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ABSTRACT

The purposes of this study was to investigate the biomechanical influence of the walking shoe with a plate spring in the heel and

interchangeable heel cushioning elements. Eighteen subjects walked in three conditions: 1) the walking shoes Type A-1 with a soft heel

insert, 2) the Type A-2 shoe with a stiff heel insert, 3) a general walking shoe(Type B). Ground reaction forces, leg movements, leg

muscle activity and ankle, knee and hip joint loading were measured and calculated during overground walking. During walking, the

ankle is a few degrees more dorsiflexed during landing and the knee is slightly more flexed during takeoff with the Type A shoes. As a

result of the changes in the walking movement, the ground reaction forces are applied more quickly and the peak magnitudes are higher.

Muscle activity of the quadricep, hamstring and calf muscles decrease during the first 25% of the stance phase when walking in the

Type A shoes. The resultant joint moments at the ankle, knee and hip joints decrease from 30-40% with the largest reductions occurring

during landing.
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Ⅰ. Introduction

Exercise capacity and physical activity are associated with low

all-cause mortality and with low morbidity and mortality for

cardiovascular diseases(Cohen, Marx, Biddison, & Guralnik, 2004;

Landi, Carpenter, Soldato, & Bernabei, 2007; Wannamethee, Shaper,

& Walker, 2000, ). Exercise during early adulthood has been

recommended(Caspersen, Pereira, & Curran, 2000) to help mediate

atherosclerosis, which causes cardiovascular disease(Fumiko, Keiko,

Michiyo, & Rezo, 2008). Walking is a form of locomotion that we

use on a daily basis for transportation and for exercise(Cress,

Buchner, Questad, Esselman, deLateur, & Schwartz, 1999).
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Typically, an average person takes about 5000 steps a day

walking(Tudor-Locke, & Bassett, 2004). For a healthy lifestyle, it

has been recommended that a person take at least 10,000 steps

per day(Lee, Sesso, Oguma, & Paffenbarger, 2004, Le Masurier,

Sidman, & Corbin, 2003). With every step, the foot is making

contact with the ground and producing external forces on the shoe

that are absorbed and transmitted up the leg. Additionally, with

each step, the muscles in the body(mainly the large muscles in

the leg) propel the body forward by swinging the leg during

swing phase and by absorbing and generated forces during the

stance phase. An understanding of the external forces, movements

of our body, muscular forces and physiological effects on our

energy systems, help us in our quest to optimize performance and

minimize the chance of injuries to our bodies.

Shoes for walking and other locomotion activities are typically



14 Seung-Bum Park․Darren Stefanyshyn․Stergiou Pro․Panizzolo Fausto․Yong-Jae, Kim․Kyung-Deuk Lee

constructed to provide stability for the user(Nigg, Hintzen, &

Ferber, 2006). The biomechanical literature has principally focused

on three techniques for evaluating the effect of foot posture, foot

orthoses and footwear on lower limb function. These techniques

include; kinematics, kinetics or plantar pressures and

electromyography(Eugene, Orrin, 2004; Murley, Landorf, Menz,

Bird, 2009; Landorf & Keenan, 2000; McCaw, Heil, Hamill, 2000).

Shorten(2000) showed that soft cushioning systems increased

the duration of footstrike impacts and spread the load across a

larger area of the plantar surface. The careful selection of cushion

materials is imperative to meet individual functional demands(Sun,

Wei, Chen, Wu, Kao, & Cheng, 2008). The present technique is

useful for biomechanical as well as clinical evaluation of the

stress-strain and energy absorption characteristics of the heel pad

in vivo, during natural gait(Amit, Michal, & Yacov, 2001). Shoe

inserts are frequently incorporated into regular footwear to protect

the foot from potentially injurious impact with the ground. The

use of heel cushions is an essential strategy in treating and

preventing the disorders such as Achilles tendonitis and plantar

fascitis(Lynch, Goforth, Martin, Odom, Preece, & Kotter, 1998).

Other influences of footwear have also been observed, such as

muscle activity (Murley et. al., 2009), postural control (Menz &

Sherrington, 2000; Wilson, Rome, Hodgson, & Ball, 2008) and

athletic performance (Burkett, Kohrt, & Buchbinder, 1985;

Stefanyshyn & Nigg, 2000). A walking shoe is designed to help

cushion the impact of each step at heel contact, provide stability

through mid stance and provide a smooth transition of the foot at

take off. Additionally, the shoe provides protection against the

elements and traction properties for safety. Understanding the

effects produced by footwear on our biomechanics is vital to

make sure that we are not causing undue mechanical or

physiological stresses that may lead to an increased chance of

injury or a reduction in performance. Therefore, the purpose of

this study was to investigate the biomechanical influence of the

new walking shoes.

Ⅱ. Methods

1. Subjects

Eighteen(18) subjects were used in this study(average height =

172.5 cm; average mass 71.8 kg; average age = 31.7 years).

<Table 1> below outlines the height, weight and ages of each

subject. These subjects were free of any lower limb injury at the

time of study.

Height(cm) Mass(kg) Age(yrs)

Mean 172.5 71.8 31.7

SD ±9.7 ±11.9 ±9.6

Table 1. General characteristics of the subjects

Shoe Size Mass(g)

US mm Type A Type B

Men's

9 270 575 304

9.5 275 602 312

10 280 606 326

Women's

6 240 425 250

6.5 245 443 256

7 250 521 264

Table 2. Sizes and masses of the shoes

Type A Type B

Black insert(C 28) White insert(C 35)

Plate Spring and Cushioning Elements

Figure 1. Images of the shoe conditions used in this study. The
Type A shoe condition is shown on the top left and
the Type B shoe on the top right. Inserts are shown in
the bottom images. The inserts could be replaced on
the outer part of the Type A shoe.

2. Instrumentation and Procedure

Three footwear conditions were used in this study. These

included a general walking shoe(Type B) and a new design for a
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walking shoe(Type A), with two different heel insert

conditions(Black(Type A-1) and White(Type A-2)). The two

inserts differed in stiffness characteristics with the black having a

stiffness of Shore C 28 and the white insert having a stiffness of

Shore C 35. The white insert is the "stiffer" material. The Type

A and Type B shoe has the capability to remove and exchange

the inserts in the outer heel area of the shoe. The average mass

of the control shoe was 256.7 g for the female shoes and 314.0 g

for the male shoes. The average mass of the A and B shoes was

463.0 g for the female shoes and 594.3 g for the male shoes.

<Table 2> outlines the details of the mass of the shoes. Images

of the shoes can be seen below in <Figure 1>.

Figure 2. Markers and EMG electrodes

 

Figure 3. A drawing showing the muscles used for collection
of EMG in this study. The muscles included the
tibialis anterior, vastus medialis, gastrocnemius and
biceps femoris.

In order to assess the influence of the footwear conditions

each subject underwent a series of biomechanical testing. During

the biomechanical testing, each subject was first prepared with the

necessary reflective markers to measure the kinematics and EMG

electrodes to measure the muscular activity. Nine reflective

markers were adhered to the right leg of the subject for the

measurement of kinematics of the leg. Three were placed on each

of the shoe, lower leg and upper leg. Additionally, two markers

were placed at the joint centres of the ankle, knee and hip which

were used to determine the joint centre locations for the proper

calculation of joint moments.

<Figure 2> below shows a set up of a subject. Nine joint

segment markers, 3 each placed on the shoe, lower leg and upper

legs are shown. Joint centre markers were also placed at the

ankle, knee and hip. The image on the far left shows all markers,

including the joint centre markers used in the neutral standing

trial. The other images show how the subject was set up for the

walking trials, including EMG electrodes placement. A carrying

case is seen in the two right images in which the EMG data

collection system was carried. EMG electrodes were placed over

four muscles which included the tibialis anterior, vastus medialis,

medial head of the gastrocnemius and the biceps femoris. <Figure

3> shows the location of each muscle group.

3. Data Collection and Analysis

The presentation of each of the shoe conditions was randomly

selected and provided to the subjects. The subject performed 10

over-ground walking trials in each of the three shoe conditions.

Walking speed was 1.35 m/s and was controlled with two photo

cells mounted at hip height that monitored speed. A trial was

collected if the walking speed was in the range of 1.3 to 1.4 m/s.

Simultaneous video, ground reaction force and EMG data were

collected as the subject performed each trial. Video data were

collected at 240 Hz using motion Analysis high speed cameras.

Force data were collected using a Kistler tri-axial force platform

collecting data at 2400 Hz. EMG data were collected at 2400 Hz.

All data were collected simultaneously using EVA data collection

software(Motion Analysis Corp., Santa Rosa, CA).

All kinematic, kinetic and EMG data were imported into

kintrak software(The University of Calgary, Calgary, AB) for

processing. Kinematic data were smoothed using a fourth-order

low-pass Butterworth filter with a cut-off frequency of 20 Hz.

Kinetic data were smoothed using a low-pass Butterworth filter
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with a cut-off frequency of 100 Hz. EMG data were processed

using a fourth order band-pass filter with cut-off frequencies of

20 Hz and 500 Hz.

The variables of interest for this study included 3-dimensional

ground reaction forces, movement of the shoe with respect to the

lower leg, movement of the lower leg with respect to the upper

leg, joint moments at the ankle, knee and hip, and muscular

activation at the four muscles. Typical kinematic, kinetic and

EMG data from one subject(subject #8) are shown in the Figures

that follow.

Curves are presented with averages and standard deviations of

the 10 trials from the Type A-1 shoe condition. From the curves,

discreet variables were extracted and analyzed to see if differences

existed between shoe conditions. The variables are listed on each

of the curves.

<Figure 4A> shows the kinetic data from the force plate.

Variables for analysis are shown on each graph. Top graph

represents vertical ground reaction force. Middle graph represents

medial-lateral ground reaction force. Bottom graph represents

anterior-posterior ground reaction force. Variables for analysis are

shown on each graph. <Figure 4B> shows the kinematic data of

ankle motion. The graphs represent the motion of the foot with

respect to the lower leg. Variables for analysis are shown on each

graph. <Figure 4C> shows the kinematic data of knee motion.

The graphs represent the motion of the lower leg with respect to

the upper leg. Variables for analysis are shown on each graph.

<Figure 4D> shows the graphs of calculated ankle joint moments.

Variables for analysis are shown on each graph. <Figure 4E>

shows the graphs of calculated knee joint moments. Variables for

analysis are shown on each graph. <Figure 4F> shows the graphs

of calculated hip joint moments. Variables for analysis are shown

on each graph. Each graph shows an average curve for 10 trials

for subject #8 with standard deviations plotted around each curve.

<Figure 4G, Figure 4H, Figure 4I, Figure 4J> shows the

graphs representing EMG data of one typical trial of subject #8

walking in the Type A-1 shoe condition. The <Figure 4G> graph

represents a signal from the tibialis anterior muscle and the

<Figure 4H> graph from the medial gastrocnemius muscle. The

<Figure 4I> graph represents a signal from the vastus edialis

muscle and the <Figure 4J> graph from the biceps femoris

muscle. RMS, which represents the magnitude of the signal, was

calculated in 25% sections of stance and for the complete stance

phase. The RMS variables that were calculated are listed on each

of the graphs.

Figure 4A. Kinetic data from the force plate

Figure 4B. Kinematic data of ankle motion
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Figure 4C. Kinematic data of knee motion

Figure 4D. Ankle joint moments.

Figure 4E. Graphs of calculated knee joint moments.

Figure 4F. Graphs of calculated hip joint moments.
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Figure 4G. graph represents a signal from the Tibialis Anterior muscle

Figure 4H. graph represents a signal from the Medial Gastrocnemius muscle

Figure 4I. graph represents a signal from the Vastus Medialis muscle

Figure 4J. graph represents a signal from the Biceps Femoris muscle

Ⅲ. Results

1. Kinetics(Forces)

Generally, the Type B(Control) shoe had overall lower values

for the kinetic(force) variables compared to Type A shoe

conditions. All but one kinetic variable analyzed in this study

showed significantly lower values for the control shoe condition.

There were no patterns for significant differences between the

Type A shoe conditions for the kinetics. Two differences that

existed between the Type A shoe conditions included the Type

A-2 condition having a lower Max Lateral Force and a higher

max posterior force compared to the Type A-1 shoe condition.

The <Figure 5> below show the differences in kinetics between

the shoe conditions.

Each curve of <Figure 5> is representative of the average data

from all subjects for each of the shoe conditions. The top graph

represents the vertical force, the middle graph the medial-lateral

force and the bottom graph the anterior-posterior force.

2. Kinematics(Movements)

The kinematics(movement) variables showed some differences

between the shoe conditions. At the ankle joint, in the sagittal

plane, there was a higher range of motion(ROM) when the

subjects were wearing the Type B shoe. There were no

differences between the Type A shoe conditions. The <Figure 6>

below shows plots of the ankle ROM throughout stance

comparing the shoe conditions. The flatter profile when wearing

the Type A-1, 2 shoes is evident.
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Variable # Joint Variable Name Type A-1 Type A-2 Type B Differences
1 - Max Impact Force(N) 827.3 830.4 813.5 Type B < Type A-1 & Type A-2
2 - Max Active Force(N) 801.1 803.6 801.6 -
3 - Rate of Vertical Loading(N/s) 17312.2 16831.1 14570.2 Type B < Type A-1 & Type A-2
4 - Max Medial Force(N) 37.9 39.9 33.3 Type B < Type A-1 & Type A-2
5 - Max Lateral Force(N) -56.0 -52.9 -48.1 Type B < Type A-2 < Type A-1
6 - Max Anterior Force(N) 178.7 178.6 162.5 Type B < Type A-1 & Type A-2
7 - Max Posterior Force(N) -169.7 -172.9 -165.4 Type B < Type A-1 < Type A-2
8 - Anterior Impulse(Ns) 27.7 27.8 26.8 Type B < Type A-1 & Type A-2
9 - Posterior Impulse(Ns) -27.5 -27.9 -25.8 Type B < Type A-1 & Type A-2
10 Ankle Max Dorsi at Contact(degrees) 96.0 95.7 94.6 Type B < Type A-1 & Type A-2
11 Ankle Min Plantar after Contact(degrees) 85.8 85.3 81.7 Type B < Type A-2 & Type A-1
12 Ankle Max Dorsi at Takeoff(degrees) 102.5 102.4 102.6 -
13 Ankle Max Inversion at Contact(degrees) -0.1 0.3 -0.8 -
14 Ankle Min Eversion at Stance(degrees) -12.4 -12.5 -11.5 -
15 Ankle Max Abduction at Stance(degrees) 10.2 10.2 10.4 -
16 Ankle Min Adduction at Takeoff(degrees) -3.9 -4.4 -4.6 Type A-1 < Type A-2
17 Knee Knee Pos at Contact(degrees) 0.4 0.0 0.4 -
18 Knee Max Flexion at Stance(degrees) -17.7 -18.0 -16.8 -
19 Knee Max Extension at Stance(degrees) -2.1 -2.1 -2.0 -
20 Knee Max Flexion at Takeoff(degrees) -39.4 -39.8 -42.2 Type B > Type A-2 & Type A-1
21 Knee Max Abduction at Stance(degrees) 1.0 1.0 1.3 -
22 Knee Max Adduction at Takeoff(degrees) -2.7 -2.8 -1.9 Type B < Type A-2 & Type A-1
23 Knee Max External at Contact(degrees) 5.9 5.9 7.1 Type B > Type A-2 & Type A-1
24 Knee Max Internal at Stance(degrees) -5.8 -5.9 -4.6 Type B < Type A-2 & Type A-1
25 Ankle Max Dorsiflexion Moment(Nm) 17.3 19.0 28.3 Type B> Type A-2 & Type A-1
26 Ankle Max Plantarflexion Moment(Nm) -121.2 -122.5 -118.8 -
27 Ankle Max Inversion Moment at Contact(Nm) 9.8 9.8 9.4 -
28 Ankle Max Inversion Moment at Stance(Nm) 10.5 10.9 11.2 -
29 Ankle Max Adduction Moment at Stance(Nm) -6.0 -5.9 -5.7 -
30 Ankle Max Abduction Moment at Stance(Nm) 13.0 14.0 15.4 -
31 Knee Max Extension Moment(Nm) 21.2 23.4 30.2 Type B > Type A-1
32 Knee Max Flexion Moment(Nm) -58.3 -59.7 -55.2 -
33 Knee Max Abduction Moment at Contact(Nm) -59.2 -59.2 -57.2 -
34 Knee Max Abduction Moment at Stance(Nm) -45.2 -45.7 -45.8 -
35 Knee Max Internal at Contact(Nm) -4.8 -4.8 -6.1 Type B> Type A-1 & Type A-2
36 Knee Max External at Stance(Nm) 22.8 22.8 22.3 -
37 Hip Max Flexion Moment(Nm) -111.7 -98.3 -84.9 Type B < Type A-1
38 Hip Max Extension Moment(Nm) 31.0 29.6 30.4 -
39 Hip Max Adduction Moment at Contact(Nm) 16.2 15.3 14.6 -
40 Hip Max Abduction Moment at Stance(Nm) -113.0 -102.2 -103.5 -
41 Hip Max Internal Rotation at Contact(Nm) -21.7 -20.1 -19.6 -
42 Hip Max External Rotation at Stance(Nm) 16.5 16.5 17.8 -
43 - RMS Tib Ant 0-25% 0.2858 0.2913 0.3727 Type B > Type A-2 & Type A-1
44 - RMS Tib Ant 25-50% 0.1025 0.0992 0.1149 Type B > Type A-2
45 - RMS Tib Ant 50-75% 0.1478 0.1523 0.1495 -
46 - RMS Tib Ant 75-100% 0.1395 0.1494 0.1383 -
47 - RMS Tib Ant 0-100% 0.1901 0.1940 0.2266 Type B > Type A-1 & Type A-2
48 - RMS Med Gastroc 0-25% 0.1279 0.1292 0.1477 Type B > Type A-1 & Type A-2
49 - RMS Med Gastroc 25-50% 0.1316 0.1328 0.1415 -
50 - RMS Med Gastroc 50-75% 0.3055 0.3104 0.3053 -
51 - RMS Med Gastroc 75-100% 0.1310 0.1446 0.1299 Type A-1 < Type A-2
52 - RMS Med Gastroc 0-100% 0.1975 0.2016 0.2003 -
53 - RMS Vast Med 0-25% 0.1736 0.1736 0.1944 Type B > Type A-1 & Type A-2
54 - RMS Vast Med 25-50% 0.1148 0.0980 0.0938 -
55 - RMS Vast Med 50-75% 0.1319 0.1326 0.1306 -
56 - RMS Vast Med 75-100% 0.0841 0.0902 0.0848 -
57 - RMS Vast Med 0-100% 0.1403 0.1346 0.1376 -
58 - RMS Biceps Fem 0-25% 0.1409 0.1349 0.1534 -
59 - RMS Biceps Fem 25-50% 0.1316 0.1328 0.1415 Type B > Type A-1 > Type A-2
60 - RMS Biceps Fem 50-75% 0.1336 0.1361 0.1343 -
61 - RMS Biceps Fem 75-100% 0.0802 0.0872 0.0825 -
62 - RMS Biceps Fem 0-100% 0.1178 0.1158 0.1208 -

Table 3. Averages of the results for the kinetic(Force), kinematic(Movement) and Muscular Activity(EMG) data from the biomechanical testing of over
ground walking. Each cell represents the average of all 18 subjects. The variables correspond to each variable presented in Figures 4 the
methods section. The column on the right indicated as "Differences" shows the significant differences that exist between the shoe conditions.
For example, for variable 1, there was a significant difference between the shoe conditions with the Type B shoe having a smaller impact force
compared to both the Type A-1 and A-2 shoe conditions.
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Figure 5. Ground reaction force plate data(kinetics)

Figure 6. Ankle joint motion in the sagittal plane.

In the knee joint, a difference in kinematics was observed in

the sagittal plane(flexion-extension). There was a generally less

flexion of the knee at takeoff for both the Type A shoes

conditions. The <Figure 7> below illustrates this.

3. Joint Moments(Joint Loading)

Taking a closer look at the joint moments, there was a trend

for the Type B shoe to have larger joint moments. Two examples

of this are presented in the graphs below. Both the ankle and the

knee had higher joint moments in the sagittal plane during the

initial part of stance phase.

4. EMG(Muscular Activation)

The EMG results showed a trend towards a higher muscular

activation during the first 25% of stance for the Type B shoe.

The tibialis anterior, medial gastrocnemius and the vastus medialis

all had a significantly higher muscular activation for the first 25%

of stance for the Type B shoe. On average, the tibialis anterior

was more activated for the Type B shoe condition for all of

stance.

Figure 7. Knee joint motion in the sagittal plane

Figure 8. Ankle and knee joint moments in the sagittal plane
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Ⅳ. Discussion

The kinetic(ground reaction force data) showed that the Type

A shoes had significantly higher values compared to the Type B

shoe for 8 of the 9 variables that were analyzed. This was

irrespective of the insert used in the Type A shoes with both

being typically higher than the Type B shoe. The forces in all

three directions and the rate of loading were higher. For example,

the most substantial differences in the kinetics included and

increase in the Type A shoes condition of 18.8% higher rate of

loading, a 16.4% higher lateral force and a 10.0% higher anterior

force(all % differences are Type B vs. Type A-1). These are

substantial and significant differences that suggest an increased

external loading on the foot while wearing the Type A shoes.

The kinematic(motion of the leg) data suggested that there was

less overall movement of the leg when using the Type A shoes,

with either shoe insert. Looking closer at the information from

the ankle joint, the flatter profile of the motion suggested that a

strategy of a smaller contact angle and less range of motion

(ROM) was adopted. This strategy might be analogous to a

walking strategy that we adopt when walking on an unknown

surface or a surface that is slippery, for example. Walking with a

"stiffer" ankle in the Type A shoe condition might be considered

a more careful strategy. If a subject feels that there is instability

in the system or is introduced with a completely new

environment(in this case this environment was a dramatic new

shoe design), then this type of walking strategy may be adopted.

It is not known what the long term effect of wearing these shoes

on the kinematics, but it might be speculated that accommodation

to the new footwear condition might take a period of time, and

that the kinematics might change over time as the person gets

"used to" the footwear. It was beyond the scope of this current

study to investigate the influence of accommodation of the

footwear over time, however, this might be considered in future

studies.

Looking at the joint moment variables(which give us a general

indication of the loading in the joint), the Type A shoes had a

general trend to have lower values for the joint moments

compared to the Type B shoe condition. This was most evident

in the ankle and knee joint moments in the sagittal plane. The

dorsiflexion moment at the ankle was 38.9% lower for the Type

A shoes condition and the knee extension moment at contact was

about 29.8% lower for the Type A shoes condition. These

substantial and significantly lower values for the ankle and knee

moments indicate that at contact and into stance, the Type A

shoe provides a system that reduces the joint loading at the ankle

and the knee. Although it was seen that the external reaction

forces were significantly higher for the Type A shoes condition,

the loading at the joint level was decreased signifying a favorable

result.

The EMG data also showed that there was generally less

muscular activity, especially during initial stance period(0-25% of

stance) when wearing the Type A shoes condition. While wearing

the Type A shoes, the subjects had lower muscular activities

during the initial part of stance for the tibialis anterior(23.3%),

medial gastrocnemius(13.4%) and vastus medialis(26.1%). A lower

muscular activity could be interpreted as favorable, especially over

time as a lower activity could be related to a lower loading

within the joint. This result is in parallel with the lower joint

moment results while wearing the Type A shoes.

Overall the Type A shoe design elicited large gait changes

compared to conventional walking footwear. However, the

differences between the two Type A shoe inserts, soft and stiff,

were minimal. The max lateral force was higher for the Type A-1

condition compared to the Type A-2 condition likely due to the

softer materials being slightly less stable. It is unknown why the

max posterior force was higher for the Type A-2 shoe condition

as this force occurs underneath the forefoot which is identical for

both conditions.

Ⅴ. Conclusion

During walking, the ankle is a few degrees more dorsiflexed

during landing and the knee is slightly more flexed during takeoff

with the Type A shoes. As a result of the changes in the walking

movement, the ground reaction forces are applied more quickly

and the peak magnitudes are higher. The increased medial-lateral

forces suggest the Type A shoes are not as stable as standard

walking shoes.

Muscle activity of the quadricep, hamstring and calf muscles

decrease during the first 25% of the stance phase when walking
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in the Type A shoes. The resultant joint moments at the ankle,

knee and hip joints decrease from 30-40% with the largest

reductions occurring during landing.

Overall all these results suggest the Type A shoes could be a

good solution with respect to joint loading and lower extremity.

However, it is suggested that the current design could be

improved by 1) reducing the mass of the shoe and 2) decreasing

the overall height of the midsole.
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