tended to move forward (Williams, 1985). The force

can be measured separately into three orthogonal components: vertical,

anteroposterior, and mediolateral component. Ground reaction force characteristics
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were velocity dependent (Miller, 1990). Increasing velocity caused increasing in

peak forces of all directions, especially in anteroposterior direction because runners

were required to generate higher breaking and propulsive forces (Nigg, 1 986b).

The vertical component, which was called VGRF, was most frequently analyzed

and reported because of the highest magnitude and consistent pattern.

Rearfoot strikers, who were sometimes called heel-toe strikers, typically

recorded VGRF with two distinct peaks of force. The first peak, which occurred

early after initial contact, was called impact peak. The amplitude of the impact

peak can reach between 2 and 4 times of body weight depending of the speed.

surface, and style of running (Nigg, 1986a). The impact peak reached the

maximum approximately 10-20 ms for barefoot running and 15-35 ms for shod

running. The second peak, which occurred approximately at midstance, was called

active peak. Active peak was in the range of between 2.5 (running) and 3.5

(sprinting) times body weight (Nigg, 1986a). Impact peak showed higher

variation than active peak did when a runner performed a constant running speed

with ten different running shoes (Nigg, 1 986b). There were two definitions using

for calculating the loading rate, the parameters determining the rising to the impact

peak. Munro et al. (1987) calculated by the linear slope between 50 N and body

weight plus 50 N. Other authors defined it as the maximum linear slope during any

I ms from touchdown to impact peak (Nigg et al., 1987; Milani et al., 1997).

Midfoot strikers generally generated VGRF with an obvious single peak

(Cavanagh, Valient, & Misevich, 1984). The single peak and the time to the peak
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were very close to the value of the rearfoot strikers' active peak. Toe or forefoot

strikers' VGRF may sometimes be detected their small impact peak, which was

generally less than body weight and reached earlier between 5 and 15 ms (Nigg.

I 986a).

De Wit et al. (2000) reported that impact peak and active peak were not

different between barefoot and shod running conditions but were significantly

different among the speed of 3.5, 4.5, and 5.5 ms' (p<O.O5). Local minimum and

loading rate were significantly different for both velocity and running conditions

(p<0.05). Hennig et al. (1996) found significant decrease in impact peak and

increase in loading rate (p<O.Ol) when runners used shoes with softer midsole. The

test shoes had the midsole stiffness of 51 kN/m and 341 kNim. De Wit, De Clercq,

and Lenoir (1995) also found the same tendency with the test shoes of shore Asker

C40 and shore Asker C65 (p<O.O5). Milani et al. (1997) also reported similar shift

pattern of both variables when subjects were tested with eight types of shoes, which

differed only in midsole stiffness under the heel. On the contrary, impact peak and

loading rate didn't show any significant difference using shoes with midsole

stiffness shore 25, 35 and 45 at the test speed from 3 to 6 ms' (Nigg et al., 1987).

However, impact peak tended to decrease less than 10% when running test was

performed using shoes with harder midsole. Therefore, the detection of loading

rate and vertical impact peak difference could depend on how large the different

midsole stiffness of the testing shoes were.
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Denoth (1986) explained that the softer material provided the larger

deceleration distance and should result to the smaller impact peak if the initial and

boundary conditions remain constant. Nigg et al. (1986) found the contradictory

results when the material test and running test were set separately to determine the

softest possible material for shoe construction. The material test indicated shoe

with shore 20 should provide the lowest impact peak while the running test resulted

in shoe with shore between 35 and 45. The running test also showed that the

impact peak increased when runners changed from shoe with shore 40 to shore 30,

and even more with shore 20 (Nigg et al., 1986). The circumstance could be

explained by the "bottom out" effect. The material, which was very soft, could be

totally compressed very fast and finally resulted in high impact peak. There was no

difference of active peak when runners were tested with both shoes (Hennig et al.,

1996; Milani et al., 1997).

Conclusion

The chapter principally reviewed the characteristics of the temporal,

kinematic, and kinetic parameters of running with barefoot and shoe with different

midsole stiffness. All parameters varied on running speeds, shoe-surface

interaction, and shoe construction. The parameters that mentioned in this chapter

generally had a unidirectional trend when the test conditions were modified in a

range of practical condition. Based on a continuous range of the velocities, the

results can be used for a guideline to verify the mechanic model for running. The
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model design should be constructed in the manner that could represent a set of

parameters in a practical range. With the adjustment of some parameters, the

model should dynamically modify the set of parameters into the direction that

generally occurred. Finally, the model required to be interpreted in the meaningful

expression. For example, adjusting the leg spring characteristics of MSD model

should provide a dynamic change of the magnitude and duration of all principal

VGRF parameters closer to the actual value. If there were some parameters

changing oppositely to the actual direction, it would indicate that the model might

require to be revised to predict the actual result more accurately.
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INFORMED CONSENT

Title: Comparison of leg spring characteristics during running using mass-
spring-damper modeling.

Investigator: Pasakorn Watanatada, Gerald Smith, Ph.D.

Purpose: This study is designed to investigate whether the stiffness
parameters during gait under barefoot, soft sole shoe, and hard sole
shoe conditions are significantly different. The predetermined
running speed in this study is 3.8 ms' (about 8.50 miles per hour).

I have been informed that the purpose of this study is to analyze and compare
human gait motion, both walking and running at predetermined speeds, under
barefoot and shod modes. The total number of subjects in this study is ten. To
qualify for this study, I must meet both criteria: (a) I do not have a history of any
diagnosis of abnormal gait patterns, and (b) I am currently free of injury likely to
affect my gait patterns.

My participation will involve running under barefoot and two conditions of shod
modes. For shod modes, I will perform running with soft sole shoes and hard sole
shoes. The investigators will provide shoes for testing. The test speed is 3.8 ms*
The requirement for data collection is five acceptable running motions for each of
all three mentioned modes. The total requirement for data collection is fifteen
acceptable trials. Generally, all subjects are likely to perform many unacceptable
trials from inaccuracy speed (more than ± 5% of the predetermined speed) and/or
incomplete contact with the force plate. Therefore, I may require performing
between 40 and 80 trials to obtain the fifteen acceptable trials. However, I can
choose resting periods between trials by myself. I will not be asked to begin the
next trial until ready. The duration for participation in this study is approximately
hr. My performances will be videotaped and recorded for ground reaction forces
for further data analysis.

I understand that there are some potential risks andlor discomforts involved in
participation in this project. While running is a common activity, tripping or falling
occasionally are involved and could be injurious. The large number of repetitive
trials involved in the data collection also has potential for an accumulative effect
potentially leading to overuse injuries. Fatigue will also be a likely result of the
repetitive trials. Rest between trials will be encouraged to minimize these potential
effects. If I develop pain, which does not subside during short duration rest, I can
postpone or discontinue participation in this study.
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Benefits of my participation in the research includes a small monetary stipend ($5),
the opportunity to contribute to a scientific investigation, and to learn more about
my own running characteristic through talking with the investigators. If I start
some trials and finally withdraw from the study, I will also receive $5.

The results of this study may be presented at scientific conferences or in
publication but my name or other identification will not be revealed. All personal
identifying information will be eliminated and any subject specific references will
be numeric labels.

I understand that in case of injury, or if I have any questions about my rights as a
subject in this study, or feel I have been placed at risk, I can contact the Chair of the
Human Subjects Research Review Committee at (541)-737-0670. Other questions
concerning this research project or my participation in it should be addressed to
Pasakorn Watanatada at (541)-737-5933 or Dr. Gerald Smith at (541)-737-5928.

I understand that the university does not provide a research subject with
compensation or medical treatment in the event that the subject is injured as a result
of participation in the research project.

Having read the above information and listened to an explanation of the
procedures, I understand the risks and benefits of participation in this study. I
knowingly assume the risks involved and understand that I may withdraw my
consent and discontinue participation at any time without penalty or loss benefit.
In signing this consent form, I am not waiving any legal claims, rights, and
remedies. A copy of this consent form will be given to me.

Subject's signature Date

Other's signature (if appropriate)__________________ Date

I certify that I have explained to the above individual the nature and purpose. the
potential benefits, and possible risks associated with participation in this study,
have answered the questions that have been raised, and have witnessed the above
signature.

These elements of informed consent conform to the Institutional Review Board for
the protection of human subjects of Oregon State University.

I have provided the subject a copy of this signed consent document.

Signature of investigator_________________________ Date
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Table D.1.1
VGRF data of subject 1

Trial Stan.
Time
(ms)

Load.
Rate
(BW/s)

Imp.
Peak
(BW)

Local
Mm

(BW)

Act.
Peak
(BW)

Imp.
Time
(%)

Local
Time
(%)

Act.
Time
(%)

Barefoot 1 250 479 1.47 0.94 2.48 3.6 13.2 45.6
Barefoot 2 217 628 1.99 1.01 2.67 4.1 12.4 44.7
Barefoot 3 234 626 1.80 1.14 2.69 3.8 13.7 43.2
Barefoot 4 242 482 1.55 0.78 2.59 4.1 14.5 47.9
Barefoot 5 223 359 1.44 0.88 2.56 5.8 12.8 46.2
Soft-shoes 1 239 118 1.90 1.70 2.72 13.8 19.0 35.6
Soft-shoes2 228 119 1.96 1.78 2.85 14.5 18.9 36.8
Soft-shoes 3 215 150 1.98 1.77 2.89 14.7 19.5 40.0
Soft-shoes4 235 102 1.73 1.47 2.55 13.2 19.4 41.7
Soft-shoes 5 246 115 2.11 1.76 2.46 14.8 20.5 35.8
Hard-shoes 1 234 134 1.88 1.69 2.62 14.1 19.4 44.4
Hard-shoes 2 204 119 2.14 2.02 2.95 15.9 19.4 39.2
Hard-shoes 3 221 134 2.31 2.05 2.78 15.2 19.5 36.2
Hard-shoes 4 240 146 2.18 1.72 2.52 12.5 18.3 40.0
Hard-shoes 5 232 134 1.86 1.78 2.51 15.1 13.4 44.4

Table D.1.2
Stiffness data of subject 1

Trial Ay
(cm)

AL
(cm)

Kvert

(N/rn)
Kieg

(N/rn)
0

(deg)
Barefoot 1 7.74 21.47 24848 8952 31.40
Barefoot 2 6.81 16.36 30445 12670 26.07
Barefoot 3 8.18 19.93 25525 10470 29.12
Barefoot 4 7.37 20.22 27271 9936 30.48
Barefoot5 6.20 17.54 32068 11328 28.60
Soft-shoes 1 8.94 19.40 23774 10958 26.92
Soft-shoes2 8.42 19.87 26457 11207 28.20
Soft-shoes 3 7.72 16.46 29300 13752 24.56
Soft-shoes 4 7.51 18.39 26557 10849 27.47
Soft-shoes 5 8.26 21.07 23279 9123 29.86
Hard-shoes 1 8.60 18.83 23880 10901 26.63
Hard-shoes 2 7.48 15.95 30983 14497 24.44
Hard-shoes 3 8.35 17.36 26128 12548 25.00
Hard-shoes 4 8.36 20.72 23622 9533 29.31
Hard-shoes 5 7.47 18.41 26305 10681 27.54



Trial Stan.
Time
(ms)

Load.
Rate
(BW/s)

Imp.
Peak
(BW)

Local
Mm

(BW)

Act.
Peak
(BW)

Imp.
Time
(%)

Local
Time
(%)

Act.
Time
(%)

Barefoot 1 225 402 2.12 0.91 3.20 6.2 10.7 44.0
Barefoot2 235 486 2.07 0.98 3.13 5.1 11.1 43.8
Barefoot 3 226 416 1.79 1.02 3.31 5.3 10.8 42.9
Barefoot4 212 592 2.58 1.29 3.29 5.7 11.3 42.0
Barefoot 5 218 479 2.31 1.34 3.46 6.0 11.5 39.9
Soft-shoes 1 236 174 1.93 1.64 3.26 13.3 16.7 42.4
Soft-shoes 2 246 184 2.27 1.95 3.11 14.6 18.7 43.1
Soft-shoes 3 259 138 1.80 1.47 3.20 15.1 18.7 47.9
Soft-shoes 4 251 196 2.13 1.67 3.22 12.7 17.1 46.2
Soft-shoes 5 262 123 2.10 1.63 3.13 13.7 18.3 45.8
Hard-shoes 1 261 77 1.52 1.39 3.13 13.8 18.6 49.4
Hard-shoes 2 251 110 1.76 1.29 3.19 14.3 19.1 49.8
Hard-shoes 3 246 86 1.44 1.30 3.27 12.0 18.1 49.2
Hard-shoes 4 235 141 1.85 1.65 3.35 13.6 16.4 46.0
Hard-shoes 5 244 136 1.89 1.66 3.20 14.3 18.2 44.7

Stiffness data of subject 2

Trial Ay
(cm)

AL
(cm)

K11
(N/rn)

Kieg
(NIm)

0
(deg)

Barefoot 1 9.74 22.02 21982 9722 31.00
Barefoot 2 10.66 23.77 19646 8814 32.05
Barefoot3 10.41 22.65 21233 9756 30.95
Barefoot 4 9.38 20.51 23480 10739 29.48
Barefoot 5 10.82 22.25 21387 10405 29.87
Soft-shoes 1 10.92 22.83 20098 9611 29.90
Soft-shoes 2 11.60 25.36 18073 8270 32.19
Soft-shoes 3 12.04 25.54 17877 8430 31.88
Soft-shoes 4 12.41 25.92 17475 8372 31.88
Soft-shoes 5 12.85 27.50 16422 7676 33.25
Hard-shoes 1 11.87 26.94 17815 7846 33.75
Hard-shoes 2 11.13 26.01 19319 8270 33.51
Hard-shoes 3 11.26 25.74 19584 8566 33.05
Hard-shoes 4 11.39 23.43 19856 9648 30.07
Hard-shoes 5 11.14 23.59 19347 9141 30.57
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Table D.3.1
VGRF data of subject 3

Trial Stan.
Time
(ms)

Load.
Rate
(BW/s)

Imp.
Peak
(BW)

Local
Mm

(BW)

Act.
Peak
(BW)

Imp.
Time
(%)

Local
Time
(%)

Act.
Time
(%)

Barefoot 1 236 211 1.90 1.31 2.49 11.9 19.5 40.7
Barefoot 2 230 320 1.70 1.07 2.41 10.0 15.7 37.8
Barefoot 3 243 534 2.52 1.08 2.48 5.8 16.0 37.0
Barefoot 4 236 318 1.50 0.86 2.48 8.5 14.4 44.5
Barefoot 5 234 57 1.77 1.63 2.56 19.7 23.9 44.4
Soft-shoes 1 242 82 1.60 1.49 2.54 19.8 23.6 42.1
Soft-shoes2 238 117 1.98 1.77 2.54 19.3 24.4 40.8
Soft-shoes 3 247 106 2.39 1.93 2.31 17.6 24.7 44.1
Soft-shoes4 241 113 2.04 1.75 2.41 18.5 24.1 44.4
Soft-shoes 5 233 106 2.06 1.88 2.75 18.0 22.3 41.2
Hard-shoes 1 239 101 1.52 1.21 2.53 17.2 22.2 42.7
Hard-shoes 2 220 112 1.95 1.77 2.53 18.6 22.3 43.2
Hard-shoes 3 223 238 2.59 1.72 2.70 15.2 25.1 43.0
Hard-shoes 4 228 109 2.07 1.70 2.64 18.9 23.7 41.7
Hard-shoes 5 228 135 1.92 1.62 2.60 17.3 22.8 43.0

Table D.3.2
Stiffness data of subject 3

Trial Ay
(cm)

AL
(cm)

Kvert

(N/rn)

Kieg

(N/rn)

0

(deg)
Barefoot 1 6.18 19.84 31369 9767 32.84
Barefoot 2 5.31 16.72 35198 11183 29.94
Barefoot 3 6.96 20.00 28115 9647 32.43
Barefoot4 6.18 18.59 31197 10375 31.26
Barefoot 5 6.45 18.29 30843 10878 30.52
Soft-shoes 1 6.31 20.68 31451 9589 33.02
Soft-shoes 2 6.54 18.26 30356 10868 29.75
Soft-shoes 3 6.78 18.88 27475 9557 31.32
Soft-shoes 4 6.34 18.78 29691 10024 30.66
Soft-shoes 5 7.33 20.17 29258 10638 31.16
Hard-shoes 1 5.48 17.31 36186 11454 29.88
Hard-shoes 2 5.31 16.10 37218 12276 28.50
Hard-shoes 3 6.64 17.70 31775 11921 28.87
Hard-shoes4 6.34 17.75 32598 11649 29.33
Hard-shoes 5 5.98 17.29 34025 11760 29.21



Trial Ay
(cm)

AL
(cm)

Kvert

(N/rn)
Kieg

(N/rn)
0

(deg)
Barefoot 1 4.95 14.38 38206 13144 26.93
Barefoot 2 6.03 14.98 33509 13361 26.42
Barefoot3 6.53 18.04 31233 11312 29.81
Barefoot 4 5.93 15.52 32873 12565 27.15
Barefoot 5 4.71 14.98 39306 12357 28.12
Soft-shoes 1 8.06 20.62 26907 10524 30.54
Soft-shoes 2 8.39 19.76 26980 11455 29.03
Soft-shoes 3 8.98 23.29 24982 9632 32.66
Soft-shoes 4 8.42 23.00 24710 9030 33.02
Soft-shoes 5 7.45 19.78 27986 10541 30.26
Hard-shoes 1 8.84 22.90 24049 9285 32.37
Hard-shoes 2 7.84 19.80 27577 10876 29.90
Hard-shoes 3 8.55 21.96 24526 9548 31.59
Hard-shoes 4 7.96 21.47 26880 9965 31.71
Hard-shoes 5 7.97 19.19 27682 11378 29.10

146



147

Table D.5.1
VGRF data of subject 5

Trial Stan.
Time
(ms)

Load.
Rate
(BW/s)

Imp.
Peak
(BW)

Local
Mm

(BW)

Act.
Peak
(BW)

Imp.
Time
(%)

Local
Time
(%)

Act.
Time
(%)

Barefoot 1 215 503 2.73 1.55 2.57 6.0 9.8 37.2
Barefoot 2 223 516 2.39 1.36 2.40 6.3 9.9 43.0
Barefoot3 231 569 2.84 1.53 2.56 7.4 11.0 41.1
Barefoot 4 221 427 2.22 1.08 2.49 6.3 10.4 38.5
Barefoot 5 224 349 2.39 1.42 2.50 6.7 10.3 38.8
Soft-shoes 1 240 321 2.23 1.99 2.53 10.8 15.8 35.4
Soft-shoes 2 221 313 2.68 2.31 2.83 10.0 18.1 36.2
Soft-shoes 3 231 284 2.47 2.04 2.67 11.7 20.1 36.8
Soft-shoes4 244 284 2.26 1.92 2.55 11.7 18.2 36.1
Soft-shoes 5 238 363 2.50 2.06 2.51 12.2 19.5 34.9
Hard-shoes 1 253 140 2.27 1.63 2.29 14.2 18.2 37.2
Hard-shoes2 243 258 2.53 1.62 2.58 11.9 17.3 35.0
Hard-shoes 3 245 261 2.14 1.72 2.46 11.8 16.9 36.3
Hard-shoes 4 241 274 2.41 1.67 2.58 12.0 17.4 36.1
Hard-shoes 5 243 288 2.34 1.71 2.58 11.5 17.1 34.2

Table D.5.2
Stiffness data of subject

Trial Ay
(cm)

AL
(cm)

Kvert

(N/m)
Kieg

(N/rn)
0

(deg)
Barefoot 1 6.87 16.47 29311 11519 28.28
Barefoot 2 6.39 17.92 27683 9875 29.49
Barefoot 3 7.58 17.67 27705 10679 30.20
Barefoot 4 6.27 18.18 29343 10127 29.98
Barefoot 5 6.78 18.36 27196 10047 29.70
Soft-shoes 1 7.33 20.04 25799 9443 30.38
Soft-shoes2 7.96 18.52 26699 11392 27.82
Soft-shoes 3 7.68 18.87 25986 10585 28.46
Soft-shoes 4 7.63 20.36 24933 9342 30.42
Soft-shoes 5 7.47 19.29 25059 9700 29.29
Hard-shoes 1 7.27 20.98 23578 8168 31.60
Hard-shoes 2 7.84 20.94 24607 9211 30.87
Hard-shoes 3 7.12 19.20 25786 9561 29.62
Hard-shoes 4 7.51 20.33 25644 9478 30.52
Hard-shoes 5 7.66 20.08 25147 9598 30.03
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Table D.6.1
VGRF data of subject 6

Trial Stan.
Time
(ms)

Load.
Rate

(BW/s)

Imp.
Peak
(BW)

Local
Mm

(BW)

Act.
Peak
(BW)

Imp.
Time
(%)

Local
Time
(%)

Act.
Time
(%)

Barefoot 1 239 429 1.78 0.87 2.53 5.4 10.5 35.1

Barefoot 2 237 509 2.04 1.05 2.53 5.1 10.5 34.6
Barefoot 3 215 400 1.79 0.97 2.53 6.5 12.6 37.7
Barefoot 4 231 388 1.59 0.77 2.53 6.5 13.0 36.8
Barefoot5 223 556 2.01 1.06 2.60 5.8 11.2 35.9
Soft-shoes 1 247 199 1.97 1.70 2.61 16.2 19.4 40.5
Soft-shoes 2 263 176 1.68 1.44 2.41 17.1 20.2 40.7
Soft-shoes 3 249 180 1.76 1.58 2.54 17.7 20.5 40.2
Soft-shoes 4 241 193 1.95 1.71 2.55 17.0 20.3 40.2
Soft-shoes 5 254 180 1.53 1.35 2.51 18.5 21.7 43.7
Hard-shoes 1 238 114 1.89 1.57 2.60 16.8 21.8 42.9
Hard-shoes 2 239 193 1.87 1.56 2.71 15.7 20.3 41.0
Hard-shoes 3 250 196 1.91 1.79 2.50 15.2 19.8 38.8
Hard-shoes 4 263 209 2.04 1.64 2.62 14.8 18.8 37.3
Hard-shoes 5 243 199 1.74 1.57 2.55 17.7 20.2 41.6

Table D.6.2
Stiffness data of subject 6

Trial
(cm)

AL
(cm)

Kvert

(N/rn)
Kieg

(N/m)
0

(deg)
Barefoot 1 6.96 19.74 27661 9758 30.56
Barefoot 2 6.88 17.98 28021 10720 28.44
Barefoot 3 5.69 15.30 33907 12598 26.43
Barefoot 4 6.33 16.84 30466 11455 27.66
Barefoot 5 6.50 16.40 30518 12089 26.83
Soft-shoes 1 7.15 18.87 28149 10674 28.68
Soft-shoes 2 6.58 21.25 28249 8742 32.19
Soft-shoes 3 6.45 17.95 30423 10933 28.41
Soft-shoes 4 6.52 18.09 30186 10881 28.49
Soft-shoes 5 6.06 18.16 32037 10691 29.15
Hard-shoes 1 6.77 17.59 29605 11396 27.54
Hard-shoes2 7.05 17.67 29716 11855 27.28
Hard-shoes 3 6.89 21.09 28015 9156 31.64
Hard-shoes 4 8.32 23.00 24349 8810 32.19
Hard-shoes 5 6.49 17.49 30290 11238 27.78



Table D.7.l
VGRF data of subject 7

Trial Stan.
Time
(ms)

Load.
Rate
(BW/s)

Imp.
Peak
(BW)

Local
Mm

(BW)

Act.
Peak
(BW)

Imp.
Time
(%)

Local
Time
(%)

Act.
Time
(%)

Barefoot 1 219 338 1.89 1.51 2.79 7.8 12.3 43.4
Barefoot 2 230 205 1.87 1.56 2.69 10.9 13.5 43.0
Barefoot3 234 402 2.12 1.68 2.70 7.3 11.8 43.6
Barefoot 4 226 326 2.33 1.80 2.68 11.1 17.0 46.0
Barefoot 5 228 338 1.98 1.70 2.73 8.3 12.7 42.5
Soft-shoes 1 231 142 2.03 1.87 2.68 15.6 18.6 35.9
Soft-shoes 2 243 127 2.30 2.16 2.59 14.4 18.5 32.9
Soft-shoes 3 241 135 2.05 1.85 2.69 14.5 17.8 33.2
Soft-shoes 4 249 116 2.07 1.84 2.57 13.9 18.5 42.6
Soft-shoes 5 252 135 2.27 2.07 2.57 13.5 17.5 31.7
Hard-shoes 1 234 93 1.79 1.62 2.70 14.1 17.9 41.0
Hard-shoes 2 252 131 2.00 1.84 2.64 12.7 15.9 31.7
Hard-shoes 3 242 127 2.06 1.89 2.70 13.8 18.0 42.6
Hard-shoes4 249 113 1.88 1.69 2.61 13.9 18.1 39.0
Hard-shoes 5 231 134 2.28 2.17 2.72 14.3 18.8 34.6

Table D.7.2
Stiffness data of subject 7

Trial
(cm)

AL
(cm)

Kvert

(N/rn)
Kieg

(N/rn)
0

(deg)
Barefoot 1 7.91 19.75 22733 9108 31.17
Barefoot 2 7.78 19.66 22276 8814 31.23
Barefoot 3 8.65 21.40 20140 8146 32.37
Barefoot 4 8.02 20.43 21564 8463 31.94
Barefoot 5 8.59 20.53 20520 8582 31.32
Soft-shoes 1 7.99 19.24 21932 9112 29.72
Soft-shoes 2 8.77 22.78 19461 7429 33.50
Soft-shoes 3 8.79 21.21 20050 8307 31.27
Soft-shoes 4 8.93 22.16 18801 7576 32.30
Soft-shoes 5 9.01 22.92 18825 7327 33.43
Hard-shoes 1 8.00 19.80 22061 8916 30.45
Hard-shoes 2 9.66 24.97 17949 6920 35.39
Hard-shoes 3 9.18 21.42 19246 8249 31.04
Hard-shoes 4 8.82 22.00 19368 7768 32.24
Hard-shoes 5 8.75 20.43 20353 8705 30.33
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Table D.8.1
VGRF data of subject 8

Trial Stan.
Time
(ms)

Load.
Rate
(BW/s)

Imp.
Peak
(BW)

Local
Mm

(BW)

Act.
Peak
(BW)

Imp.
Time
(%)

Local
Time
(%)

Act.
Time
(%)

Barefoot 1 194 427 1.91 1.12 3.06 5.7 9.3 41.2
Barefoot2 191 334 1.55 0.93 3.18 6.3 10.7 41.9
Barefoot 3 193 268 1.41 1.07 3.12 6.7 10.4 41.5
Barefoot 4 199 368 1.42 0.80 2.96 5.0 9.0 43.2
Barefoot 5 194 344 1.39 0.95 3.01 5.2 8.2 41.2
Soft-shoes 1 219 205 2.16 1.73 3.01 14.8 18.7 37.9
Soft-shoes 2 212 291 2.09 1.72 3.00 15.1 18.9 41.0
Soft-shoes 3 220 165 1.63 1.42 3.13 17.3 20.9 42.7
Soft-shoes 4 236 107 1.61 1.27 3.03 16.5 20.6 43.2
Soft-shoes 5 219 165 2.11 1.83 3.09 16.7 21.0 38.4
Hard-shoes 1 214 163 2.12 1.74 3.20 15.9 19.2 38.3
Hard-shoes 2 219 159 1.77 1.45 3.09 15.5 19.6 40.6
Hard-shoes 3 216 188 1.93 1.38 3.05 13.9 18.5 40.7
Hard-shoes 4 214 213 2.28 1.82 3.17 14.5 18.7 37.9
Hard-shoes 5 207 156 2.05 1.80 3.22 15.5 19.3 38.6

Table D.8.2
Stiffness data of subject 8

Trial Ay
(cm)

AL
(cm)

Kvert

(N/rn)
Kieg

(N/rn)
0

(deg)
Barefoot! 6.61 15.32 27511 11773 26.84
Barefoot 2 6.53 15.54 28785 12064 27.18
Barefoot 3 6.70 15.13 27644 12165 26.37
Barefoot4 5.88 15.72 29658 11100 28.36
Barefoot5 6.21 15.89 28617 11185 28.12
Soft-shoes 1 7.66 18.99 23418 9449 29.83
Soft-shoes 2 6.70 17.09 26707 10470 28.54
Soft-shoes 3 7.50 18.39 24827 10132 29.23
Soft-shoes 4 7.82 20.80 23068 8671 31.99
Soft-shoes 5 7.69 18.69 23944 9850 29.39
Hard-shoes 1 8.02 18.36 23851 10415 28.48
Hard-shoes2 7.39 18.53 24925 9945 29.57
Hard-shoes 3 7.10 18.10 25636 10062 29.38
Hard-shoes 4 7.85 17.99 24097 10519 28.18
Hard-shoes 5 7.84 17.62 24615 10917 27.75
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Table D.9.1
VGRF data of subject 9

Trial Stan.
Time
(ms)

Load.
Rate
(BW/s)

Imp.
Peak
(BW)

Local
Mm

(BW)

Act.
Peak
(BW)

Imp.
Time
(%)

Local
Time
(%)

Act.
Time
(%)

Barefoot 1 227 535 1.64 0.99 2.72 4.0 7.5 48.0
Barefoot 2 218 399 1.44 0.76 2.59 4.6 12.4 48.6
Barefoot 3 218 469 1.50 0.82 2.82 4.1 7.8 48.6
Barefoot 4 214 442 1.44 0.77 2.69 3.7 12.1 52.8
Barefoot 5 227 363 1.30 0.60 2.90 4.4 12.3 51.1
Soft-shoes 1 254 76 1.32 1.19 2.72 15.7 21.7 52.4
Soft-shoes 2 255 76 1.39 1.23 2.52 18.4 22.7 51.8
Soft-shoes 3 257 88 1.40 1.26 2.51 16.1 20.4 51.4
Soft-shoes 4 260 83 1.49 1.35 2.44 16.3 20.8 49.6
Soft-shoes 5 247 101 1.63 1.46 2.53 15.8 22.1 51.8
Hard-shoes 1 241 88 1.45 1.25 2.60 14.3 19.5 49.4
Hard-shoes 2 240 83 1.19 0.96 2.62 13.1 17.1 51.3
Hard-shoes 3 245 98 1.32 1.08 2.56 12.7 18.8 50.2
Hard-shoes 4 254 86 1.25 0.99 2.55 16.5 20.7 50.4
Hard-shoes 5 253 91 1.45 0.84 2.50 12.6 20.6 51.8

Table D.9.2
Stiffness data of subject 9

Trial Ay
(cm)

AL
(cm)

Kvert

(N/m)
Kieg

(N/rn)
0

(deg)
Barefoot 1 6.37 18.11 28454 10004 30.12
Barefoot 2 5.72 16.27 30208 10625 28.51
Barefoot3 6.46 17.19 29117 10950 28.75

Barefoot 4 5.66 15.29 31644 11721 27.21
Barefoot 5 6.69 17.43 28896 11088 28.78
Soft-shoes 1 7.50 21.12 24401 8662 31.84
Soft-shoes 2 6.39 20.18 26530 8395 32.05
Soft-shoes 3 7.02 21.34 24106 7928 32.68
Soft-shoes 4 7.08 20.89 23185 7854 32.08
Soft-shoes 5 6.80 19.62 25055 8689 30.87
Flard-shoesi 6.84 18.76 25508 9309 29.73
Hard-shoes 2 6.33 18.93 27821 9302 30.60
Hard-shoes 3 6.69 20.03 25720 8590 31.51
Hard-shoes 4 6.89 21.44 24917 8002 32.95
Hard-shoes 5 6.44 19.62 26103 8572 31.31
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Table D.10.1
VGRF data of subject 10

Trial Stan.
Time
(ms)

Load.
Rate
(BW/s)

Imp.
Peak
(BW)

Local
Mm

(BW)

Act.
Peak
(BW)

Imp.
Time
(%)

Local
Time
(%)

Act.
Time
(%)

Barefoot 1 201 294 2.59 1.89 2.59 12.9 12.9 43.3
Barefoot2 207 301 2.27 1.54 2.74 11.6 11.6 43.5
Barefoot 3 202 677 2.93 1.71 2.93 7.9 17.1 42.6
Barefoot 4 215 248 2.59 1.91 2.59 14.4 19.3 37.2
Barefoot5 201 440 2.79 1.76 2.88 11.4 15.4 43.3
Soft-shoes 1 220 155 2.09 1.86 2.83 13.4 18.4 36.4
Soft-shoes 2 228 130 1.83 1.61 2.76 12.1 19.3 42.1
Soft-shoes 3 218 172 1.98 1.67 2.80 13.1 18.6 39.9
Soft-shoes 4 207 214 2.18 1.86 2.94 13.0 17.6 39.1
Soft-shoes 5 220 127 2.02 1.74 2.87 13.9 19.1 40.5
Hard-shoes 1 206 231 2.11 1.58 2.90 10.2 17.2 41.3
Hard-shoes 2 199 214 1.92 1.47 2.67 12.1 17.8 44.7
Hard-shoes 3 194 291 2.24 1.73 2.86 9.3 14.7 41.2
Hard-shoes 4 208 256 2.36 1.70 2.80 9.6 16.1 38.5
Hard-shoes 5 203 351 2.28 1.62 2.82 9.6 14.8 40.4

Table D.10.2
Stiffness data of subject 10

Trial Ay
(cm)

AL
(cm)

Kvert

(N/m)
Kieg

(N/rn)
0

(deg)
Barefoot 1 6.90 13.79 23146 10587 24.77
Barefoot 2 6.68 15.56 23187 9948 25.82
Barefoot 3 7.05 16.01 23477 10333 25.93
Barefoot 4 8.17 15.73 19909 9308 26.68
Barefoot 5 7.23 15.56 22753 10449 25.27
Soft-shoes 1 7.68 18.67 20984 8632 28.22
Soft-shoes 2 7.96 18.40 19758 8543 27.49
Soft-shoes 3 7.31 17.52 21776 9085 27.18
Soft-shoes 4 7.51 16.67 22305 10057 25.70
Soft-shoes 5 7.86 17.94 20812 9120 27.00
Hard-shoes 1 7.26 16.74 22820 9894 26.17
Hard-shoes 2 5.82 14.93 26206 10207 25.65
Hard-shoes 3 6.69 15.26 24375 10685 24.86
Hard-shoes 4 7.30 16.94 21904 9422 26.44
Hard-shoes 5 6.97 15.44 23097 10427 24.71
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Table Di 1.1
Average VGRF of all subjects

Trial Stan.
Time
(ms)

Load.
Rate
(BW/s)

Imp.
Peak
(BW)

Local
Mm

(BW)

Act.
Peak
(BW)

Imp.
Time
(%)

Local
Time
(%)

Act.
Time
(%)

5 1 barefoot 233 515 1.65 0.95 2.60 4.3 13.3 45.5
S 1 soft-shoe 233 121 1.93 1.69 2.69 14.2 19.5 38.0
5 1 hard-shoe 226 133 2.07 1.85 2.68 14.6 18.0 40.9
S2barefoot 223 475 2.17 1.11 3.28 5.7 11.1 42.5
S2 soft-shoe 251 163 2.05 1.67 3.19 13.9 17.9 45.1
S2hard-shoe 247 110 1.69 1.46 3.23 13.6 18.1 47.8
S3barefoot 236 288 1.88 1.19 2.49 11.2 17.9 40.9
S3soft-shoe 240 105 2.01 1.76 2.51 18.7 23.8 42.5
S3hard-shoe 228 139 2.01 1.60 2.60 17.4 23.2 42.7
S4barefoot 213 398 2.00 1.39 2.44 10.2 14.1 41.7
S4soft-shoe 245 97 2.19 1.98 2.70 16.6 19.5 39.4
S4hard-shoe 239 142 2.33 1.91 2.66 15.6 19.6 38.4
S 5 barefoot 229 473 2.51 1.39 2.50 6.5 10.3 39.7
S5soft-shoe 235 313 2.43 2.07 2.62 11.3 18.4 35.9
S5hard-shoe 245 244 2.34 1.67 2.50 12.3 17.4 35.7
S6barefoot 229 456 1.84 0.94 2.54 5.9 11.6 36.0
S6soft-shoe 251 186 1.78 1.56 2.52 17.3 20.4 41.1
S 6 hard-shoe 247 182 1.89 1.63 2.60 16.0 20.2 40.3
S7barefoot 227 322 2.04 1.65 2.72 9.1 13.5 43.7
S7soft-shoe 243 131 2.14 1.96 2.62 14.4 18.2 35.3
S7hard-shoe 242 120 200 1.84 2.67 13.8 17.7 37.8
S8barefoot 194 348 L54 0.97 3.06 5.8 9.5 41.8
S 8 soft-shoe 221 187 L92 1.59 3.05 16.1 20.0 40.6
S8hard-shoe 214 176 2.03 1.64 3.15 15.0 19.1 39
S 9 barefoot 221 442 1.46 0.79 2.74 4.2 10.4 49.8
S 9 soft-shoe 255 85 1.45 1.30 2.54 16.5 21.5 51.4
S 9 hard-shoe 247 89 1.33 1.02 2.57 13.9 19.3 50.6
S 10 barefoot 205 392 2.63 1.76 2.75 11.7 15.3 42.0
S 10 soft-shoe 219 160 2.02 1.75 2.84 13.1 18.6 39.6
S 10 hard-shoe 202 269 218 1.62j 2.81 10.2 16.1 41.2
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Table D.11.2
Average stiffness data of all subjects

Trial Ay
(cm)

AL
(cm)

Kvert

(N/rn)
Kieg

(N/rn)
Ac. Kieg

(N/rn)
0

(deg)
S 1 barefoot 7.26 19.10 28031 10671 28031 29.13
S 1 soft-shoe 8.17 19.04 25873 11178 34904 27.40
S 1 hard-shoe 8.05 18.25 26184 11632 31721 26.54
S2barefoot 10.20 22.24 21546 9887 21546 30.67
S2soft-shoe 11.96 25.43 19789 8472 24671 31.82
S2hard-shoe 11.36 25.14 19184 8694 21997 32.19
S3barefoot 6.22 18.69 31344 10370 31344 31.40
S3soft-shoe 6.66 19.36 29646 10135 42138 31.18
S3hard-shoe 5.95 17.23 34360 11812 44569 29.16
S4barefoot 5.63 15.58 35025 12548 35025 27.69
S4soft-shoe 8.26 21.29 26313 10236 35709 31.10
S4hard-shoe 8.23 21.06 26143 10210 31661 30.93
S5barefoot 6.78 17.72 28248 10449 28248 29.53
S 5 soft-shoe 7.61 19.41 25695 10092 34580 29.28
S 5 hard-shoe 7.48 20.31 24952 9203 29931 30.53
S6barefoot 6.47 17.25 30115 11324 30115 27.98
5 6 soft-shoe 6.55 18.86 29809 10384 42468 29.39
S6hard-shoe 7.10 19.37 28395 10491 35025 29.29
S7barefoot 8.19 20.35 21447 8623 21447 31.61
S7soft-shoe 8.70 21.66 19814 7950 24710 32.05
S7hard-shoe 8.88 21.72 19795 8112 22804 31.89
S8barefoot 6.39 15.52 28443 11657 28443 27.37
S 8 soft-shoe 7.47 18.79 24393 9714 32263 29.80
S8hard-shoe 7.64 18.12 24625 10372 29462 28.67
S9barefoot 6.18 16.86 29664 10878 29664 28.67
S 9 soft-shoe 6.96 20.63 24655 8306 32723 31.90

S9hard-shoe 6.64 19.76 26014 8755 31472 31.22
S 10 barefoot 7.21 15.33 22494 10125 22494 25.70
SlOsoft-shoe 7.66 17.84 21127 9087 26786 27.12
S 10 hard-shoe 6.81 15.86 23680 10127 28119 25.57
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Figure E.1.
Ensemble VGRF for barefoot, soft-shoe, and hard-shoe of subject 1.
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Figure E.2.
Ensemble VGRF for barefoot, soft-shoe, and hard-shoe of subject 2.
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Figure E.3.
Ensemble VGRF for barefoot, soft-shoe, and hard-shoe of subject 3.
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Figure E.4.
Ensemble VGRF for barefoot, soft-shoe, and hard-shoe of subject 4.
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Figure E.5.
Ensemble VGRF for barefoot, soft-shoe, and hard-shoe of subject 5.
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Figure E.6.
Ensemble VGRF for barefoot, soft-shoe, and hard-shoe of subject 6.
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Figure E.7.
Ensemble VGRF for barefoot, soft-shoe, and hard-shoe of subject 7.
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Figure E.8.
Ensemble VGRF for barefoot, soft-shoe, and hard-shoe of subject 8.
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Figure E.9.
Ensemble VGRF for barefoot, soft-shoe, and hard-shoe of subject 9.
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Figure E.1O.
Ensemble VGRF for barefoot, soft-shoe, and hard-shoe of subject 10.
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Table F.1.1
Stiffness data of subject 1

Trial V Body
(ms')

V Leg
(ms')

Ki
(kN/m)

K2
(kN/m)

Ktotaj
(kN/m)

Barefoot 1 0.73 0.71 29 209 25.5
Barefoot 2 0.75 0.93 38 269 33.3
Barefoot 3 0.85 1.34 38 126 29.2
Barefoot 4 0.70 1.10 34 139 27.3
Barefoot 5 0.63 0.56 37 344 33.4
Soft-shoes 1 0.90 1.26 45 68 27.1
Soft-shoes 2 0.88 1.36 47 71 28.3
Soft-shoes 3 0.86 1.34 51 77 30.7
Soft-shoes 4 0.77 1.25 47 71 28.3
Soft-shoes 5 0.83 1.20 41 75 26.5
Hard-shoes 1 0.93 1.30 45 68 27.1
Hard-shoes 2 0.89 1.16 59 89 35.5
Hard-shoes 3 0.94 1.18 48 91 31.4
Hard-shoes 4 0.89 1.57 48 70 28.5
Hard-shoes 5 0.81 1.26 48 73 29.0

Table F.1.2
Simulated VGRF data of subject 1

Trial Stan.
Time
(ms)

Imp.
Peak
(BW)

Local
Mm

(BW)

Act.
Peak
(BW)

Imp.
Time
(%)

Local
Time
(%)

Act.
Time
(%)

P
T-Off
(cm)

Barefoot 1 228.3 1.31 0.75 2.53 5.3 13.1 48.0 0.27
Barefoot 2 194.6 1.78 0.70 2.66 5.1 14.0 48.5 0.20
Barefoot 3 209.1 1.86 0.95 2.60 6.9 17.3 38.6 0.08
Barefoot 4 227.6 1.59 0.75 2.42 6.1 15.6 50.3 0.17
Barefoot 5 199.3 1.29 0.66 2.52 4.7 12.0 47.7 0.23
Soft-shoes 1 219.0 1.60 1.32 2.77 9.5 18.6 41.3 0.13
Soft-shoes2 215.7 1.68 1.25 2.76 9.0 18.9 40.8 0.11
Soft-shoes 3 206.5 1.71 1.25 2.78 9.0 19.0 40.8 0.10
Soft-shoes 4 224.3 1.53 1.11 2.56 8.5 18.2 39.8 0.08
Soft-shoes 5 225.4 1.52 1.18 2.63 8.8 18.0 40.7 0.05
Hard-shoes 1 217.4 1.65 1.35 2.82 9.6 18.8 41.5 0.13
Hard-shoes 2 185.0 1.73 1.49 2.98 10.2 19.0 42.3 0.14
Hard-shoes 3 195.0 1.71 1.45 2.98 9.8 18.6 42.4 0.09
Hard-shoes 4 219.6 1.82 1.14 2.75 8.4 19.3 40.1 0.08
Hard-shoes 5 217.4 1.58 1.18 2.65 8.8 18.5 40.3 0.09
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Table F.2.1
Stiffness data of subject

Trial V Body
(ms1)

V Leg
(ms')

Ki
(kN/m)

K2
(kN/m)

Ktotai
(kN/m)

Barefoot 1 1.03 1.02 26 296 23.9
Barefoot2 1.11 0.73 20 364 19.0
Barefoot3 1.11 0.76 25 282 23.0
Barefoot 4 1.09 1.02 29 296 26.4
Barefoot 5 1.20 0.95 27 286 24.7
Soft-shoes 1 1.09 0.88 25 135 21.1
Soft-shoes 2 1.12 0.76 22 164 19.4
Soft-shoes 3 1.06 1.15 24 83 18.6
Soft-shoes 4 1.18 0.63 20 250 18.5
Soft-shoes 5 1.16 1.08 20 108 16.9
Hard-shoes 1 1.05 0.76 21 109 17.6
Hard-shoes 2 1.03 0.51 20 305 18.8
Hard-shoes 3 1.08 1.38 28 60 19.1
Hard-shoes 4 1.15 1.05 27 99 21.2
Hard-shoes 5 1.07 0.99 25 95 19.8

Table F.2.2
Simulated VGRF data of subject

Trial Stan.
Time
(ms)

Imp.
Peak
(BW)

Local
Mm

(BW)

Act.
Peak
(BW)

Imp.
Time
(%)

Local
Time
(%)

Act.
Time
(%)

P
T-Off
(cm)

Barefoot 1 200.3 2.12 0.66 3.03 4.4 12.5 47.7 0.29
Barefoot 2 224.1 1.72 0.60 3.05 3.7 10.2 49.1 0.41
Barefoot 3 200.2 1.68 0.91 3.21 4.8 12.3 48.1 0.29
Barefoot 4 186.2 2.17 0.82 3.25 4.8 13.2 48.0 0.25
Barefoot 5 189.4 2.04 0.95 3.42 5.0 13.0 48.2 0.26
Soft-shoes 1 213.5 1.52 1.22 3.05 7.3 14.8 50.4 0.20
Soft-shoes 2 222.1 1.43 1.10 3.09 6.3 13.4 49.3 0.29
Soft-shoes 3 234.6 1.57 1.24 2.82 8.1 16.6 44.3 0.11
Soft-shoes4 224.7 1.38 0.92 3.16 4.9 11.4 48.6 0.38
Soft-shoes 5 242.1 1.59 1.12 2.95 6.8 15.1 50.4 0.26
Hard-shoes 1 239.7 1.29 1.16 2.88 7.8 13.9 49.9 0.24
Hard-shoes 2 229.3 1.24 0.76 2.95 4.3 10.3 49.1 0.40
Hard-shoes 3 234.2 1.68 1.35 2.89 9.2 18.3 41.8 -0.06
Hard-shoes4 211.6 1.64 1.44 3.11 8.8 16.3 44.5 0.01
Hard-shoes 5 224.5 1.51 1.29 2.91 8.4 15.9 48.3 0.13
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Table F.3.1
Stiffness data of subject 3

Trial V Body
(ms')

V Leg
(ms')

KI
(kN/m)

K2
(kN/m)

Ktotai

(kN/m)
Barefoot 1 0.59 0.92 36 250 31.5
Barefoot 2 0.55 0.47 38 416 34.8
Barefoot 3 0.72 0.86 31 379 28.7
Barefoot 4 0.60 0.51 33 372 30.3
Barefoot 5 0.59 0.48 36 228 31.1
Soft-shoes 1 0.51 0.48 42 167 33.6
Soft-shoes 2 0.58 0.67 45 139 34.0
Soft-shoes 3 0.65 0.58 34 256 30.0
Soft-shoes 4 0.57 0.73 44 134 33.1
Soft-shoes 5 0.70 0.51 37 235 32.0
Hard-shoes 1 0.48 0.93 64 97 38.6
Hard-shoes 2 0.49 0.57 60 175 44.7
Hard-shoes 3 0.69 0.52 37 689 35.1
Hard-shoes 4 0.60 1.21 51 78 30.8
Hard-shoes 5 0.56 0.81 57 121 38.7

Table F.3.2
Simulated VGRF data of subject

Trial Stan.
Time
(ms)

Imp.
Peak
(BW)

Local
Mm

(BW)

Act.
Peak
(BW)

Imp.
Time
(%)

Local
Time
(%)

Act.
Time
(%)

P
T-Off
(cm)

Barefoot 1 210.1 1.29 0.70 2.45 5.2 13.0 47.8 0.22
Barefoot2 200.2 1.20 0.57 2.41 4.2 11.1 48.5 0.24
Barefoot3 214.7 1.85 0.40 2.52 3.8 11.3 49.0 0.29
Barefoot 4 214.2 1.20 0.56 2.42 4.2 11.0 48.6 0.28
Barefoot 5 211.4 1.04 0.80 2.45 6.1 12.7 48.2 0.21
Soft-shoes 1 211.8 0.98 0.86 2.32 7.5 13.5 48.9 0.14
Soft-shoes 2 205.8 1.17 0.97 2.38 7.8 15.3 49.3 0.09
Soft-shoes 3 212.0 1.21 0.75 2.51 5.3 12.7 47.8 0.24
Soft-shoes4 211.2 1.20 0.92 2.34 7.4 15.4 49.5 0.09
Soft-shoes 5 199.1 1.13 0.94 2.66 6.6 13.0 48.9 0.20
Hard-shoes 1 214.4 1.29 0.82 2.19 7.3 16.5 36.9 0.00
Hard-shoes 2 181.3 1.14 0.96 2.35 7.9 15.2 49.0 0.06
Hard-shoes 3 188.8 1.56 0.44 2.67 3.3 9.6 48.6 0.27
Hard-shoes 4 232.1 1.45 0.83 2.29 7.3 17.3 37.2 -0.02
Hard-shoes 5 196.4 1.29 0.99 2.35 8.0 16.6 40.4 0.02
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Table F.4.1
Stiffness data of subject 4

Trial V Body
(ms')

V Leg
(ms')

Ki
(kNIm)

K2
(kN/m)

Ktotai
(kN/m)

Barefoot 1 0.55 0.62 51 197 40.5
Barefoot 2 0.75 1.30 76 115 45.8
Barefoot 3 0.68 0.75 39 347 35.1
Barefoot 4 0.69 0.81 47 257 39.7
Barefoot 5 0.52 0.58 51 322 44.0
Soft-shoes 1 0.80 0.97 46 108 32.3
Soft-shoes 2 0.80 1.07 54 82 32.6
Soft-shoes 3 0.81 0.75 37 144 29.4
Soft-shoes 4 0.80 1.00 47 94 31.3
Soft-shoes 5 0.64 0.95 53 80 31.9
Hard-shoes 1 0.86 1.18 39 113 29.0
Hard-shoes 2 0.86 0.82 41 220 34.6
Hard-shoes 3 0.85 1.23 43 101 30.2
Hard-shoes4 0.75 0.93 42 113 30.6
Hard-shoes 5 0.84 1.04 49 118 34.6

Table F.4.2
Simulated VGRF data of subject 4

Trial Stan.
Time
(ms)

Imp.
Peak
(BW)

Local
Mm

(BW)

Act.
Peak
(BW)

Imp.
Time
(%)

Local
Time
(%)

Act.
Time
(%)

P
T-Off
(cm)

Barefoot 1 188.7 1.20 0.91 2.42 7.0 14.9 49.8 0.09
Barefoot 2 169.2 1.91 1.22 2.87 8.6 19.7 41.4 0.08
Barefoot 3 194.7 1.62 0.62 2.58 4.6 12.7 47.4 0.22
Barefoot 4 180.4 1.60 0.87 2.66 6.0 14.9 49.9 0.14
Barefoot5 180.8 1.29 0.71 2.43 5.4 13.4 48.1 0.15
Soft-shoes 1 201.6 1.48 1.24 2.69 9.0 17.3 41.7 0.00
Soft-shoes 2 203.7 1.52 1.31 2.72 9.8 18.1 41.4 -0.10
Soft-shoes 3 208.7 1.31 1.13 2.68 8.0 15.1 49.7 0.13
Soft-shoes 4 206.2 1.47 1.26 2.69 9.4 17.5 41.6 -0.03
Soft-shoes 5 220.9 1.30 1.07 2.41 8.8 17.0 39.7 -0.05
Hard-shoes 1 212.2 1.65 1.11 2.66 7.7 17.4 40.4 0.06
Hard-shoes 2 186.3 1.58 1.08 2.90 6.7 15.1 50.4 0.16
Hard-shoes 3 209.0 1.66 1.16 2.71 8.2 18.0 40.5 0.01
Hard-shoes4 211.3 1.40 1.11 2.55 8.2 16.7 41.8 0.06
Hard-shoes 5 190.7 1.61 1.30 2.82 8.9 17.8 41.6 0.00
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Table F.5.1
Stiffness data of subject

Trial V Body
(ms1)

V Leg
(ms1)

Ki
(kN/m)

K2
(kN/m)

Ktotai

(kN/m)
Barefoot 1 0.82 1.10 40 230 34.1
Barefoot 2 0.73 1.00 40 221 33.9
Barefoot 3 0.81 0.92 32 312 29.0
Barefoot 4 0.69 0.80 38 337 34.1
Barefoot 5 0.76 0.95 38 230 32.6
Soft-shoes 1 0.75 1.09 56 85 33.8
Soft-shoes 2 0.89 1.09 50 128 36.0
Soft-shoes 3 0.81 1.02 45 129 33.4
Soft-shoes 4 0.75 0.95 42 117 30.9
Soft-shoes 5 0.79 1.16 49 99 32.8
Hard-shoes 1 0.71 1.26 43 87 28.8
Hard-shoes 2 0.79 1.08 35 171 29.1
Hard-shoes 3 0.69 0.95 43 119 31.6
Hard-shoes 4 0.75 0.92 36 192 30.3
Hard-shoes 5 0.76 1.07 40 133 30.8

Table F.5.2
Simulated VGRF data of subject 5

Trial Stan.
Time
(ms)

Imp.
Peak
(BW)

Local
Mm

(BW)

Act.
Peak
(BW)

Imp.
Time
(%)

Local
Time
(%)

Act.
Time
(%)

P
T-Off
(cm)

Barefoot 1 183.1 2.00 0.82 2.80 5.7 15.3 50.3 0.16
Barefoot 2 189.3 1.80 0.77 2.64 5.7 15.1 49.9 0.16
Barefoot 3 200.7 1.89 0.58 2.71 4.5 12.7 47.4 0.25
Barefoot 4 188.4 1.74 0.60 2.62 4.6 12.8 47.4 0.21
Barefoot 5 190.5 1.77 0.79 2.70 5.6 14.7 49.6 0.17
Soft-shoes 1 194.9 1.56 1.24 2.69 9.2 18.4 40.8 0.08
Soft-shoes 2 175.2 1.78 1.40 3.02 8.9 18.2 41.9 -0.01
Soft-shoes 3 188.0 1.63 1.19 2.75 8.1 17.4 41.1 0.04
Soft-shoes 4 200.4 1.47 1.12 2.60 8.1 16.9 41.5 0.04
Soft-shoes 5 193.6 1.66 1.21 2.74 8.6 18.4 40.8 -0.03
Hard-shoes 1 219.0 1.59 0.95 2.46 7.6 17.9 38.9 0.00
Hard-shoes 2 205.9 1.74 0.83 2.62 6.0 15.5 50.5 0.17
Hard-shoes 3 203.0 1.45 1.03 2.49 7.6 16.8 41.1 0.06
Hard-shoes 4 201.2 1.60 0.85 2.63 6.0 15.0 49.9 0.18
Hard-shoes 5 201.2 1.63 1.00 2.57 7.1 16.8 50.4 0.09
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Table F.6.1
Stiffness data of subject 6

Trial V Body
(ms1)

V Leg
(ms1)

Ki
(kN/m)

K2
(kN/m)

Ktotai

(kN/m)
Barefoot 1 0.69 0.62 32 471 30.0
Barefoot 2 0.71 0.58 33 491 30.9
Barefoot 3 0.62 0.78 44 271 37.9
Barefoot 4 0.63 0.72 36 336 32.5
Barefoot 5 0.70 0.59 36 546 33.8
Soft-shoes 1 0.60 0.64 42 173 33.8
Soft-shoes 2 0.46 0.76 58 89 35.1
Soft-shoes 3 0.50 0.41 42 254 36.0
Soft-shoes 4 0.56 0.60 45 178 35.9
Soft-shoes 5 0.39 0.52 51 142 37.5
Hard-shoes 1 0.61 0.86 47 111 33.0
Hard-shoes 2 0.63 0.64 40 188 33.0
Hard-shoes 3 0.61 0.47 38 200 31.9
Hard-shoes 4 0.70 0.83 35 137 27.9
Hard-shoes 5 0.53 0.75 58 99 36.6

Table F.6.2
Simulated VGRF data of subject 6

Trial Stan.
Time
(ms)

Imp.
Peak
(BW)

Local
Mm

(BW)

Act.
Peak
(BW)

Imp.
Time
(%)

Local
Time
(%)

Act.
Time
(%)

P
T-Off
(cm)

Barefoot 1 206.1 1.56 0.46 2.56 3.6 10.4 48.9 0.29
Barefoot 2 200.0 1.51 0.51 2.63 3.8 10.5 48.9 0.28
Barefoot 3 186.2 1.57 0.71 2.53 5.4 14.1 48.7 0.16
Barefoot 4 202.5 1.56 0.54 2.47 4.4 12.2 47.5 0.23
Barefoot 5 201.5 1.59 0.50 2.66 3.5 9.9 46.2 0.26
Soft-shoes 1 201.5 1.19 0.92 2.45 7.0 14.6 49.7 0.13
Soft-shoes 2 226.1 1.10 0.87 2.15 7.7 15.6 38.3 0.18
Soft-shoes 3 200.0 0.96 0.78 2.37 6.2 12.5 48.1 0.18
Soft-shoes 4 198.2 1.15 0.90 2.41 7.1 14.5 49.5 0.13
Soft-shoes 5 217.3 0.94 0.76 2.14 7.1 14.0 48.0 0.10
Hard-shoes 1 209.4 1.30 0.98 2.36 7.8 16.5 41.0 0.04
Hard-shoes 2 201.6 1.22 0.91 2.50 6.7 14.4 49.6 0.15
Hard-shoes 3 205.3 1.03 0.91 2.49 7.1 13.1 49.0 0.18
Hard-shoes 4 220.1 1.32 0.93 2.48 6.9 15.3 50.1 0.15
Hard-shoes 5 206.9 1.17 1.00 2.30 8.6 16.1 40.1 0.00
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Table F.7.1
Stiffness data of subject 7

Trial V Body
(ms')

V Leg
(ms1)

Ki
(kNIm)

K2
(kN/m)

Ktotai
(kNIm)

Barefoot 1 0.88 0.79 30 158 25.2
Barefoot 2 0.79 0.91 34 109 25.9
Barefoot 3 0.91 0.83 27 158 23.1

Barefoot 4 0.86 1.03 30 116 23.8
Barefoot 5 0.92 0.95 31 107 24.0
Soft-shoes 1 0.82 0.61 29 157 24.5
Soft-shoes 2 0.89 0.95 33 83 23.6
Soft-shoes 3 0.87 0.76 29 126 23.6
Soft-shoes 4 0.87 0.92 28 91 21.4
Soft-shoes 5 0.90 1.05 32 73 22.2
Hard-shoes 1 0.81 0.77 31 114 24.4
Hard-shoes 2 0.94 1.10 31 64 20.9
Hard-shoes 3 0.92 0.89 29 98 22.4
Hard-shoes 4 0.84 1.03 34 70 22.9
Hard-shoes 5 0.93 0.98 33 90 24.1

Table F.7.2
Simulated VGRF data of subject 7

Trial Stan.
Time
(ms)

Imp.
Peak
(BW)

Local
Mm

(BW)

Act.
Peak
(BW)

Imp.
Time
(%)

Local
Time
(%)

Act.
Time
(%)

P
T-Off
(cm)

Barefoot 1 196.0 1.48 1.10 2.87 6.9 14.8 50.3 0.16
Barefoot 2 200.3 1.46 1.14 2.65 8.0 16.5 46.0 0.08
Barefoot 3 205.5 1.50 1.03 2.86 6.4 14.5 49.9 0.21
Barefoot 4 206.4 1.61 1.08 2.71 7.2 16.4 50.6 0.12
Barefoot 5 201.6 1.53 1.26 2.83 8.3 16.4 44.9 0.09
Soft-shoes 1 203.3 1.24 1.08 2.78 7.4 13.8 49.7 0.18
Soft-shoes 2 208.3 1.47 1.32 2.80 9.6 16.8 42.6 0.01
Soft-shoes 3 206.7 1.35 1.16 2.79 7.9 14.9 50.0 0.15
Soft-shoes 4 221.6 1.40 1.17 2.66 8.3 16.1 47.2 0.09
Soft-shoes 5 216.9 1.50 1.30 2.76 9.4 17.3 42.0 0.00
Hard-shoes 1 206.7 1.33 1.16 2.69 8.3 15.3 49.3 0.11
Hard-shoes 2 223.6 1.51 1.35 2.79 9.8 17.4 42.2 -0.04
Hard-shoes 3 211.9 1.43 1.26 2.80 8.7 15.9 46.1 0.09
Hard-shoes 4 217.9 1.45 1.26 2.68 9.4 17.3 41.7 0.03
Hard-shoes 5 203.1 1.54 1.35 2.88 9.3 16.9 42.6 0.02
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Table F.8.1
Stiffness data of subject 8

Trial V Body
(ms')

V Leg
(ms')

Ki
(kN/m)

K2
(kNIm)

Ktotai
(kN/m)

Barefoot 1 0.81 0.86 36 226 31.1

Barefoot 2 0.79 0.81 36 236 31.2
Barefoot 3 0.81 0.72 36 219 30.9
Barefoot 4 0.66 0.80 35 169 29.0
Barefoot 5 0.75 0.77 36 176 29.9
Soft-shoes 1 0.79 0.76 33 170 27.6
Soft-shoes 2 0.68 0.81 43 140 32.9
Soft-shoes 3 0.71 0.76 37 115 28.0
Soft-shoes 4 0.67 0.72 32 146 26.2
Soft-shoes 5 0.78 0.91 37 103 27.2
Hard-shoes 1 0.84 0.94 37 122 28.4
Hard-shoes 2 0.73 0.74 35 145 28.2
Hard-shoes 3 0.73 1.06 41 105 29.5
Hard-shoes 4 0.83 0.93 38 139 29.8
Hard-shoes 5 0.86 0.86 37 127 28.7

Table F.8.2
Simulated VGRF data of subject 8

Trial Stan.
Time
(ms)

Imp.
Peak
(BW)

Local
Mm

(BW)

Act.
Peak
(BW)

Imp.
Time
(%)

Local
Time
(%)

Act.
Time
(%)

P
T-Off
(cm)

Barefoot 1 167.6 1.81 0.96 2.94 5.9 14.9 50.1 0.15
Barefoot 2 167.4 1.75 0.95 2.93 5.9 14.6 49.8 0.15
Barefoot 3 166.9 1.58 1.08 2.98 6.4 14.6 50.1 0.14
Barefoot 4 184.2 1.51 0.89 2.59 6.2 15.1 50.2 0.13
Barefoot 5 174.5 1.53 1.05 2.79 6.8 15.3 50.5 0.13
Soft-shoes 1 181.3 1.50 1.06 2.82 6.8 15.0 50.4 0.19
Soft-shoes 2 170.3 1.51 1.14 2.66 7.8 16.6 46.3 0.05
Soft-shoes 3 186.0 1.37 1.16 2.63 8.4 16.1 45.9 0.06
Soft-shoes 4 195.7 1.34 0.94 2.56 6.7 14.9 50.0 0.09
Soft-shoes 5 185.9 1.53 1.24 2.75 8.6 17.1 41.9 0.04
Hard-shoes 1 178.0 1.64 1.26 2.87 8.1 17.0 42.2 0.06
Hard-shoes 2 183.2 1.41 1.09 2.70 7.4 15.5 50.2 0.11
Hard-shoes 3 182.6 1.67 1.11 2.67 7.9 17.8 40.2 0.03
Hard-shoes 4 172.8 1.69 1.23 2.87 7.7 16.8 44.3 0.07
Hard-shoes 5 174.9 1.59 1.34 2.95 8.6 16.5 43.6 0.06
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Table F.9.1
Stiffness data of subject 9

Trial V Body
(ms')

V Leg
(ms1)

Ki
(kN/m)

K2
(kN/m)

Ktotaj

(kN/m)
Barefoot 1 0.61 0.76 30 240 26.7
Barefoot 2 0.58 0.43 30 441 28.1
Barefoot 3 0.66 0.53 28 379 26.1
Barefoot 4 0.59 0.66 31 288 28.0
Barefoot 5 0.61 0.50 26 426 24.5
Soft-shoes 1 0.57 0.64 31 92 23.2
Soft-shoes 2 0.42 0.45 34 147 27.6
Soft-shoes 3 0.54 0.70 35 78 24.2
Soft-shoes 4 0.55 0.73 35 76 24.0
Soft-shoes 5 0.56 0.61 34 118 26.4
Hard-shoes 1 0.59 0.58 32 141 26.1
Hard-shoes 2 0.51 0.74 39 88 27.0
Hard-shoes 3 0.56 0.67 32 110 24.8
Hard-shoes 4 0.54 0.73 31 92 23.2
Hard-shoes 5 0.49 0.82 31 123 24.8

Table F.9.2
Simulated VGRF data of subject

Trial Stan.
Time
(ms)

Imp.
Peak
(BW)

Local
Mm

(BW)

Act.
Peak
(BW)

Imp.
Time
(%)

Local
Time
(%)

Act.
Time
(%)

P
T-Off
(cm)

Barefoot 1 213.4 1.49 0.56 2.41 4.6 12.7 47.2 0.24
Barefoot 2 204.2 1.19 0.51 2.45 3.7 10.0 48.6 0.27
Barefoot 3 208.0 1.33 0.54 2.53 3.9 10.6 48.8 0.28
Barefoot 4 207.8 1.43 0.54 2.40 4.4 12.0 47.6 0.24
Barefoot 5 220.7 1.31 0.42 2.42 3.4 9.7 48.3 0.32
Soft-shoes 1 240.4 1.03 0.90 2.28 7.9 14.4 48.8 0.12
Soft-shoes 2 229.9 0.88 0.72 2.19 6.4 12.8 47.8 0.18
Soft-shoes 3 242.2 1.04 0.90 2.21 8.1 15.0 47.6 0.07
Soft-shoes 4 241.7 1.07 0.92 2.22 8.2 15.2 47.0 0.06
Soft-shoes 5 220.5 1.07 0.90 2.34 7.5 14.5 49.3 0.13
Hard-shoes 1 217.8 1.08 0.87 2.40 6.9 13.9 49.2 0.17
Hard-shoes 2 229.4 1.10 0.87 2.20 7.6 15.4 48.2 0.06
Hard-shoes 3 230.8 1.09 0.85 2.30 7.1 14.6 49.3 0.14
Hard-shoes 4 245.6 1.08 0.82 2.23 7.0 14.8 49.1 0.13
Hard-shoes 5 244.0 1.23 0.61 2.18 5.6 14.3 48.2 0.18
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Table F.10.1
Stiffness data of subject 10

Trial V Body
(ms)

V Leg
(ms)

Ki
(kN/m)

K2
(kN/m)

Ktotai
(kN/m)

Barefoot 1 0.83 0.61 25 290 23.0
Barefoot 2 0.77 0.81 29 189 25.1
Barefoot 3 0.86 0.73 25 457 23.7
Barefoot 4 0.92 1.04 26 127 21.6
Barefoot 5 0.88 0.87 28 239 25.1
Soft-shoes 1 0.83 0.57 27 184 23.5
Soft-shoes 2 0.86 0.93 25 93 19.7
Soft-shoes 3 0.80 0.69 27 147 22.8
Soft-shoes 4 0.91 0.71 27 161 23.1
Soft-shoes 5 0.86 0.98 31 88 22.9
Hard-shoes 1 0.87 0.61 25 244 22.7
Hard-shoes 2 0.72 0.98 38 100 27.5
Hard-shoes 3 0.86 1.14 39 102 28.2
Hard-shoes 4 0.88 0.69 27 244 24.3
Hard-shoes 5 0.85 0.94 32 157 26.6

Table F.10.2
Simulated VGRF data of subject 10

Trial Stan.
Time
(ms)

Imp.
Peak
(BW)

Local
Mm

(BW)

Act.
Peak
(BW)

Imp.
Time
(%)

Local
Time
(%)

Act.
Time
(%)

P
T-Off
(cm)

Barefoot 1 189.1 1.50 0.80 2.97 4.7 11.8 48.2 0.26
Barefoot 2 187.2 1.61 0.87 2.77 5.7 14.3 49.3 0.18
Barefoot 3 188.0 2.02 0.42 2.90 3.4 10.2 48.9 0.28
Barefoot 4 198.6 1.74 1.05 2.86 6.6 15.8 50.9 0.16
Barefoot 5 181.8 1.85 0.82 2.97 5.1 13.5 48.3 0.21
Soft-shoes 1 190.1 1.29 1.05 2.90 6.6 13.3 49.2 0.19
Soft-shoes 2 214.7 1.46 1.11 2.68 7.6 16.0 49.9 0.12
Soft-shoes 3 196.9 1.35 1.04 2.77 6.8 14.4 49.9 0.17
Soft-shoes 4 189.3 1.45 1.13 2.99 6.9 14.3 50.0 0.18
Soft-shoes 5 196.5 1.55 1.27 2.80 8.6 17.1 42.0 0.04
Hard-shoes 1 192.7 1.42 0.88 2.93 5.2 12.4 48.1 0.24
Hard-shoes 2 185.3 1.57 1.12 2.63 8.0 17.4 40.6 0.03
Hard-shoes 3 174.5 1.83 1.31 2.96 8.4 18.3 41.2 0.01
Hard-shoes 4 185.1 1.56 0.90 2.98 5.2 12.9 48.2 0.22
Hard-shoes 5 178.9 1.74 1.07 2.89 6.7 15.8 50.9 0.13
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Table F.11.1
Average simulated stiffness data of all subjects

Trial V Body
(ms1)

V Leg
(ms')

K1
(kN/m)

K2
(kNIm)

Ktotaj

(kN/m)
S 1 barefoot 0.73 0.93 35.2 217.4 29.7
S 1 soft-shoe 0.85 1.28 46.2 72.4 28.2
S 1 hard-shoe 0.89 1.29 49.6 78.2 30.3
S 2 barefoot 1.11 0.90 25.4 304.8 23.4
S 2 soft-shoe 1.12 0.90 22.2 148.0 18.9
S 2 hard-shoe 1.07 0.94 24.2 133.6 19.3
S 3 barefoot 0.61 0.65 34.8 329.0 31.3
S 3 soft-shoe 0.60 0.59 40.4 186.2 32.5
S 3 hard-shoe 0.56 0.81 53.8 232.0 37.6
S4barefoot 0.64 0.81 52.8 247.6 41.0
S4 soft-shoe 0.77 0.95 47.4 101.6 31.5
S4hard-shoe 0.83 1.04 42.8 133.0 31.8
S 5 barefoot 0.76 0.95 37.6 266.0 32.7
S 5 soft-shoe 0.80 1.06 48.4 111.6 33.4
5 5 hard-shoe 0.74 1.05 39.4 140.4 30.1
S 6 barefoot 0.67 0.66 36.2 423.0 33.0
5 6 soft-shoe 0.50 0.59 47.6 167.2 35.7
5 6 hard-shoe 0.62 0.71 43.6 147.0 32.5
S 7 barefoot 0.87 0.90 30.4 129.6 24.4
S 7 soft-shoe 0.87 0.86 30.2 106.0 23.1
S 7 hard-shoe 0.89 0.95 31.6 87.2 22.9
S 8 barefoot 0.76 0.79 35.8 205.2 30.4
S 8 soft-shoe 0.73 0.79 36.4 134.8 28.4
S 8 hard-shoe 0.80 0.91 37.6 127.6 28.9
5 9 barefoot 0.61 0.57 29.0 354.8 26.7
S 9 soft-shoe 0.53 0.63 33.8 102.2 25.1
S9hard-shoe 0.54 0.71 33.0 110.8 25.2
S 10 barefoot 0.85 0.81 26.6 260.4 23.7
5 10 soft-shoe 0.85 0.78 27.2 134.6 22.4
5 10 hard-shoe 0.83 0.87 32.2 169.4 25.9
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Table F.11.2
Average Simulated VGRF of all subjects

Trial Stan.
Time
(ms)

Imp.
Peak
(BW)

Local
Mm

(BW)

Act.
Peak
(BW)

Imp.
Time
(%)

Local
Time
(%)

Act.
Time
(%)

P
T-Off
(cm)

S 1 barefoot 211.8 1.57 0.76 2.55 5.6 14.4 46.6 0.19
S 1 soft-shoe 218.2 1.61 1.22 2.70 9.0 18.6 40.7 0.09
S 1 hard-shoe 206.9 1.70 1.32 2.84 9.4 18.8 41.3 0.11
S 2 barefoot 200.0 1.95 0.79 3.19 4.5 12.2 48.2 0.30
S2 soft-shoe 227.4 1.50 1.12 3.01 6.7 14.3 48.6 0.25
5 2 hard-shoe 227.9 1.47 1.20 2.95 7.7 15.0 46.7 0.14
S3 barefoot 210.1 1.32 0.61 2.45 4.7 11.8 48.4 0.25
S 3 soft-shoe 208.0 1.14 0.89 2.44 6.9 14.0 48.9 0.15
S 3 hard-shoe 202.6 1.34 0.81 2.37 6.8 15.0 42.4 0.07
5 4 barefoot 182.8 1.53 0.87 2.59 6.3 15.1 47.3 0.14
5 4 soft-shoe 208.2 1.41 1.20 2.64 9.0 17.0 42.8 -0.01
S4hard-shoe 201.9 1.58 1.15 2.73 7.9 17.0 43.0 0.06
S 5 barefoot 190.4 1.84 0.71 2.69 5.2 14.1 48.9 0.19
S 5 soft-shoe 190.4 1.62 1.23 2.76 8.6 17.9 41.2 0.02
S 5 hard-shoe 206.1 1.60 0.93 2.55 6.9 16.4 46.2 0.10
S 6 barefoot 199.3 1.56 0.54 2.57 4.1 11.4 48.0 0.24
S 6 soft-shoe 208.6 1.07 0.85 2.30 7.0 14.2 46.7 0.14
S 6 hard-shoe 208.7 1.21 0.95 2.43 7.4 15.1 45.9 0.10
S 7 barefoot 202.0 1.52 1.12 2.79 7.4 15.7 48.3 0.13
S 7 soft-shoe 211.4 1.39 1.21 2.76 8.5 15.8 46.3 0.09
5 7 hard-shoe 212.6 1.45 1.28 2.77 9.1 16.6 44.4 0.04
5 8 barefoot 172.1 1.64 0.99 2.85 6.2 14.9 50.1 0.14
S8 soft-shoe 183.8 1.45 1.11 2.69 7.6 15.9 46.9 0.09
S 8 hard-shoe 178.3 1.60 1.21 2.81 7.9 16.7 44.1 0.07
S 9 barefoot 210.8 1.35 0.51 2.44 4.0 11.0 48.1 0.27
S9 soft-shoe 234.9 1.02 0.87 2.25 7.6 14.4 48.1 0.11
S 9 hard-shoe 233.5 1.12 0.80 2.26 6.9 14.6 48.8 0.14
S 10 barefoot 188.9 1.74 0.79 2.89 5.1 13.1 49.1 0.22
5 10 soft-shoe 197.5 1.42 1.12 2.83 7.3 15.0 48.2 0.14
S 10 hard-shoe 183.3 1.62 1.06 2.88 6.7 15.4 45.8 0.13




