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ABSTRACT 

The increasing popularity of high-heeled shoes can be attributed to modern fashion, 

job requirement and common belief in enhancing aesthetic appeal. Wearing 

high-heeled shoes would change the body alignment and muscle activities, 

redistribute the plantar stresses and ground reaction force. The changes may induce 

clinical problems, such as forefoot pain, hallux valgus deformity, ankle sprain and 

foot callus. This study aimed to evaluate the effect of high-heeled shoe on the 

biomechanical environment of foot, including in-shoe plantar pressures and shear 

stresses, ground reaction force and foot motion patterns, when frictional properties 

of foot-insole interface and walking cadence changed. Results from this study were 

expected to provide more information to improve better high-heeled shoes and 

alleviate high-heeled foot problems.  

 

Ten healthy female subjects volunteered in this study. Five in-shoe triaxial force 

transducers were used to measure the plantar contact pressure and shear at five 

major weightbearing regions, including the hallux, heel, first, second and fourth 

metatarsal heads. A multi-segment foot model, comprised of 8 segments, was 

constructed to analyze the high-heeled gait kinematics. The segments included arch 

angle, hallux, the first and fifth metatarsal, calcaneus, tibia, thigh and pelvis. The 

experiments were carried out with 3 heel heights (30, 50 and 70 mm), 3 interfacial 

conditions (barefoot, nylon and cotton socks) under 3 cadences (90, 110, 130 
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steps/min). The influences of heel heights, interfacial properties and walking 

cadences on in-shoe triaxial stresses and foot kinematics were investigated.  

 

For mechanical stresses, as the heel height increased from 30 to 70 mm, the peak 

pressure and shear stress shifted from the lateral to medial forefoot in either 

balanced standing or walking. Heel height elevation had a greater influence on peak 

shear than peak pressure during walking. The ratios of resultant shear to pressure 

ranged from 0.1 to 0.5 and increased over the heel, hallux, first and second 

metatarsal heads. An increased peak posterolateral shear over the hallux was noted, 

while the peak pressure in this region decreased. It was also found that there were 

differences in the location and time of occurrence between in-shoe peak pressure 

and peak shear. In addition, there were significant differences in time of occurrence 

for the double-peak loading pattern between the resultant horizontal ground reaction 

force peaks and in-shoe localized peak shears. Plantar shear stresses could be of 

particular importance with an inclined supporting surface of high-heeled shoe and 

shear dominant effect should be considered in predicting foot complaints. 

 

Fast walking cadence generated larger peak pressure over all targeted foot regions 

except for the fourth metatarsal head, in which the peak pressure had no differences 

among different walking cadences. The walking cadence had a more pronounced 

influence on the peak resultant shear over hallux, second metatarsal head and heel 
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especially walking with socks, while it slightly changed the shear stress without 

Effects of walking cadence were more important on a low friction surface. 

 

Sock material altered the frictional characteristics at the foot-shoe interface, which 

further changed the plantar stresses. Compared with the condition without socks, 

nylon socks reduced the shear stresses over the first, second and fourth metatarsal 

heads, while they increased the shear stress over heel. A deep insight into the 

characteristic of plantar stresses should consider the interface frictional properties 

combined with shoe construction and subjects’ activities. 

 

The kinematic results showed that the heel height had a dominant influence on the 

motion patterns of the lower extremity, compared with the sock material and walking 

cadence. The arch height, ankle plantarflexion, rearfoot inversion and hallux 

dosiflexion increased with the elevation of heel height. When the heel height 

increased to 70 mm, the foot had the permanent ankle plantarflexion and rearfoot 

inversion during the whole stance phase. For most of subjects, the hallux had a more 

abducted motion wearing high-heeled shoes. For motions of hip and knee joints, the 

effects of heel height were not obvious. The motions in all three planes were not 

significantly different. However, a prolonged midstance maximal knee flexion was 

noted. The movements of medial forefoot and lateral forefoot in frontal plane were 

different. As the heel height increased, the medial forefoot eversion increased, while 
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the lateral forefoot inversion increased. The walking cadence mainly affected the 

motion of rearfoot in sagittal plane and the sock material mainly changed the motion 

of the medial forefoot in frontal plane. As the walking cadence increased, the peak 

ankle plantarflexion decreased. Walking with nylon socks, the range of motion for the 

medial forefoot in frontal plane was larger than that walking with cotton socks and 

without socks. 

 

Redistribution of plantar stresses was associated with the movement of lower 

extremity. The increased hallux dorsiflexion and the first metatarsal plantarflexion 

were consistent with the inspected arch height increased. These changes together 

with increased ankle plantarflexion and the medial forefoot pronation in midstance 

could possibly contribute to the high pressure and shear stress over the medial 

forefoot region wearing high-heeled shoes. These factors explained 34.1% and 

50.8% of variance in peak pressures over the first and second metatarsal heads, 

respectively, while they explained 30.5% and 49.1% of variance in peak resultant 

shear stresses over these regions, respectively. 

 

Current studies inspected the relationship between shoe construction and foot 

biomechanics, which could be useful in understanding foot function changes in 

high-heeled shoes. The information is essential to improve shoe designs and 

manage the high-heeled pathologies. 
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CHAPTER I INTRODUCTION 

 

1.1 Foot and Footwear 

1.1.1 The Role of Footwear 

The role of footwear is to protect the foot from the hot or cold weather, unstable 

terrain and excessive impact from hard surfaces. Proper shoes could provide 

comfort to allow the wearer to carry on daily activities. The details of the role of 

footwear are listed as following. 

 

Shock Absorption 

Mechanical shock is characterized by suddenness and severity with the maximum 

force being reached within a few milliseconds, and total duration of up to about a 

second. The foot is daily exposed to attenuate and transfer the impact force when 

walking, running and landing. The external impact force peaks applied on the foot in 

the vertical direction can reach to 1.0 to 1.5 times bodyweight for walking and 2 to 4 

times bodyweight for running, respectively (Frederick et al., 1981; Nilsson and 

Thorstensson, 1989), which are dependent on the type of the movement, speed and 

contact surface. The transfer of shock through the body has been suggested to be a 

risk factor in the development of spinal injures, bone fractures, muscle tears and 

degenerative changes in joint and articular cartilage (Chu et al., 1986; Dekel and 
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Weissman, 1978; Kim et al., 1993; Light et al., 1980). Shock-absorbing capability of 

shoes is important for the prevention of pain and the development of degenerative 

musculoskeletal diseases, particularly those related to repetitive impacts (Brizuela et 

al., 1997). Appropriate footwear protects the foot, joints and lower spine from heel 

strike impact by delaying the onset of the peak impact force, increasing impact 

duration, attenuating higher frequencies of the shock and redistributing pressure 

beneath the foot. According to the previous reports (Hawley, 2000; Ogon et al., 

2001), peak shank shock reduced by 25% and the impact loading rate at lumbar 

reduced in shod condition compared with barefoot condition.  

 

Motion Control 

Injuries, for instance, Achilles tendonitis, runner’s knee or ankle sprains, are usually 

related to the overpronation or oversupination of the foot (Clarke et al., 1983; Baer 

and Braham, 1986; Luethi and Stacoff, 1987; Nike, 1987). When the foot pronates 

excessively during midstance, shank internal rotation is prolonged and could not 

externally rotate when knee should extend. Therefore, the thigh must excessively 

internally rotate to obtain relative knee external rotation needed, causing a twisting of 

knee joint and a local excessive contact pressure (Tiberio, 1987). Footwear can 

protect the foot from abnormal movement by controlling the initial heel contact 

position (Clarke et al., 1983; Luethi and Stacoff, 1987), maintaining the neutral 

forefoot position in midstance (Cook et al., 1985; Wolf et al., 2008) and providing an 

optimal coupling relationship between foot and knee (Bates et al., 1978; DeWit and 
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DeClercq, 2000). Particular designs or constructions of the footwear can provide 

these functions, such as a medial arch support in shoe with the firm heel counter, a 

high lacing and a stiffer upper. It has been reported in the previous studies that 

footwear constrains the forefoot width and the forefoot torsion to rearfoot during 

stance phase (Wolf et al., 2008) and the shod condition significantly reduced the 

period of pronation so that maximum knee flexion occurred more closely to peak 

pronation in running compared to the barefoot condition (Bates et al., 1978; DeWit 

and DeClercq, 2000). 

  

Prevent Slip 

Slip contributes to approximately 12% of all occupational accidents (Strandberg and 

Lanshammar, 1981). Anti-slip shoes with proper material, shape and tread of the 

outsole can provide slip resistance to prevent the injuries caused by a slip. For 

example, footwear with soft outsole materials (Shore A<60) can reduce the 

probability of slip on smooth surfaces, because soft material increases the slip 

resistance (Gronqvist, 1995). It was reported that dynamic friction coefficient was 

also affected by the consistency and life of materials. Therefore, durable materials 

such as rubber are chosen as the sole of mountaineering shoes. Footwear with a 

beveled heel can increase the surface area at the instant contact (Gronqvist, 1995) 

and thus prevent the slip. 

 



Chapter I  Introduction 

 

 
 4

Footwear is also designed to reflect a sense of fashion and style. Footwear is an 

indication of superior status and nobility. According to different occasion, footwear is 

used to match different dress styles. Footwear such as high-heeled shoes could 

change the wearer’s posture by forcing the abdomen in and the breast out and make 

the wearers look taller, slimmer and sexy. 

 

Although designers or manufacturers realized the necessary to improve the function 

of footwear, some of them just developed the form rather than the functional 

elements protecting feet.  

 

1.1.2 Functional Needs in Footwear 

Based on the roles of footwear mentioned above, some common requirements for 

footwear functionality should be concerned (Figure 1-1, van der Zande et al., 2008).   
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Figure 1-1. Functional requirement for footwear 
 

 

During locomotor activities, ground contact generates impact force and cause a 

shock wave to travel through the body (Lake, 2000). Therefore, firstly, the footwear 

should attenuate the potential damaging forces during the initial contact and the 

stance phase. Adequate cushioning prevents not only foot pain, but also pain 

throughout the rest of body such as knee pain and low back pain (Brizuela et al., 

1997). The sole design including the structure and the material choices should be 

considered. The generation and transmission of the impact force at initial contact is 

mainly affected by the mechanical properties of the materials such as viscoelastic 

properties. Although soft and thick material itself has a characteristic of shock 

absorption, changes of the material property can further affect the individual 
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movement patterns. Additionally, muscle activities are varied with different actions 

and postures (Yu et al., 2008; Lin et al., 2008), which contribute to the postural 

adjustment and motion patterns. That’s why the softer midsole materials could not 

always reduce the impact forces (Nigg, 1986; Robbins and Waked, 1997). 

Therefore, a better shoe design should correlate injuries and management to shock 

attenuation and motion control. 

 

Motion control is an important role of footwear to prevent injuries. The back part of 

footwear especially the heel region is related to the functional design and should 

provide sufficient stability for foot (Figure 1-1). Stability and motion control should be 

addressed in combinations of material, heel geometry and lacing system. A softer 

sole would first compress and then rotate, while a harder sole would compress less 

and rotate faster. That’s why soft heel material is usually used in the lateral side of 

the heel part to reduce the initial pronation (Nigg, 1986). The rest sole excluding the 

lateral heel part and locations for impact should be hard, because the hard material 

would effectively restrict maximum foot pronation and reduce joint timing differences 

between maximum knee flexion and subtalar joint pronation. In addition to the 

materials, the heel flare should also be considered to control pronation (Clarke et al., 

1983). Other designs such as the lacing, the width and the height of heel counter 

could influence the ankle range of motion to prevent the ankle sprains. 
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The footwear should allow the natural freedom of movement of the foot. The 

flexibility for sole and upper of the forepart of footwear should allow the footwear to 

follow the foot especially during the push-off phase (Oleson et al., 2005). 

Longitudinal bending stiffness of the sole is also important. Its increase could reduce 

the energy dissipated at the metatarsophalangeal joint (MPJ), thus requiring less 

muscle activity to perform the negative work and improve jump and run performance 

(Roy and Stefanyshyn, 2006). However, while increasing the longitudinal bending 

stiffness, the upper material should not cause the foot to slide side to side. The side 

to side sliding would increase the shear and compressive forces on foot. 

 

The in-shoe frictional properties and outsole tractions should be also emphasized in 

footwear design. Sufficient in-shoe shear stress (friction) could stabilize the foot to 

prevent the foot from sliding inside the shoe. The proper outsole traction design will 

prevent the fall on the wet or icy surface. However, excessive shear stress or friction 

on foot could induce some foot problems such as hyperkeratosis, calluses, blisters 

and ulcers. Material selection is one of the most important design factors. For insole, 

proper materials such as Moleskin and materials containing hydrocolloid gels can 

effectively reduce the skin friction. Irregularities within the shoe have been also 

advised not to be overlooked, because a poorly-positioned seam or stitching might 

cause the excessive mechanical stresses on skin (Singh et al., 1996). To improve 

the shoe performance as slip resistant, softer and durable materials are suggested 

as the outsole material (Gronqvist, 1995; Hunter, 1929). Proper tread patterns on the 
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heel surface including the depth and the direction are important to improve traction 

properties significantly. Suitable depth of trend provides more void spaces for the 

removal of contaminants and leads to an increase in direct contact with the floor 

counterface. Tread patterns run in opposite direction of travel would prevent slip and 

fall because they tend to retard forward motion (Steven, 2003).  

  

Ill-fitting or unsupportive shoes can often increase pressure to the heel, plantar 

fascia, and forefoot. Shoes that do not provide adequate cushioning in the heel, 

forefoot, and support in the arch may add strain or cause misalignment throughout 

the foot during movement and causing mechanical malfunctions of the foot, such as 

overpronation. The medial arch support is important in improvement of comfort and 

foot motion control to prevent injuries. Sole configurations especially for the medial 

longitudinal arch region play an important part in the redistribution of plantar 

pressure. A higher medial arch profile could enlarge the contact area over midfoot 

and reduce the peak pressure over the heel or the medial forefoot regions 

(Abu-Faraj et al., 1996; Guldemond et al., 2007), which could improve the foot 

comfort. Additionally, a good design for midfoot support can assist the rearfoot 

motion control to reduce the initial pronation and could also reduce the loading rate 

(Nigg, 1986). The midfoot support is dependent on the foot shape. When wearing 

high-heeled shoes, the plantar surface of foot becomes more curved and the medial 

longitudinal arch increases due to Windlass mechanism. Therefore, shank curve 

design for midfoot support is more important in high-heeled shoes. 
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In addition, long-time comfort is also dependent on the ventilation, 

moisture-absorption and temperature regulation. Therefore, the materials of 

footwear should be breathable to prevent athletic foot.  

 

1.1.3 Shoe Last Design for Footwear 

Shoe last is a 3D mold for footwear and it is the first step to design a new style of 

shoe. Shoe last should simulate the shape of foot, but is not the same as the foot. 

The shoe last is longer and narrower than foot (Figure 1-2, Chen, 2005), because the 

foot is flexible and fleshly and will deform during weight bearing. Last design not only 

influences the appearance of shoe but also affects its comfort. About the concept of 

“fit and comfort”, there is no clear definition so that the progress of design has been 

hindered (Rossi et al., 2001). Tremaine and Award (1998) once stated in the foot and 

Ankle sourcebook that proper shoe fit requires ‘shape or last design with proper toe 

depth and shape, proper instep (vamp) depth, proper heel width, and proper curve 

(flare) of the shoe’. In addition to aspects mentioned by Tremaine and Award (1998), 

the ball girth, toe spring and angular orientation of the metatarsals should also be 

concerned (Figure 1-3, Chen, 2005). These parameters varied with the type of shoe. 

Additionally, different countries follow different standards of shoe last making. Shoe 

size system, grading standards and descriptions for heel height and footbed shape 

are different. Whichever standards were used, shoe last design should be based on 

the foot shape. 
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Figure 1-2. Foot and shoe last (Chen, 2005) 

 

 

 
Figure 1-3. Factors affecting the shoe comfort (Chen, 2005) 
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Foot is flexible and its length would be varied depending on the activities and 

weather. The length of the last/shoes depends on the foot length and should be 

larger than the foot (Figure 1-3). Shoes with the same size will not necessarily be of 

the same length due to the shape of the last. A shoe with a low heel and wide toe 

shape is probably close to the specified shoe size in length. A shoe with a narrow toe 

shape will be longer than its specified shoe size. 

 

The steel shank is to provide rigidity to the midsection of the shoe (cuboid area, 

Figure 1-2) and the plantar support over the midfoot during weight bearing to prevent 

the arch collapse in dynamic activity. Shank design accounted for about 14% of 

fitting problems in footwear for both men and women (Collazzo, 1988). Ill-fitting or 

unsupportive shoes will add more pressure to the heel, plantar fascia, and forefoot. 

Shank design is of particular importance in high-heeled shoes design. Previous 

studies reported that the peak pressure and the contact area over midfoot decreased 

with the elevation of heel height because of a rise of medial longitudinal arch 

(Speksnijder et al., 2005; Hong et al., 2005), although there is little direct information 

to prove that the arch height increased with heel height. Good designed high-heeled 

shoes should have a proper shank curve to provide sufficient support for the 

increased medial longitudinal arch. In addition, arch support should not put 

excessive loads over the midfoot causing pain. 
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The Chinese standard measures the depth of last to quantify the shank curve for 

high-heeled shoes. The depth of last is the distance from the waist of the last G to 

the line jointing the edge of heel H and the ball tread J (Figure 1-4), which should be 

8.5 mm for the heel height of 70mm in Chinese standard (Qiu et al., 2006). American 

shoe last standard uses the heel wedge angle to describe the shank shape. Either 

the heel wedge angle or the depth of last will increase as the heel height elevation. 

 
 

Figure 1-4. Definition of depth of last 

 

Toe spring creates a rocker action during push-off phase for easier walking. It is an 

important part for last design. Too little toe spring can cause creases across the 

vamp, while too much toe spring will throw tread off balance. Toe spring design 

depends on the heel height and the outsole materials. As heel height increases, the 

toe spring decreases. The toe spring is usually larger for the rigid outsole than the 

flexible outsole at the same heel height level. 
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Generally, the forepart of shoe last is for the fashion, while the back part is to 

determine the shoe function. The role of heel counter is to stabilize the heel and aid 

in motion control. A poor designed heel counter either too wide or too narrow can 

cause slippage when heel rises or rub against the soft tissue in the ankle. 

 

Heel center and flex-point (tread point) of the last are the important supporting points 

during weight bearing, which determine the foot stability during walking. Proper 

positions of the heel center and tread point are especially important for high-heeled 

shoe design and could prevent the foot oversupination or overpronation and prevent 

the foot sliding in Mediolateral direction. If the heel center is too posterior, the 

mid-section of the shoe will be easy to break especially for high-heeled shoe.  

 

Other parameters such as ball girth and instep girth are also important in last 

dimension, because they can keep the foot at the right position in shoe and prevent 

the foot sliding. However, if ball girth is too narrow, the increase of friction will cause 

the foot skin damages such as foot calluses and blisters, while it will cause the 

transversal arch collapse if too wide. The ball girth and instep girth of last should 

depend on shoe style, shoe function and heel height. 
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Because of individual differences of the foot, a well-designed customized shoe last is 

required for fit shoes. Traditional methods to make a customized shoe last are 

expensive and time consuming, because last design process is complex and 

designers should conduct more than 30 measurements. Additionally, these foot 

measurements were 2D and last design process is mainly based on the experience 

of designers. Nowadays, researchers developed CAD approach to design the 

customized shoe last based on the 3D foot shape (Leng and Du, 2006). 3D foot 

shape data can provide more accurate information on the foot shape for shoe last 

design. The CAD application on customized shoe last design could realize the 

automation of footwear industry. 

 

1.1.4 The Culture of High-heeled Shoes 

The advent of high-heeled shoe can date back to 3500 B.C. in ancient Egypt. Its 

precursor is patten, which kept the shoe out of the mud and other street debris 

(Swann, 1984). High-heeled shoe then was a status symbol revealing wealth and 

social standing and mainly used for ceremonial purposes. High-heeled shoe has not 

been for fashion purpose until early in the 16th century, when Catherine de’ Medici 

wore 2-inch high-heeled shoes customized by Italian designers for her wedding to 

the French king. During the early periods of its advent, high-heeled shoe was worn 

by both men and women in upper-class society. Until the mid-17th century, it 

became popular throughout Europe and was worn almost exclusively by women. 
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Chopine, another type of platform shoes created in Turkey was seven to eight or 

even 30 inches high, requiring canes to assist walking. Either pattens or chopines 

were overshoe. Shoes began to be made in two pieces in the 16th century, with a 

flexible upper attached to a heavier and stiffer sole (Swann, 1984). At that time, heel 

became an actual part of the shoe and its height and shape have been changing with 

fashion. Lower heels were preferred during the late 1960s and early 1970s, but 

higher heels returned in the late 1980s and early 1990s. The shape of the 

fashionable heel has also changed from block (1970s) to tapered (1990s), and 

stiletto (1950s, 1980s and post-2000).  

  

High-heeled shoe is always a matter of contentious and heated discussion because 

of its influence on appearance and health of wearers. The capacity of high-heeled 

shoes for altering wearer’s posture strongly attracts women. The wearers appear 

taller due to extra heel height. The thighs and calf become firmer and shapelier and 

look slimmer because of the muscle contraction. High-heeled shoes also induce 

obvious curvature of spine by forcing the abdomen in and the breast out. The 

changes of posture make women more sexy, charming and confident.  

 

Women are known to suffer from a higher incidence of foot problems than men 

(Menz and morris, 2005; Roddy et al., 2008). One of the most important reasons is 

that they often wear high-heeled shoes, which are worn for fashion, rather than 
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comfort. There is a strong possibility that many foot problems are associated with 

high-heeled shoes, because normal foot alignment including the relative orientation 

of the skeletal structures of the ankle, midtarsal, and metatarsophalangeal joints, 

and muscle activities of lower extremity (Esenyel et al., 2003; Opila-Correia, 1990) 

has been altered as the heel height increases. On the inclined surface of high-heeled 

shoes, the foot is pushed forward during weight-bearing with the consequence that 

the toes are jammed in the toe portion of the shoe, which might cause mallet, 

hammer, and claw toes. It has also been suggested that ill-fitting high heels can 

cause hallux valgus, metatarsalgia and callus, due to the abnormal high pressure 

over hallux and central forefoot region (Mandato and Nester, 1999; Al-Abdulwahab 

and Al-Dosry, 2000; Kernozek, 2003). Pressure under the forefoot increases 

significantly and the peak pressure shifts to the first metatarsal and hallux with the 

increased heel height (Snow et al., 1992; Nyska et al., 1996; Mandato and Nester, 

1999; Speksnijder et al., 2005), because the plantarflexion of ankle joint increases 

and the center of mass moves forward (Snow and Williams, 1994; Stefanyshyn et 

al., 2000). 

 

1.1.5 Foot Problems Related to High-heeled Shoes 

In 2000, American Dr Scholls and Temple University School of Medicine conducted 

a survey among a national sample of 1,017 adults over 18 years old and 300 

podiatrists (International Communications Research, 2000). The results showed that 
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5% of adult foot illness was due to the excessive exercise, 11% of the balance from 

walking, 18% for the elderly, 2% of unknown origin, and 64% caused by improper 

shoes. In current market, shoe structures and shapes are mainly driven by fashion 

but not by foot comfort especially for high-heeled shoes. The elevation of the heel 

height changes the foot alignment and is associated with some foot problems.  

 

Ankle Sprain 

Ankle sprain is commonly caused by excessive foot inversion or supination, and 

extreme plantarflexion. Heel height elevation changes the foot alignment and 

increases the ankle plantarflexion. The continually maintained large ankle 

plantarflexion could result in a tense and chronically weakened condition of the 

anterior ligaments supporting the ankle joint (Wright, 1928) and thus increases the 

risk of ankle sprain walking in high-heeled shoes. 

 

Hallux Valgus 

Hallux valgus, also called as bunions, is a progressive foot deformity characterized 

by a lateral deviation of hallux with a medial deviation of the first metatarsal (Figure 

1-5). It is caused by a biomechanical abnormality, where certain tendons, ligaments 

and supportive structures of the first metatarsal are dysfunctional. It was reported 

that once the hallux deviates laterally, contraction of the hallux flexors can further 

increase both the valgus angle of the hallux and varus deviation of the first 
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metatarsal (Snijder et al., 1986).  

 

Hallux valgus is more prevalent in the females compared with males (Menz and 

Morris, 2005; Roddy et al., 2008), especially for females wearing fashionable shoes 

usually (Kato and Watanabe, 1981). High-heeled shoes, particularly those with 

pointed toe box, would crowd the toes and progressively exacerbate the deformity. 

Dawson et al. (2002) found that an earlier age at starting to wear 1 inch heels was 

related to the occurrence of bunions. Menz and Morris (2005) also found that both 

narrow shoes and shoes with heels greater than 1 inch had a significant correlation 

with hallux valgus deformity. Frey et al. (1993) surveyed 356 healthy women 

between 20 and 60 years of age and found that 54% of women reported the 

problems of hallux valgus. Bunions are much less common in countries without 

western footwear and they occur in about 3% of the population. In countries with 

western footwear, the prevalence of bunions is over 30%. In countries where 

western footwear has been introduced recently, the prevalence of bunions has risen 

to coincide with rates seen in Western countries (Coughlin and Jones, 2007; Roddy 

et al., 2008). 
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Figure 1-5. Hallux valgus (The Foot & Ankle Clinic, 2011) 

 

Corns and Calluses 

Corns and calluses (Figure 1-6), usually found on the top of toes and under the 

metatarsal heads (MTHs) respectively, are physiologic responses of skin to 

abnormal and excessive external mechanical stresses such as pressure and friction. 

These abnormal mechanical stresses are usually caused by faulty footwear and high 

levels of activity. Walking with high-heeled shoes, the increase of heel height shifts 

the peak plantar pressure to the medial forefoot and induces the shear force by 

pushing the foot to slide forward along the inclined supporting surface. The sliding 

forward of the foot will press the toes against the toe box and result in a high 

stresses. The abnormal mechanical stresses on skin would result in hyperkeratosis. 

Hyperkeratosis is formed to protect irritated skin from the high stresses, but it could 

further increase the stresses, and further worsen the corns and calluses.  
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Figure 1-6. Corn (a) and Callus (b) (Freeman, 2002) 

 

In addition, because of the change in gait and posture wearing high-heeled shoes, 

larger muscle moments and increased work may predispose long-term wearers to 

musculoskeletal pain (Esenyel et al., 2003), such as leg and low back pain (Lee et 

al., 2001) as well as some degenerative joint diseases (Kerrigan et al., 1998; 2001; 

2005). 

 

1.1.6 Cost of Foot Problems 

Coughlin and Thompson (1995) conducted a study about the cost for foot problems 

developed from ill-fitting shoes. It is estimated that about 209,000 bunionectomies, 

210,000 hammer toe corrections, 66,500 neuroma resections, and 119,000 

bunionette repairs were performed in the United States in 1991. 75% of above 

surgeries were required for relative foot problems aggravated or caused by women’s 
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fashion shoe. The direct cost for the treatment of these foot problems related to 

high-heeled shoes was 1.5 billion dollars, while the indirect cost such as time off from 

work added an additional 1.5 billion dollars. In fact, the 3 billion dollars did not 

include the costs for treatment of other foot problems such as corns, calluses and 

claw toes caused by shoes. The cost resulting from the women’s ill-fitting fashion 

shoes might be underestimated (Coughlin and Thompson, 1995). 

 

1.2 Objectives of this Study 

Although adverse effects related to wearing high-heeled shoes were reported, the 

popularity of high-heeled shoes still increases, which can be attributed to modern 

fashion, job requirement and common belief in enhancing aesthetic appeal. No 

sufficient persuasive information to prove the harm of high-heeled shoes is another 

reason why women cannot abandon high-heeled shoes. It is essential to understand 

the biomechanics associated with high-heeled shoes before any foot orthosis or 

designs to improve the comfort of the high-heeled shoes. 

 

The elevation of heel height changes the alignment of foot and joints of lower 

extremities. Therefore, we hypothesized that these changes further alter the gait 

patterns. The changes of gait patterns would redistribute the plantar stresses, 

including the pressure and shear stresses. Abnormal in-shoe plantar stresses and 

gait kinematic parameters are potential mechanical risk factors for foot problems 
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related to high-heeled shoes, such as hallux valgus deformity, plantar soft tissue 

problems, ankle sprain and degenerative joint disease. 

 

The objectives of this study are: 

1) To develop an in-shoe triaxial force measurement system which can be used 

in the high-heeled shoes to measure the plantar pressure and shear 

stresses simultaneously, 

2) To investigate the effects of heel height on the plantar pressure and shear 

stresses during balanced standing and walking at different walking cadences 

when the foot-shoe interface frictional properties are changed (with different 

socks), 

3) To develop a multiple-segment foot model based on the characteristics of 

gait patterns of high-heeled shoe, and 

4) To investigate the effects of heel height on the 3D kinematics of the joints 

and foot segments when the walking cadences and foot-shoe interface 

frictional properties are changed. 

 

It is expected that the results from this study, including the information on the in-shoe 

plantar triaxial stresses and kinematics of the joints and foot segments, can provide 

useful suggestions to improve the high-heeled shoe designs, such as the 

construction design and its insole or outsole material selection. Wearers of 
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high-heeled shoes are also expected to obtain practical suggestions on how to 

choose high-heeled shoes and how to wear high-heeled shoes healthily. 

 

1.3 Outline of the Dissertation 

Following this introductory chapter, chapter II begins with a literature review of 

functional anatomy of the foot and arch. The techniques for evaluation of foot 

biomechanics are then described. The current understanding of the biomechanical 

effects of high-heeled shoes on the foot, including the plantar stresses, ground 

reaction force (GRF) and gait kinematics is also reviewed in this chapter. 

 

Chapter III presents the methods of this study in details. The selection criteria of the 

subjects and the test shoes are shown in the first two parts. In the third part, the 

in-shoe plantar pressure and shear stresses measurement is described, including 

the measurement system, the calibration and installation of the sensors and the 

detailed measurement procedure. The 3D kinematic analysis walking with 

high-heeled shoes is then introduced in the fourth part. In this section, the equipment 

to collect the 3D kinematic data is firstly introduced and is followed by a description 

of the development of the multiple-segment foot model for high-heeled shoe gait, 

including the marker sets and the definition of the local coordinate system for each 

segment. The procedure for kinematic data collection is described finally in this part. 

In the last two parts of chapter III, the variables which will be analyzed in this study 
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and the statistic analysis for these variables are presented. 

 

Chapter IV reports the important results from the in-shoe plantar triaxial stresses 

measurement and 3D gait analysis with high-heeled shoes. The effects of heel 

height and sock material on in-shoe triaxial stresses during balanced standing are 

shown. During walking, the effects of heel height and walking cadence on the 

in-shoe stresses and kinematic parameters in each sock condition and the effects of 

heel height and sock material on the in-shoe stresses and kinematic parameters 

when walking at the normal cadence are also reported. In addition, the correlations 

between in-shoe triaxial stresses and foot kinematics are included to explain why the 

plantar stresses change when walking with high-heeled shoes. 

 

Chapter V firstly discusses the effects of heel height, walking cadence and sock 

material on the in-shoe triaxial stresses and the foot kinematics, respectively. In 

these parts, the clinical implication regarding the redistributions of in-shoe plantar 

stresses and changes of gait characteristics are also highlighted. The following 

section discusses the relationship between foot kinematics and in-shoe triaxial 

stresses, which will provide more information on how and why kinematic and kinetic 

parameters change when walking with high-heeled shoes. In the last section of this 

chapter, the limitations of the current study are presented. 
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Chapter VI summarizes the findings in this study and provides suggestions on the 

development of high-heeled shoe design and prevention of the high-heeled shoe 

related foot problems. Recommendations for further research directions of this study 

are addressed.    
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CHAPTER II LITERATURE REVIEW 

 

2.1 Functional Anatomy of the Foot and Arch 

2.1.1 Plantar Fascia (Aponeurosis) 

The plantar fascia is a broad structure that spans between the medial calcaneal 

tubercle and the proximal phalanges of the toes (Figure 2-1). The plantar fascia has 

three distinct structural components: the medial, central and lateral component. The 

central component is the largest and most prominent, which is called plantar 

aponeurosis (PA).  

 

 
 

 

Figure 2-1. Plantar fascia (Bolgla and Malone, 2004) 
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Plantar fascia is one of the most functionally important ligamentous structures of the 

foot. During weight-bearing, the longitudinal arch collapse effectively loads the PA 

prior to push off (Gefen, 2003). The tension in PA would prevent the arch collapse 

and stabilize the arch. On the other hand, the PA can store elastic energy through 

passive elongation and the increased PA tension could increase the rearward pull on 

the forefoot during late stance phase and thus assist propulsion. Muscular loading of 

the PA via toe dorsiflexion (Hicks, 1954; Carlson et al., 2000) and/or Achilles tendon 

tension (Erdemir et al., 2004) suggest that arch collapse prevention is secondary to 

the propulsive benefits associated with increased PA tension. Rupture or surgical 

release of the plantar fascia (plantar fasciotomy) will lead to a decrease in arch 

stiffness and a significant longitudinal arch collapse (Daly et al., 1992).  

 

2.1.2 Arches of the Foot 

The arches of the foot are formed by the tarsal and metatarsal bones and 

strengthened by ligaments and tendons, which allow the foot to support the weight of 

the body during weight-bearing and attenuate the forces exposed on the foot. The 

arches of the foot consist of medial and lateral longitudinal arches and the transverse 

arch (Figure 2-2). The medial longitudinal arch is composed of the calcaneus, talus, 

navicular, three cuneiforms and the first, second, and third metatarsals. The lateral 

longitudinal arch is composed of the calcaneus, cuboid and the fourth and fifth 

metatarsals. The transverse arch locates at the posterior part of the metatarsus and 
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the anterior part of the tarsus. 

 

 

Figure 2-2. Lateral longitudinal arch (a), medial longitudinal arch (b) and transverse 

arch (c) (Bandhayoga.com, 2006) 

 

The arches, especially the medial longitudinal arch, play an important part in the foot 

function and create a space for soft tissues with elastic properties, which can 

attenuate the ground reaction force and protect the nerves, blood vessels and 

muscles on the foot plantar surface during weight-bearing. 
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2.1.3 Truss and Tie-Rod Mechanism 

The foot and its ligaments can be viewed as an arch-like triangular structure or truss. 

In this structure, the calcaneus and talus serve as the posterior strut. The midfoot 

tarsal bones and metatarsals serve as the anterior strut. The plantar aponeurosis 

forms the ‘tie rod’ that runs from the calcaneus to the phalanges (Aquino and Payne, 

1999; Figure 2-3). The downward vertical forces resulting from body weight travel 

through the tibia and lead the medial longitudinal arch to collapse. The upward 

ground reaction forces on the calcaneus and the metatarsal heads further cause a 

collapse of the truss because these forces fall both posterior and anterior to the tibia 

(Figure 2-3, Kim and Voloshin, 1995). The collapse of the truss will elongate the 

plantar fascia and increase its tension. Stretch tension from the plantar fascia 

prevents the spreading of the calcaneus and the metatarsals and maintains the 

medial longitudinal arch (Viel and Esnault, 1989; Fuller, 2000; Sarrafian, 1987). 

 

 

Figure 2-3. Truss and Tie-Rod mechanism (Heelpedia, 2011) 
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2.1.4 Windlass Mechanism 

The truss and tie-rod mechanism is not enough to describe the functions of foot arch, 

especially for the push-off phase. The windlass mechanism was first described by 

Hicks in 1954. For windlass mechanism, the first metatarsophalangeal joint is viewed 

as a drum of a windlass (Figure 2-4). The PA serves as the winding of a cable and 

goes around the drum of a windlass by pulling the proximal phalanx of the hallux, 

which serves as a handle. When hallux dorsiflexes, the windlass mechanism is 

activated. This will cause the plantar fascia to tense and reduce the distance 

between the calcaneus and metatarsals to elevate the medial longitudinal arch. The 

plantar fascia shortening caused by hallux dorsiflexion is the essence of the windlass 

mechanism principle (Kwong et al., 1988; Whiting and Zernicke, 1998; Fuller, 2000; 

Kim and Voloshin, 1995; Sarrafian, 1987; Sammarco and Hockenbury, 2001; 

Lombardi et al., 2002). Accompanied with the arch rise, the rearfoot supination and 

the leg external rotation are observed during propulsion. The role of the windlass 

mechanism is to assist with making the foot a more rigid structure during push-off 

phase and to facilitate the establishment of the foot’s autosupport mechanisms 

(Payne & Dananberg, 1997). This is necessary to enable the efficient transfer of 

body weight from the rearfoot to the metatarsophalangeal joints during propulsion. 
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Figure 2-4. Windlass mechanism (Gramatikoff) 
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2.2 Techniques for Evaluation of Foot Biomechanics 

2.2.1 In-shoe Plantar Triaxial Stresses Measurement 

Mechanical stresses acted on plantar surface consist of two components, including 

pressure and shear. The shear stress can further be divided into both longitudinal 

and transversal components. The distributions of in-shoe plantar pressure and shear 

stresses can reflect the foot function during stance phase and the force effects on 

the anatomical structures, which is essential for evaluating shoe design and 

predicting potential risk for lower extremity disorders caused by changes of shoe 

constructions or its materials. The development of technology has made it possible 

to measure the plantar pressure in shoes, especially the advent of in-shoe pressure 

measurement systems with insoles, such as the Tekscan (Tekscan Co., Boston, 

U.S.A) and Novel pedar (Novel Electronics, Munich, Germany) in-shoe pressure 

measurement system. Therefore, the pressure is widely investigated and has been 

considered as an important risk factor for foot complications such as calluses and 

diabetic foot ulcers (Caselli et al., 2002; Lavery et al., 2003; Leung, 2007; Murray et 

al., 1996).  

 

However, plantar pressure alone is not sufficient in predicting foot disorders related 

to the plantar tissue (Lavery et al., 2003; Veves et al., 1992), which might occur at 

pressure levels which are not commonly considered to be harmful. Such an outcome 
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may be due to the lack of plantar shear distribution assessment and the footwear 

designs that did not account for frictional shear stresses. Shear stress also had the 

same effects on skin and underlying tissue as pressure and the resultant force of 

normal and shear forces should be considered as the critical parameter for skin 

problem evaluation (Zhang and Roberts, 1993). Excessive shear forces result in the 

thickening of the stratum corneum, leading to hyperkeratosis (MacKenzie, 1974). 

The existence of shear forces reduced the vertical force required to occlude the 

blood flow and the application time of pressure required to develop ulcers (Bennet et 

al., 1979; Dinsdale, 1974; Zhang and Roberts, 1993). The blood flow occlusion 

would further reduce tissue tolerance or skin repair capability and make foot 

vulnerable to the soft tissue problems (Bennet et al., 1979; Lord et al., 1992). It is 

suggested that both plantar pressure and shear stress including their magnitudes 

and spatiotemporal properties are important in predicting foot calluses and ulcers. It 

is necessary to measure both pressure and shear stress simultaneously at specific 

high risk sites of foot. 

 

Although the resultant applications of pressure and shear on the skin surface has 

been suggested as critical variables for skin contact mechanics (Zhang and Roberts, 

1993; Zhang et al., 1994), there have been limited reports on in-shoe triaxial 

stresses measurement due to lack of the proper instrument. The technique for 

measuring in-shoe triaxial stresses has several challenges, such as the difficulty of 

calibration and the large size of the transducers. Larger load area will underestimate 
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the real stress values. Davis et al. (1996) suggested that diameter of sensor should 

be below 6 mm in order not to underestimate the actual stresses. In addition, attempt 

should be made to develop the technique to reduce the crosstalk between elements 

for the multi-axial sensor and the error due to the bending forces. A high sensitivity 

and linearity as well as a low hysteresis of a single sensor are essential in order to 

ensure the accurate and reliable plantar stress recording. 

 

In-shoe shear measurement was first reported by Tappin et al. (1980). Sensors used 

in that study were uniaxial and based on magneto-resistive element. Although the 

following studies were conducted to improve some limitations of this kind of sensor, 

such as wire breakage, the large size and the complexity of output analysis (Laing et 

al. 1992; Lebar et al. 1996), the transducers developed in those studies were still 

uniaxial and insufficient to measure the plane shear stress. Akhlaghi and Pepper 

(1996) developed a biaxial in-shoe shear force measurement system based on the 

technique of copolymer piezoelectric film, which allowed measuring two orthogonal 

shear forces simultaneously. Uniaxial shear transducers can only measure shear 

stress in one direction. Therefore, it will underestimate the shear stresses. Although 

biaxial shear transducers were used to measure shear in two directions, plantar 

pressure had to be obtained from a separate system (Tappin and Robertson, 1991; 

Lord and Hosein, 2000; Hosein and Lord, 2000). Because these systems have 

different sensor technology, calibration methods and measurement protocols 

(Razian and Pepper, 2003), it is difficult to compare the results from these two 
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systems, especially for the temporal properties. To avoid uncertainties and technical 

difficulties associated with multiple force measuring systems, it is important to have a 

single system for assessing localized pressure and shear stresses simultaneously. 

Recent studies used a platform with a 16-triaxial transducer array to measure the 

barefoot plantar pressures and shear stresses simultaneously (Perry et al., 2002; 

Yavuz et al., 2007). However, the force between the foot and ground cannot reflect 

the shod condition. Shoe design might cause different stress transfers and temporal 

responses on the foot-shoe interface from overground surface. The advent of the 

miniature triaxial sensor makes it possible to measure the plantar pressure and 

shear stresses simultaneously in shod environment. Wang et al. (2005) developed a 

new triaxial sensor utilizing optical fibers. However, these transducers were not 

commercially available in the market. Table 2-1 summarizes the existing shear 

sensors to measure plantar shear stresses in the literature. Shear stress mentioned 

above was directly measured by the shear force sensors. Other studies also 

proposed indirectly methods to calculate the shear stress force by the pressure 

measured (Du et al., 2003).
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Table 2-1. Existing sensors for plantar shear measurement in the literature 

Years Authors Techniques Axes Features Remarks 

1980 Tappin et al. Magneto-resistive Uniaxial Diameter: 16 mm; Depth: 3 mm  

1991 Tappin et al. Magneto-resistive Uniaxial Diameter: 14 mm; Depth: 3 mm  

1992 Lord et al. Magneto-resistive Biaxial 

 

Diameter: 16 mm; Depth: 4 mm 

Range: ±50N (250kPa) 

 

1992 Laing et al. Magneto-resistive Biaxial Diameter: 10 mm; Depth: 1 mm  

1992 

1996 

Lebar et al. 

 

Electro-optical Uniaxial Diameter: 15 mm; Depth: 3.8 mm; 

Range: 0-22.3N; Mass: 0.85 g; 

Crosstalk: 21.3±5.9 mV/N (1% of F.S.); 

Nonlinearity: 6.6±3.0% F.S.; 

Hysteresis: 11.1±12.5% F.S.; 

Temperature sensitivity: -0.7 mV/  ℃  

(3.5% F.S./ )℃  

 

1996 Akhlaghi 

& 

Pepper 

Piezoelectric Biaxial Size: 10*10*3.6mm;  

Maximum force: 1000N 

 

1998 Davis et al. Strain gauge Triaxial 

 

Area: 25*25 mm; Error: ±5%; 

Linearity:±5%; 

Hysteresis: ±7.5%; 

Crosstalk<13.3% 

Sensors were mounted in a plate, which can be 

used to measure the plantar pressure and shear 

stresses during barefoot walking and cannot be 

used for in-shoe measurement. 

1998 

2003 

Razian  

&  

Pepper 

Piezoelectric Triaxial Size: 10*10*2.7 mm; Weight: 2 g; 

Crosstalk: 1% of F.S.; Hysteresis: 2% of F.S; 

Temperature sensitivity: 0.4%/ ;℃  

Thermal time constant: 26s; Accuracy: within 4% 
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Cont’ Table 2-1 

Years Authors Techniques Axes Features Remarks 

2000 

2000 

Hosein & Lord 

Lord & Hosein 

Magneto-resistive Biaxial  Diameter: 15.96 mm; Depth: 3.8mm 

Range: ±50N (250kPa) 

 

2002 Perry et al. Strain gauge Triaxial 16 sensors array (25*25 mm) in an 4*4 array Cannot be used for in-shoe measurement. 

2004 Heywood et al. Shear: capacitive 

sensing technology 

Pressure: strain gauge 

Triaxial Thickness over 55.3 mm; 

Shear range: 0-15N; Pressure: 2-28 MPa;  

Shear nonlinearity: 8.3%; Shear hysteresis: 7.3%; 

Pressure nonlinearity: 0.094%; 

Pressure hysteresis: 0.567% 

Sensors were mounted in a plate, which can be 

used to measure the plantar pressure and shear 

stresses during barefoot walking and cannot be 

used for in-shoe measurement. 

2005 Wang et al. Fiber-optic bend loss Triaxial   

2005 Nester et al. 

 

Piezoelectric Triaixal Top: 10*10mm; Base: 13*13mm; 

Depth: less than 10mm 

 

2006 Nakagami et al. Pressure: Airbag-type 

pressure sensor 

Shear: strain gauge 

Biaxial 

 

Oval-shape with major and minor axes of 96 & 

70mm.  

Biaxial stresses were measured including 

pressure and shear in one direction. 

2007 

2008 

2010 

Yavuz et al. 

 

Yavuz & Davis 

Strain gauge Triaxial 

 

80 sensors (12.7*12.7 mm) in an 8*10 array 

Errors: 1% for pressure; 4.6% for AP shear; 

5.0% for ML shear. 

Sensors were mounted in a plate and cannot be 

used for in-shoe measurement. 

2009 Kärki et al. Piezoelectric Triaxial Size: 30*30*2.4 mm  

2009 Moriyasu  

&  

Nishiwaki 

 Triaxial Size: 20.0*20.0*5.0 mm Although the size was suitable for in-shoe 

measurement, the sensors were used to 

evaluate the GRF now. 
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Measurement of in-shoe triaxial forces is important in the normal foot before the 

changes of these forces under pathological conditions are investigated and any 

intervention can be applied. Lebar et al. (1993 & 1996) developed an in-shoe 

uniaxial shear measurement system to measure the plantar anteroposterior (AP) and 

mediolateral (ML) shear under the first and fifth MTHs, hallux and heel. They found 

that the mean peak AP shear ranged from 6.7 kPa (heel) to 51.4 kPa (hallux) and ML 

shear ranged from 5.4 kPa (great toe) to 43.5 kPa (the 1st MTH). Ranges of anterior 

and posterior shear were the same, while the range of lateral shear was significantly 

greater than that of medial shear (Lebar et al., 1993; Lebar et al., 1996). Due to the 

uniaxial transducers, the AP and ML shear stresses can not be measured 

simultaneously. Akhlaghi & Pepper (1996) developed a biaxial shear transducer and 

found that longitudinal shear was greater than transverse component. 

 

The ratio of plantar shear stress to pressure can reflect the frictional properties at the 

interface between foot and shoe. It is varied between different sites and also 

dependent on the insole materials and sole constructions. Laing et al. (1992) 

reported that the shear was ranged between 19.5% and 40.9% of pressures at the 

first, third and fifth MTHs, hallux and heel. At the same foot regions, the ranges 

reported by Akhlaghi & Pepper (1996) were larger and ranged from 16% to 75% of 

peak vertical forces.  
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Regarding the shear directions during walking for normal subjects, Hosein and Lord 

(2000) reported that the shear stress was posteromedial at the first 60% of the gait 

cycle and was larger under the lateral MTHs, while an anterior peak shear was found 

at the medial MTHs at the end of the stance phase. 

 

For clinical applications, the mechanical stresses are important predictors for foot 

complaints. However, a high-pressure region did not necessarily correlate with the 

occurrence of soft tissue problems (Lavery et al., 2003; Veves et al., 1992). This 

suggests that shear stress would play an important part in the development of the 

foot problems. In-shoe shear transducers can offer detailed information about the 

shear behavior of the foot. Previous study reported that the shear stress was 

distributed more laterally than pressure. The greatest pressure occurred in the 

medial MTHs and the greatest shear in the lateral MTHs (Davis et al., 1998; Perry et 

al., 2002; Hosein and Lord, 2000). Yavuz et al. (2007) measured the plantar 

pressure and shear stress for both diabetic patients and normal subjects during 

walking barefoot. They found that for 60% of the diabetic patients, the peak shear 

site apart from the peak pressure site was larger than 2.5 cm. The peak pressure 

occurred under the 2nd MTH, whereas peak shear was under the hallux. Only for 

20% of the patients, peak shear occurred at the same site as the peak pressure. In 

contrast, the ratio for occurrence at the same site was zero for normal subjects. 



Chapter II  Literature Review 

 40

For temporal properties, the peak shear and pressure was found not to occur at the 

same time and the peak pressure occurred prior to peak shear (Perry et al., 2002). 

However, Tappin et al. (1991) reported that the maximum longitudinal shear forces 

and the maximum vertical forces occurred at the same time under the first, fourth 

and fifth MTHs. In this study, Tappin et al. (1991) used the uniaxial shear 

transducers to obtain the shear stress under the first, second, fourth and fifth MTHs, 

while the peak pressure data came from a different subject group in a different 

experiment using a different measurement system. The comparison between 

pressure and shear from different system and different subjects can not accurately 

reflect the temporal properties.  

 

In addition to the spatial and temporal properties, the magnitudes and directions of 

shear stress are also important for the development of diabetic feet. Yavuz et al. 

(2008) measured the plantar pressure and shear stresses simultaneously for 15 

diabetic patients during walking barefoot. They found that peak pressure in diabetic 

group did not increased significantly than control group and the increase in peak 

pressure and pressure time integral (PTI) was less than the increase in peak AP 

shear, resultant shear and shear time integral (STI). Lord and Hosein (2000) also 

investigated the plantar shear stress for 6 diabetic patients under the medial four 

MTHs and heel regions. The patient group was found to sustain a lower shear under 

the third and fourth MTHs and a higher shear under the first and second MTHs. 

These results are useful to understand why diabetic ulcers usually occur at the 
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medial MTHs and their occurrences have a low correlation with pressure.  

 

Shaw et al. (1998) thought that shear forces might be unlikely to play a significant 

role in plantar ulceration, unless shear forces (resulting in tissue stretching) have 

different effects on tissue from vertical forces (resulting in tissue compression). 

Previous studies found that the shear directions for diabetic patients had a tendency 

to stretch the plantar tissue than bunched (Davis et al., 1998; Perry et al., 2002). 

Therefore, shear stresses also play an important part in the development of the 

diabetic ulcers. 

 

The studies of shear stress are not limited to the diabetic patients. Shear stress is 

also important for sport medicine. Yavuz and Davis (2010) found that blister group 

had significantly increased pressure and shear stress compared with the control 

groups. STI was increased about 50% at specific sites of the athletic feet. Contact 

time is important in blister formation. 

 

The sock materials can change the frictional properties of the interface between foot 

and insole. The shear stresses depend on the interface frictional properties. Hosein 

and Lord (2000) reported that the maximum shear was recorded beneath the third 

MTH either with nylon socks or without socks. Although they cannot significantly 

change the shear stress distribution, nylon socks reduced the shear stresses at the 
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medial four MTHs and the heel. In contrast, Lord et al. (1992) found that the peak 

anterior shear during push-off increased but not significantly with socks. 

 

The larger size, especially the larger thickness of the triaxial force transducer, 

restricts the measurement of the plantar pressure and shear stresses in shod 

condition. In order to investigate the plantar pressure and shear stresses, 

researchers developed a system to measure the plantar stresses simultaneously in 

barefoot walking (Perry et al., 2002; Yavuz et al., 2007). This system contained a 

platform with a 16-triaxial transducer array, which was mounted in the ground during 

experiment. However, the stresses in barefoot walking cannot reflect the in-shoe 

stresses distribution. The shoe constructions and its materials will cause a different 

stress transfers. Hosein and Lord (2000) reported that no lateral in-shoe shear was 

recorded to correspond to the lateral GRF in early stance phase and the anterior 

shear for acceleration during push-off can be only seen at the very end of stance 

phase. They thought that the horizontal forces exerted between the ground and 

subject during gait can be manifest in shod gait either as shear on a horizontal 

plantar surface or as a normal force on the vertical walls of the shoe upper (Hosein 

and Lord, 2000). 
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2.2.2 3D Multi-segment Foot Model  

Why 3D Multi-segment Foot Model 

Kinematics is a description of movement and do not consider the forces that cause 

movement. Kinematics will provide information on foot posture and mobility, which 

are critical in evaluating foot function, prescribing foot orthoses and planning the 

management of various foot pathologies. 

 

Human foot is complex, including more than 26 bones, 33 joints, and more than a 

hundred muscles, tendons and ligaments. When the foot is treated as a rigid 

segment articulating with the lower leg, the analysis for the ankle kinematics will be 

incomplete and the movement of individual foot bones relative to each other will be 

ignored. For example, the validity of modeling the forefoot as a single rigid body has 

been recently called into question. Okita et al. (2009) reported that there was a 

significant difference between motions of the first metatarsal and the forefoot 

segment, and relative motion between the first and fifth metatarsals. A multiple foot 

model for gait analysis is necessary to investigate the coupling movement of foot 

segments and provide new insight into the dynamic foot function. It is thought as a 

systematic and rationalized way to gain insight in the kinematic behavior of the foot 

(Deschamp et al., 2011). 

 



Chapter II  Literature Review 

 44

Functional Units of the Human Foot 

Due to spatial limitations, especially for the smaller foot size, it is not possible to 

capture the movement of all foot bones. In general, current published 3D 

multi-segment foot model included at least three segments (excluding the tibia). The 

widely used segments included the hindfoot (calcaneus, talus and navicular), midfoot 

(or talus-navicular-cuneiform), forefoot (or further divided into medial and lateral 

metatarsals) and hallux (Carson et al., 2001; Jenkyn and Nicol, 2007; Jenkyn et al., 

2009; Kidder et al., 1996; Leardini et al., 1999; Stebbins et al., 2006; Wolf et al., 

2008). The number of segments varied among different models. For the model 

developed by MacWilliams et al. (2003), 9 segments in total were differentiated 

including the medial and lateral toes besides the segments mentioned above. To 

date, this model had the maximum number of segments. For current published 3D 

multi-segment foot models, only two were widely used for pathologies, namely the 

Oxford Foot Model (Carson et al., 2001) and Milwaukee Foot Model (Kidder et al., 

1996). Although both two models included the tibia, hindfoot, forefoot and hallux, the 

definitions for location and orientation of anatomical reference frames for these 

segments were different. 

 

The segments, which are included in 3D multi-segment foot model, should be 

selected based on the anatomical protocol and the movement patterns. The 

segments, whose movements at the joints acting together during the whole stance 

phase, can be considered as one functional unit. Calcaneus and talus were usually 
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viewed as a single segment (hindfoot or rearfoot) and represented by the markers 

placed on the calcaneus. 

 

Some researchers separated the midfoot as a rigid segment based on the 

anatomical protocol, including the navicular, cuneiforms and cuboid (Leardini et al., 

1999; Leardini et al., 2007). However, other researchers found that it was insufficient 

to describe the midfoot kinematics. Lundgren et al. (2008) found that motion between 

the medial cuneiform and navicular was far greater than expected, reaching 10° in 

the sagittal and frontal planes. Wolf et al. (2008) used an invasive method by 

intracortical pins to register motion of seven foot bones. They also subdivided the 

midfoot and concluded that a marker setup for gait analysis should consist of 

calcaneus, navicular-cuboid, medial cuneiform-first metatarsal and fifth metatarsal.  

 

In the early study of the multi-segment foot kinematics, the forefoot was defined as 

one rigid segment, including all the five metatarsals. However, the validity of 

modeling the forefoot as a single rigid body has been recently called into question. 

Okita et al. (2009) reported that there was a significant difference between motions 

of the first metatarsal and the forefoot segment, and relative motion between the first 

and fifth metatarsals. Therefore, researchers further divided the forefoot into medial 

and lateral segments represented by the first metatarsal and fifth metatarsal (Jenkyn 

and Nicol, 2007) or first and second to fourth metatarsal (Tome et al., 2006). 
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The hallux movement relative to the first metatarsal can be used to describe the 

motion of the first MPJ. The first MPJ is an important joint for foot. Its unique shape 

and complex blend of soft tissue-restraining mechanisms allow it to move in a large 

range of motion and simultaneously stabilize the medial arch against the vertical and 

acceleration forces associated with the propulsive period of the gait (Michaud and 

Nawoczenski, 2006). In addition, the first MPJ plays an important role in the windlass 

mechanism. The motions of its components can be used to predict the tension in 

plantar fascia. The plantar fascia shortening caused by hallux dorsiflexion is the 

essence of the windlass mechanism principle (Fuller, 2000; Kim and Voloshin, 1995; 

Sarrafian, 1987; Sammarco and Hockenbury, 2001; Lombardi et al., 2002). 

 

Regarding different research purposes, 3D multi-segment foot model should include 

suitable segments. High-heeled shoes change the foot alignment, and further affect 

the dynamic activity resulting in redistributing the plantar pressure and shear 

stresses. In order to investigate the dynamic foot function and related coupling 

movement of different foot segments in high-heeled shoes, particular segments 

should be included. Firstly, previous studies found that as the heel height increased, 

the peak pressure and contact area over midfoot decreased. Researchers thought 

that the medial longitudinal arch height increased walking with high-heeled shoes, 

although there is limited direct information to prove this perspective. Therefore, the 

dynamic arch kinematics is important to investigate the foot biomechanics walking 

with high-heeled shoes. Secondly, investigation of arch kinematics should consider 
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the combined motion of foot segments that comprise the arch, including the 

movement of hallux, the first metatarsal and calcaneus. Thirdly, the rearfoot 

movement relative to the shank is important to represent the foot stability wearing 

high-heeled shoes.  

 

Markers Attachment 

For 3D kinematic gait analysis, two approaches were generally applied to attach the 

markers, including bone pins (Lundgren et al., 2008; Nester et al., 2007) and 

skin-mounted markers. Bone pins with makers on top can represent the actual 

motion of the bones (Arndt et al., 2007; Westblad et al., 2002). However, the invasive 

nature limits the clinical use. Skin-mounted markers are the most frequently used in 

gait laboratories, although this technique has some weaknesses related to skin 

motion artifact and the difficulty of defining specific bones in the foot.  

 

For the most studies of gait analysis, the kinematic data were analyzed for barefoot 

conditions. In shoe research, markers directly attached on the shoe can not reflect 

the actual motions of the foot segments. The rearfoot motion was significantly 

different when it was measured using skin or bone markers compared with shoe 

markers (Stacoff et al., 1992; Stacoff et al., 2001). The shoe motion has a moderate 

correlation with the motion foot segment and the movement of the skin markers was 

related partially to that of the shoe markers (Reinschmidt et al., 1992). In order to 
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track the foot motion within shoes, windows were cut in the footwear to attach the 

markers on the skin directly. However, there were some limitations for this method, 

such as the reduction of shoe rigidity and the marker movement within the windows.  

Sandal shoes allow directly attaching markers on the foot bony structures and can 

satisfy the increased use of multi-segment foot models in kinematic gait analysis. 

  

In addition to the in-shoe stresses and 3D gait kinematic parameters, ground 

reaction force (GRF) is also an important variables in the gait biomechanics. The 

GRFs, including vertical and horizontal forces, are equal in intensity and opposite in 

direction to the forces being experienced by the weight-bearing limb. The GRFs can 

help us to identify the stress imposed on the joints and the necessary muscle control. 

 

2.3 Effects of Speed on In-shoe Stresses and Gait Kinematics 

It is generally accepted that walking speed has an influence on the plantar 

pressures. However, not all regions of the foot were equally influenced by speed. 

 

For the forefoot region, some researchers reported that the peak pressure increased 

in the medial forefoot but decreased at the lateral forefoot as walking speeds 

increased (Rosenbaum et al., 1994; Perttunen and Komi, 2001; Segal et al., 2004; 

Warren et al., 2004). In contrast, some researchers did not find the medial shift of 
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peak pressure over forefoot. Zhu et al. (1995) found that the loading in the medial 

forefoot increased by 60%, while it increased by 26% in lateral MTHs. Taylor et al. 

(2004) also found the peak pressure over all five MTHs increased but only the peak 

pressure over the second MTH increased significantly. Walking at the self-selected 

normal walking speed, the highest peak and mean pressures occurred at the second 

and third MTHs. However, the weight and cadence combined explained only 18% 

and 23% of peak plantar pressure at these sites, respectively (Martínez-Nova et al., 

2008). Pataky et al. (2008) developed a new method, called pedobarographic 

statistical parametric mapping (pSPM), to investigate the relationship between 

plantar pressure and walking speed. They found that the reactions of peak pressure 

over proximal and distal forefoot to walking speeds were different. The peak 

pressure over distal forefoot increased significantly with the higher walking speeds, 

while the peak pressure over proximal forefoot followed an opposite trend. 

  

For midfoot region, a negative correlation was observed between the peak pressure 

and walking speed (Burnfield et al., 2004; Drerup et al., 2001; Pataky et al., 2008; 

Rosenbaum et al., 1994 Taylor et al., 2004), although results in most of studies did 

not have the significant differences (Burnfield et al., 2004; Drerup et al., 2001; Taylor 

et al., 2004). Researchers implied that the reduction of peak pressure over midfoot 

might be related to the reduced longitudinal arch collapse with higher walking 

speeds. Decreased longitudinal arch collapse, resulting from pre- or early-stance 

phase muscle activity, would have some propulsive benefit (Pataky et al., 2008). 
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Current reports about the effects of walking speed on the peak pressure over the 

heel were consistent among all previous studies. The heel region exhibited 

increases in maximum pressure at faster walking speeds (Burnfield et al., 2004; 

Drerup et al., 2001; Hughes et al., 1991; Pataky et al., 2008; Rosenbaum et al., 

1994; Segal et al., 2004; Taylor et al., 2004; Warren et al., 2004). For the toe 

regions, the peak pressure over hallux increased when the walking speed increased 

(Burnfield et al., 2004; Segal et al., 2004; Taylor et al., 2004; Warren et al., 2004). 

The pressure patterns were not consistent for the lesser toes among different 

studies, although most studies (Burnfield et al., 2004; Taylor et al., 2004; Warren et 

al., 2004) found the peak force and pressure significantly increased walking at a 

faster speed. Drerup et al. (2001) and Hughes et al. (1991) found no significant 

differences for the peak pressure in lesser toes. 

 

Merely to constrain the walking speed is not sufficient to compare the plantar 

stresses, because the speed can be affected by cadence and stride length. This is 

why the reaction was different even at the similar velocities and the same foot sites. 

Different sites of the foot react differently to an increase in walking speed, but only 

the plantar stress data can not offer suggestions as to why this might occur. The 

kinematic parameters are important to help us to understand the changes of foot 

biomechanics when walking at different speeds. However, limited information was 

reported in the previous studies that how the walking speeds affected the kinematics 

of the lower extremity. 
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The rearfoot eversion was found greater at faster speeds (Rosenbaum et al., 1994; 

Shanthikumar et al., 2010). Therefore, researchers concluded that the medial shift 

pressure under the foot when walking at a faster speed might be associated with the 

greater foot pronation. 

 

Roux et al. (2009) measured the effects of the walking speeds on the foot movement 

within the shoe during the stance phase. They found that as walking speeds 

increased, the foot flexion, foot torsion (rear/forefoot movements following the 

longitudinal axis) and foot stability (rearfoot movements relative to the shank in 

frontal plane reduced) increased.  

 

Lelas et al. (2003) found that the peak knee flexion during loading response 

increased with increased speed. The rearfoot pronation and knee flexion during 

loading response play an important role in the shock absorption during walking a fast 

speed. In addition, Lelas et al. (2003) found that there was a poor relationship 

between peak sagittal plane kinematic data and gait speed. 

 

Propulsive adaptations to speed changes occurred primarily at the hip and 

secondarily at the ankle. Hip muscles, particularly the hip extensors, are critical to 

propulsion. Ankle function is primarily for support, but is important to propulsion, 

especially at slow speeds. The alterations in the sagittal ankle moment occurred 
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without observable sagittal ankle, hip or knee kinematic changes (Orendurff et al., 

2008).  

 

2.4 Gait Biomechanics Wearing High-heeled Shoes 

2.4.1 Plantar In-shoe Stresses 

Plantar mechanical stresses are one of the most important predictors for foot 

complaints in clinical and can affect the comfort rating. Hong et al. (2005) reported 

that 75.6% of the comfort rating can be explained by peak pressure in medial 

forefoot, impact force and the first peak vertical ground reaction force. 

Understanding the gait biomechanics associated with different shoe designs such as 

constructions and materials may offer insights into clinical prevention of 

musculoskeletal problems and improve the perceived comfort. 

 

Long-term wearers of high-heeled shoes are vulnerable to suffer from forefoot pain, 

hallux valgus (Mandato and Nester, 1999; Menz and Morris, 2005; O’Connor et al., 

2006), metatarsalgia and calluses (Dunn et al., 2004; Menz and Morris, 2005). 

These forefoot problems are associated with the plantar loading redistribution 

caused by the alteration of foot alignment in high-heeled shoes. As the heel height 

increase, the peak pressure over the heel decreased (Broch et al., 2004; Hong et al., 

2005; Lee and Hong, 2005; Nyska et al., 1996), while the peak plantar pressure and 
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the rate of loading over the forefoot increased (Snow et al., 1992). The plantar 

pressure over the forefoot further redistributed and concentrated at the medial 

MTHs, while the peak pressure over lateral MTHs decreased (Corrigan et al., 1993; 

Mandato and Nester, 1999; Nyska et al., 1996; Speksnijder et al., 2005). Gastwirth 

et al. (1991) thought that an increased duration of the forefoot loading, rather than an 

increased actual pressure, was responsible for foot pathology related to wearing 

high-heeled shoes. The PTI over the medial forefoot increased with the increasing 

heel height (Nyska et al., 1996; Speksnijder et al., 2005). Over the hallux region, the 

peak pressure and PTI were also reported to increase wearing high-heeled shoes. 

Some researchers implied that the increased pressure over hallux would increase 

the risk of hallux deformity (Mandato and Nester, 1999).  

 

Another changes of plantar pressure distribution occurred at the midfoot region. As 

the heel height increased, the contact area and the peak pressure over midfoot 

decreased (Morag and Cavanagh, 1999; Hong et al., 2005; Speksnijder 2005). 

Nyska et al. (1996) found the contact time over midfoot significantly decreased, while 

Speksnijder et al. (2005) reported conflicting results. It indicated that the contact time 

changes might be different between high-heeled shoes with heel height less than 

5.91 cm and even higher height. All these changes over midfoot suggested that the 

ability of midfoot in dissipating partial compressive stress reduced when wearing 

high-heeled shoes. This resulted in a rapid shift of the center of pressure from heel to 

forefoot and further increased the pressure over forefoot. 
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2.4.2 Gait Kinematics and Kinetics 

Elevation of heel height would change the foot alignment and significantly change 

the normal function of ankle and subtalar joint. Ankle plantarflexion increased 

significantly as heel height increased and never dosiflexed when heel height 

increased to 7.62 cm (Ebbeling et al., 1994; Hwang et al., 2006; Kerrigan et al., 

1998; Opila et al., 1988; Snown and Willams, 1994; Stefanyshyn et al., 2000). 

Therefore, the range of motion of ankle joint decreased significantly compared with 

barefoot condition (Hwang et al., 2006). As heel height increased, the rearfoot 

supination (inversion and adduction) increased at the heel strike and rearfoot 

pronation (eversion) decreased during stance phase (Adrian and Karpovich, 1966; 

Kerrigan et al., 1998; Shimizu and Andrew, 1999; Snown and Willams, 1994; 

Stefanyshyn et al., 2000). However, rearfoot pronation reduction was not linear. 

Maxmum rearfoot pronation significantly increased when heel height increased from 

3.81 to 5.08 cm but decreased as heel height further increased to 7.62 cm (Ebbeling 

et al., 1994). All above changes might change the foot biomechanics and induce foot 

problems. It was found that feet with supination, especially when combined with a 

plantarflexion, were at a risk of inversion ankle injury (Barrett and Bilosko, 1995; 

Morrison and Kaminski, 2007; Wright et al., 2000). 

 

Subtalar joint moment had a significant difference between wearing high-heeled 

shoes and flat shoes or barefoot. Standing in high-heeled shoes, an inverting torque 
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applied on the ankle joint, while for barefoot or flat shoe, a larger everting torque was 

applied (Opil-Correla, 1990). 

 

Postural changes, a loss in foot function, and increased shock loadings during 

walking wearing high-heeled shoes should be compensated by accommodations in 

the kinematics of body segments. Wearing high-heeled shoes generated a larger 

initial impact force and then transmitted up the skeleton as a shock wave. The shock 

wave had two impact peaks for heel strike and metatarsal strike, respectively, 

wearing high-heeled shoes (Voloshin and Loy, 1994). The most significant 

compensation occurred at knee joint. Researchers found that knee flexion increased 

at heel strike and stance phase, which would be useful to absorb the increased 

impact force (Ebbeling et al., 1994; Gollnick et al., 1964; Hwang et al., 2006; 

Kerrigan et al., 1998; Murray et al., 1970; Opil-Correla, 1990; Snown and Willams, 

1994; Stefanyshyn et al., 2000). However, Gollnick et al. (1964) found that there 

were no definite effects of heel height on the knee angle. There were no changes in 

knee angle at heel strike and push-off phase. The knee flexion slightly but not 

significantly increased during midstance phase. These conflicting results might be 

associated with the different heel heights. In the study of Gollnick et al. (1964), the 

heel heights were higher than 6.4 cm. This suggested that the heel height had a 

more pronounced influence on the knee flexion when the heel height increased from 

a low level to a high level, but the influence was not obvious in the higher heel height 

level. During swing phase, knee flexion angle and knee extension velocity decreased 
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significantly. Additionally, ranges of knee motion on sagittal and transversal planes 

decreased during swing phase, but no significant difference were found in stance 

phase (Gehlsen et al., 1986).  

 

Wearing high-heeled shoes, the knee varus torque significantly increased during 

stance phase even shoes with moderate heel height of 3.8 cm (Kerrigan et al., 1998; 

Kerrigan et al., 2005). A greater varus torque would cause a greater force across the 

patellofemoral joint and a higher compressive force on the medial aspect of the 

knee. Long-term wearers of high-heeled shoes are vulnerable to the knee 

osteoarthritis, which were more common in the medial than in the lateral aspect of 

the knee. 

 

Relative to the knee joint movement, the changes at hip joint, such as hip joint angle 

and moment, were not significant for different heel height shoes (Ebbeling et al., 

1994; Hwang et al., 2006; Kerrigan et al., 1998). However, compared with the 

barefoot condition, the hip flexion increased in stance phase walking in high-heeled 

shoes (Kerrigan et al., 1998). The range of motion of pelvis on sagittal plane reduced 

significantly (Opil-Correla, 1990).  

 

Joint couplings of lower limbs are useful to understand the mechanism of injuries 

related to high-heeled shoes. Normally, the maximum calcaneous eversion and 
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maximum knee flexion occurred simultaneously at midstance. During walking in 

high-heeled shoes, the time to maxmal knee flexion reduced but the time to maximal 

calcaneal eversion prolonged (Ebbeling et al., 1994). This asynchronism for subtalar 

and knee joint action might cause functionally antagonistic and the knee problems 

(Bates et al., 1978; Hamill et al., 1992; Tiberio, 1987). According to Tiberio (1987), 

when pronation of subtalar joint is prolonged during midstance, shank internal 

rotation is prolonged and could not externally rotate when knee should extend. 

Therefore, the thigh must excessively internally rotate to obtain relative knee 

external rotation needed, causing a twisting of knee joint. This will alter the normal 

alignment of musculoskeletal system and cause local excessive contact pressure. 

 

As heel height increased, the hallux dorsiflexion and the first metatarsal angle 

relative to the horizontal significantly increased (McBride et al., 1991). According to 

windlass mechanism, the hallux dorsiflexion can increase the medial longitudinal 

arch height. The increased medial longitudinal arch height could reduce the sign of 

flat foot (Shimizu and Andrew, 1999). Shimizu and Andrew (1999) also found that as 

heel height increased, the center of pressure shifted forward to the first MTH. The 

anterior shift of pressure reduced the loads on the heel. Additionally, loads on the 

midfoot reduced since the arch height increased with heel elevation and the strains 

in the plantar aponeurosis reduced especially for the high-heeled shoes with a shank 

profile (Kogler et al., 2001). Due to these changes, elevation of the heel has been 

suggested as a treatment therapy for plantar fasciitis (Tanz, 1963; Gordon, 1984). 
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However, Kogler et al. (2001) suggested clinicians should be cautious in 

recommending heel elevation to treat the plantar fasciitis because not all subjects 

could achieve the desired decreased in plantar aponeurosis strain. 

 

Elevation of heel height changes the foot alignment and the foot is placed in an 

extremely plantarflexed position. As compensation, the stride or step lengths 

significantly reduced walking with high-heeled shoes (Esenyel et al., 2003; Gehlsen 

et al., 1986; Merrifield, 1971; Opila-Correla, 1990). However, the stride width did not 

significantly decrease (Adrian and Karpovich, 1966; Merrifield, 1971). Additionally, 

walking with high-heeled shoes, the foot stability decreased (Adrian and Karpovich, 

1966; Shimizu and Andrew, 1999). In order to compensate instability, the wearers 

reduce the walking speed and support time, but the stance time percentages 

increased significantly (Opila-Correla, 1990; Snown and Williams, 1994).  

 

For GRFs, most previous studies found that the impact force increased with heel 

height increasing (Hong et al., 2005; Lee and Hong, 2005; Voloshin and Loy, 1994). 

However, the trend of impact force was not linear with heel height increasing when a 

large range of heel height was investigated. Voloshin and Loy (1994) found that low 

heel was better than very low heel, because the impact force for low heel (14 and 16 

mm) was smaller than very low heel (12 mm). When the heel height increased to 85 

mm, the impact force decreased again (Stefanyshyn et al., 2000). For the vertical 
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GRF, the peak value increased walking with high-heeled shoes (Ebbeling et al., 

1994; Hong et al., 2005; Snow and Willams, 1994; Wang et al., 2001). Minimum 

vertical GRF during midstance and maximal vertical GRF during push-off occurred 

later (Snow and Willams, 1994) compared to low heel height. For the horizontal 

components, the maximal braking force increased compared to flat shoes but no 

difference was found for ML GRF (Ebbeling et al., 1994; Snow and Willams, 1994). 

The peak posterior and anterior GRFs occurred earlier for high-heeled shoes (Snow 

and Willams, 1994). 

 

2.4.3 Summary 

Although it is reported that the high-heeled shoes have some adverse effects on the 

foot health, the high-heeled shoes are still popular, maybe attributed to the modern 

fashion, job requirement and common belief in enhancing esthetic appeal. There is 

still room for the manufacturers and designers to improve the details of high-heeled 

shoe design for an orthopaedically sound shoe in a reasonably fashionable style. 

Acquiring information on the gait biomechanics wearing high-heeled shoes, including 

the in-shoe stress distributions and the walking patterns, is essential before any new 

design can be developed. 

 

The information on the in-shoe stresses is essential in enhancing knowledge on the 

biomechanical behavior of the foot at the shoe-foot interface. Mechanical stresses 
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could affect the comfort rating and can be used to evaluate the performance of the 

shoe. High-heeled shoes change the foot alignment and redistribute the plantar 

stresses. Mechanical stresses applied on the foot plantar surface include the 

pressure and shear stress. To date, only in-shoe plantar pressure has been widely 

investigated. There are limited reports about the effects of heel height on the plantar 

shear stresses due to lack of suitable equipment for their measurement. Plantar 

pressure alone is insufficient in predicting foot disorders related to the plantar tissue. 

Plantar shear stress could be of particular importance with an inclined supporting 

surface of high-heeled shoe.  

 

Previous studies have demonstrated that plantar pressure distribution was 

dependent on walking speed, which varied among different foot regions and gait 

cycle, but little investigation has been conducted to its effect on the shear and the 

changes in mechanical patterns at specific locations are not clear. The shear stress 

is more important in understanding the foot function or biomechanics under different 

walking speeds, because the AP and ML shear forces provide information on 

propulsive ability and gait stability during walking, respectively. Additionally, the 

walking speed might redistribute the plantar stresses and change their magnitudes. 

Abnormal and excessive plantar pressure and shear stress are potential risk factors 

to destroy the soft tissue integrity. The role of walking speed is affected by the shoe 

construction and its materials, especially for high-heeled shoes. 
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Sock material can change the frictional properties at the foot-shoe interface and 

further redistribute the plantar shear. Smooth socks on the inclined surface might 

cause more compensation of foot movement. The shear stress properties might be 

different from the condition on the flat surface. Sock material selection is important to 

prevent foot problems for wearers of high-heeled shoes. 

 

In addition to the in-shoe stresses, the ground reaction force is another variable used 

to evaluate the performance of the shoe, such as its shock absorption and propulsive 

ability. However, the force between the foot and ground cannot reflect the shod 

condition. Shoe designs, including the construction and the sole material, might 

cause different stress transfers and temporal responses on the foot-shoe interface 

from overground surface. In-shoe triaxial force transducer, along with force platform, 

could provide details on the differences. 

 

Purely force variables are not adequate for the description of foot biomechanics 

because these variables cannot offer suggestions as to why this might occur. Human 

subjects were found to adapt their movement patterns when performing the same 

task with different shoes, socks and walking speeds. It is suggested that an 

increased understanding of kinematic adjustment is required. Human foot is a 

complex structure, including more than 26 bones, 33 joints, and more than one 

hundred muscles, tendons and ligaments. Gait analysis just for one foot segment is 
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incomplete, because the movement of individual foot bones relative to each other will 

be ignored. The development of the multi-segment foot model can provide more 

information on the dynamic foot kinematics and enhance the knowledge on the 

dynamic function of different foot units. To date, current kinematic studies focused on 

the low limb pathology and sports science. The multi-segment foot model was 

applied in barefoot conditions and restricted in shoe research, because it is 

challenging to directly attach the markers to the skin within shoes. There is no a 

systematic analysis for the dynamic foot kinematics in high-heeled gait. Previous 

kinematic studies on high-heeled gait focused on the movement of rearfoot, knee 

and hip joints. It is insufficient to understand the dynamic foot function changes with 

high-heeled shoes. High-heeled shoes change the foot alignment. When the heel is 

raised, a hallux dorsiflexion and a higher medial longitudinal arch were accompanied 

with. The windlass mechanism is important when wearing high-heeled shoes. In 

order to systematically describe the kinematic characteristics of individual foot 

segments in high-heeled gait, the multi-segment foot model should include the 

following segments: the rearfoot, hallux, first and fifth metatarsal and medial 

longitudinal arch.  

 

The dynamics of gait are likely to exert the major influence on plantar stresses during 

walking (Cavanagh et al., 1997). Information on kinetics together with kinematics 

could provide critical references for pathological assessment, treatment planning 

and shoe design development. High-heeled shoes change the foot alignment. 
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Compared with the flat shoes, the changes of walking speed or the interface 

frictional properties when walking with high-heeled shoes might require more 

compensations of the lower extremity to adjust the posture and gait of wearers, 

which can further contribute to the plantar stress distribution.  

 

In-shoe triaxial stresses and dynamic foot kinematics when walking with high-heeled 

shoes both at different walking cadences and with different socks should be 

considered to help in designing proper high-heeled shoes. 
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CHAPTER III METHODS 

 

3.1 Subjects 

Ten adult female subjects voluntarily participated in this study. Selection was made 

on the basis that individuals could fit comfortably into the selected high-heeled shoes 

and had clinical normal feet. The “clinical normal feet” means no report about 

particularly high or low arch, limb-length discrepancy, hallux valgus, tailor’s bunion, 

hammer digits, and plantar callosities. Additionally, those who had potentially impair 

walking, ankle, knee, hip and back problems, systemic diseases and neurological 

defects impairing gait were also excluded from the study. The subjects in this study 

did not wear the high-heeled shoes very often, however, they have the experience of 

wearing high-heeled shoes, and their gait performed naturally. This requirement was 

set to minimize variation in motor control that could result from different levels of 

habituation. The subjects had a mean age (±SD) of 26.4 (±2.8) years, body mass 

(±SD) of 51.7 (±4.9) kg and height (±SD) of 1.62 (±0.04) m (Table 1). All subjects 

gave their written consents before the experiments, which were approved by The 

Hong Kong Polytechnic University Research Ethics Committee. 
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Table 3-1. Subject information 

 

Subjects Height (m) Weight (kg) Age 

01 1.63 50 28 

02 1.62 50 26 

03 1.65 52 20 

04 1.63 57 28 

05 1.63 61 28 

06 1.53 51 28 

07 1.6 55 26 

08 1.64 50 24 

09 1.65 44 30 

10 1.58 47 26 

Mean (SD) 1.616 (0.04) 51.7 (4.9) 26.4 (2.8) 

 

3.2 Test Shoes and Socks 

Three pairs of high-heeled shoes (European size 37) with heel heights of 30, 50 and 

70 mm were selected in this study (Figure 3-1). These shoes were commercially 

available items and had the similar construction such as the materials, the upper 

parts, foot contact points, pump style, heel geometry and heel base size. The main 

difference was the heel height. The sole of the shoe was rigid and made of wood. 

The 30 mm heel height was the lowest available for this type of rigid and wooden 

shoe sole, which was selected for proper transducer installation. Sandal shoes were 

convenient to directly attach the markers on the foot skin and there was no need to 

reattach the marker when replacing shoes.  
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Figure 3-1. Test shoes with heel height of 30 mm, 50 mm and 70 mm 

 

Nylon and cotton socks, commonly used in daily life, were chosen in this study to 

alter the surface friction conditions between foot and insole. The socks were thin 

without taking up significant volume in the shoe. Totally, three kinds of sock 

conditions, including without socks, nylon socks and cotton socks, were investigated 

in this study.  

 

3.3 In-shoe Plantar Triaxial Stresses Measurement 

3.3.1 Equipment 

Five in-shoe triaxial force transducers were developed (Bioforcen, Anhui, China) 

based on strain gauge technology. The directions of three components of forces 

were shown in Figure 3-2. These transducers had full-scale ranges of 75 N for 

tangential force and 200 N for normal force, which were equivalent to 326 kPa and 

870 kPa for average shear stress and pressure on the sensor surface (2.3 cm2), 
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respectively. The weight of the transducer was less than 10 g. The height of the 

transducer was 10 mm with diameters of 17 and 18 mm for the top and base 

surfaces, respectively (Figure 3-2). The transducer had an annular gap of 0.5 mm 

around the loaded surface to avoid contact interference and minimize shielding 

effect with the surrounding insole. 

 

 

 

Figure 3-2. In-shoe triaxial force transducers 

 

3.3.2 System Calibration 

Each transducer was calibrated under static condition in a temperature controlled 

laboratory (25℃). For both loading and unloading conditions, static calibration was 

carried out under compressive (0, 10, 20, 30, 40, 50, 100 and 150 N), 

anteroposterior (AP) and mediaolateral (ML) forces (0, 10, 20, 30, 40 and 50 N). The 

output responses were recorded when the compressive forces were applied directly 

on top of the transducer and shear loads were applied by hanging weights from a 

cord attached to the transducer and passing over a simple pulley system (Figure 



Chapter III  Methods 

 68

3-3). In details, a series of calibration tests was conducted as follows. 

1) Compressive, AP and ML forces were applied to the transducers at separate 

times,  

2) Compressive and shear forces applied simultaneously, 

3) A force that was the vector addition of ML and AP force was applied, 

4) The cross-talk on the shear force channels was measured when 

compressive forces from 0 to 150 N were applied to the transducers, 

5) The cross-talk on the compressive force channels was measured when 

shear forces from 0 to 50 N were applied to the transducers, 

6) Hysteresis was measured when the transducer was loaded and then 

unloaded, 

7) In order to check the repeatability of the transducer, the output was recorded 

when the transducer was loaded incrementally from 0 to 50 N and then was 

unloaded in compressive, AP and ML directions, respectively, and  

8) In order to check the sensitivity change with temperature, the transducer was 

placed in the oven. The output was recorded when temperature was reduced 

from 38℃ to 25℃. 
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The error of the system was less than 2% of full scale (F.S.), and the crosstalk 

between any two channels was less than 2%. The hysteresis and nonliearity for each 

force components were less than 1% of F.S.. 

 

 

 

Figure 3-3. System calibration for AP/ML force (a) and vertical force (b) 

 

 

The repeatability, meaning the maximum differences between measurements, was 

recorded when the transducer was loaded incrementally from 0 to 50 N and then was 

unloaded (Figure 3-4). The results showed that the repeatability was 1.75% F.S. for 

shear components and 1.7% F.S. for normal components. 
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Figure 3-4. Force curves when the sensor was incrementally loaded and unloaded 

 

The time drift within two hours of the sensor was shown as Figure 3-5. The time drift 

was 0.21, 0.34, 0.41 N/min for AP, ML and normal force components, respectively, 

when the sensor was unloaded. 
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Figure 3-5. Time drift within two hours when the sensor was unloaded 

 

 

Temperature drift of the sensor was shown in Figure 3-6. The sensitivity change with 

temperature was less than 1%/℃, which was considered to be appropriate for use 

within the relatively constant temperature environment of an insole (Zhu et al., 1991; 

Wertsch et al., 1992). 
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Figure 3-6. Temperature drift from 38 to 25℃ within 10 minutes 

  

3.3.3 Mounting of the Sensors 

 
 

Figure 3-7. Transducers and their installations in this study 
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The transducers were mounted within a 10 mm thick cork insole (the hardness was 

60° shore A) of the right high-heeled shoe at the hallux, first (MTH1), second (MTH2) 

and fourth (MTH4) metatarsal heads, and heel center (Figure 3-7). The bottom of the 

transducer was glued to the sole of the shoe. In order to keep the interface material 

property congruent, pieces of thin leather were glued on the top surfaces of the cork 

insole and transducers (Figure 3-7). The shear stresses were tangential to the 

supporting surface and divided into longitudinal and transverse components. The 

longitudinal direction was aligned in accordance with the midline of the foot passing 

through the heel center and MTH2. Transducers were wired to amplifiers and an A/D 

converter on a trolley (Figure 3-8). The trolley was moved with the subject and the 

subject’s movement was not interfered by the wires and equipment. 

 

 

Figure 3-8. System connection 
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3.3.4 Procedures 

To each subject, three pairs of high-heeled shoes and three sock conditions (without 

socks and with nylon and cotton socks) were randomly assigned. Prior to the 

experiment, the feet of the participants were degreased with alcohol. Subjects were 

then instructed to wear the high-heeled shoes with different socks and walk along a 

10 m laboratory walkway for a 5-minute warm-up period. The testing procedure was 

divided into three major parts. First, the baseline signal of each transducer was reset 

to zero, with each subject sitting and lifting her right leg with the plantar shoe 

maintained parallel to the ground. Second, each subject was asked to stand upright 

in a balanced position with her feet positioned at shoulder width and kept the posture 

for 5 seconds for the measurements of static in-shoe contact stresses. Finally, each 

subject was asked to walk along the 10 m walkway with a cadence of 90, 110 and 

130 steps/min, respectively, controlled by a metronome. The cadence sequence was 

also random for each subject in each condition. The subject took a 5-minute rest 

between two tests. In-shoe stresses were measured at a sampling frequency of 300 

Hz during walking. A force platform (Advanced Medical Technology Inc., Watertown, 

MA, USA) was used to measure the GRFs simultaneously at a sampling frequency 

of 900 Hz. Three successful trials were collected for each condition. In each 

successful trial, the subject stepped on the force plate located at the middle of the 

walking path with their right foot.  
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3.4 3D Kinematic Analysis for Lower Extremity 

3.4.1 Equipment 

Kinematic data of the right lower extremity were collected with an eight-camera 3D 

motion capture system (Vicon, Oxford Metrics, UK) at a sample frequency of 100 Hz. 

Two force platforms (Advanced Medical Technology Inc., Watertown, MA, USA), 

which were set along a 10-m walkway, were used to measure the GRFs 

simultaneously at a sampling frequency of 900 Hz.  

 

3.4.2 Development of the Multi-segment Foot Model 

A kinematic model, including 8 segments for right lower extremity such as pelvis, 

thigh, shank, calcaneus, medial forefoot (the first metatarsal), lateral forefoot (the 

fifth metatarsal), hallux and medial longitudinal arch, was developed to investigate 

the posture and gait compensation wearing high-heeled shoes with different socks at 

different walking cadences (Figure 3-9). Landmarks to define the axes of each 

segment were shown in Table 2. Triad markers or plate markers were attached to 

each segment to capture the motion curve in three planes. The marker triad can 

achieve adequate marker separation on a limited space (Figure 3-9 and Figure 

3-10). 
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Figure 3-9. Multi-segment foot model for high-heeled shoes
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Table 3-2. Landmarkers for each segment 

Segment Landmarks Vectors 

pelvis ASIS: left and right anterior superior iliac spine (MASIS: midpoint of two ASIS) 

PSIS: left and right posterior superior iliac spine (MPSIS: midpoint of two PSIS) 

v1=LASIS-RASIS; v2=MASIS-MPSIS 

O= MASIS 

Thigh LE: lateral epicondyle 

   (most lateral aspect of the epicondyle) 

ME: medial epicondyle (MKnee: midpoint of LE and ME) 

    (an axis passing through the lateral knee marker and the medial knee marker 

is coline with the estimated flexion/extension axis of the knee) 

RHJC: right hip joint center (Bell et al., 1990) 

   (0.36*ASIS_distance, -0.19*ASIS_distance, -0.3*ASIS_distance) 

v1=ME-LE ; v2=RHJC-MKnee; 

O=RHJC 

Shank LM: lateral malleolus; MM: medial malleolus  (MAnkle: midpoint of LM and MM) 

LE: lateral epicondyle; ME: medial epicondyle 

v1=ME-LE; v2=MKnee-MAnkle; 

O=MKnee 

Hindfoot CAER: eminentia retrotrochlearis (greatest lateral elevation) 

CALT: lateral tuberosity (lateral to Achilles tendon attachment) 

CAMT: medial tuberosity (medial to Achilles tendon attachment) 

v1=CAMT-CALT; v2= CALT-CAER;  

O=CALT 

Arch angle Navicular; CAMT; MTH1: first MTH (most medial point)  

Medial forefoot (MFF) D1MT: first MTH (most dorsal point); P1MT: the first metatarsal base (most 

dorsal point) 

v1=P1MT-P5MT; v2=P1MT-D1MT;  

O=P1MT 

Lateral forefoot (LFF) D5MT: fifth MTH; P5MT: the fifth metatarsal base v1=P1MT-P5MT; v2=P5MT-D5MT;  

O=P5MT 

Hallux D1MT: first MTH (most dorsal point); HLXD: Distal point of hallux (dorsal point) v1=D1MT-D5MT; v2= D1MT-HLXD;  

O=D1MT 
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(a) 

 

(b) 

 

Figure 3-10. Orientation of anatomical reference frames (a); arch angle (b) 
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Kinematic data were analyzed in sagittal, frontal and transverse planes, respectively. 

The motions in sagittal plane were described as flexion and extension (plus 

dorsiflexion and plantarflexion), which took place about the mediolateral axis of the 

proximal segment. The motions in transverse plane were described as internal and 

external rotations for hip and knee joint, which took place about the longitudinal axis 

of the thigh and shank (Figure 3-11(a)). Abduction (AB) and adduction (AD) of hip 

and knee joint take place about a floating axis that is at right angles to both the 

flexion/extension and internal/external rotation axes (Figure 3-11(a)), which were the 

motions in frontal plane. Specially, the motions of foot segments in transverse plane 

were described as AB and AD, while the motions in frontal plane were described as 

inversion and eversion (Figure 3-11(b)) 

 

 

Figure 3-11. Definitions of motion in frontal and transverse planes 
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3.4.3 Procedures 

Prior to the walking trials, a relaxed standing trial was collected in each shoe and 

sock condition to define the neutral position for each joint. In the standing trial, each 

subject was asked to stand upright in a balanced position on the force platform, with 

her feet positioned at shoulder width and kept the posture for 5 seconds.  

 

In walking trials, a barefoot walking condition was firstly performed without shoes 

and socks at a random sequence of three walking cadences (90, 110 and 130 

steps/min). This session was collected as a control group for shod condition, which 

would provide detailed information on the segment movement during walking 

barefoot without any effects of shoes and socks. 

 

To reduce the numbers to reattach the markers, the second session was conducted 

when the subject walked without socks. Three pairs of shoes were randomly 

assigned. The walking cadences were also selected in a random sequence in each 

shoe condition. Totally, seven successful trials were collected for each condition. In 

each successful trial, the subject stepped on the force plate located at the middle of 

the walking path with their right foot. The subject took a 5-minute rest between two 

tests to reduce the effects of the fatigue. Another two sock conditions repeated the 

procedure conducted in the without sock condition. To avoid changing the marker 

locations when replacing the socks, marks were put on the foot and holes were dug 
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on the socks.  

 

3.5 Variables 

Only data from the right foot or leg were analyzed. Three independent variables were 

investigated in this study, including heel height, sock material and walking cadence. 

Each independent variable had three test levels. 

  

Dependent variables for in-shoe triaxial stresses included the magnitudes of peak 

pressure and peak resultant shear in each foot region, directions of resultant shear 

stress during balanced standing and walking. Temporal and spatial properties were 

also analyzed. Temporal variables included the comparison of the timing of in-shoe 

peak pressure and peak resultant shear stress and the comparison of the timing of 

the peak in-shoe accumulated stresses and relative GRFs. 

 

For kinematic investigation, the arch kinematics and the arch related foot segment 

motions were quantified during the stance phase in sagittal, frontal and transverse 

planes. These motions included hallux movement relative to the first metatarsal, 

medial/lateral forefoot movements relative to calcaneus, rearfoot movement relative 

to the shank and the dynamic arch angle changes. In addition, the motions of hip and 

knee joints were also reported. The kinematic dependent variables included the 
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range of motion (ROM), the maximum and minimum of the motions in three planes of 

all joints as well as the peak midstance knee flexion and its timing for each condition. 

The first and second peaks of all components of GRFs were also analyzed.  

 

3.6 Data Analysis 

All above parameters were analyzed in the stance phase. The stance phase was 

defined as the interval between heel strike and toe off. Force platform and in-shoe 

triaxial force transducers were used to detect the gait events of heel strike and toe 

off. For the force platform, a 10 N threshold was applied to the vertical component of 

the ground reaction force to detect the heel strike, while a 5 N threshold was applied 

to detect the toe off (Housdorff et al., 1995; O’Connor et al., 2006). For the in-shoe 

triaxial force transducer, a threshold of normal force equal to three standard 

deviations above the mean unloaded baseline (Stanhope et al., 1990) was set to 

detect the heel strike and toe off. Each stance phase was considered to begin when 

the force signal under the heel exceeded the threshold and finish when the force 

signal under the hallux diminished below it. 

 

The mean values and standard deviations of both kinetic and kinematic variables 

from each test were calculated for each individual. Then overall means and 

inter-subject standard deviations were obtained. 
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In order to assess the effects of heel height on all kinematic and kinetic dependent 

variables when walking at different walking cadence, a two-way repeated measures 

analysis of variance (ANOVA), including two within subject factors (heel height and 

walking cadence), was performed for each sock condition. Multiple post-hoc 

comparisons were undertaken using Bonferroni to identify significant differences 

between conditions. In order to assess the effects of heel height when walking with 

different socks, a two-way repeated measures ANOVA, including two within subject 

factors (heel height and socks), was performed for the normal walking cadence. 

Multiple post-hoc comparisons were undertaken using Bonferroni to identify 

significant differences between conditions.    

 

A paired t-test was performed to investigate the temporal differences between 

in-shoe peak pressure and peak resultant shear as well as those between the 

in-shoe accumulated peak stresses and GRFs when walking at normal cadence. 

 

In order to investigate the relationship between peak plantar stresses and foot 

segment motions, Pearson correlation coefficients were computed. All kinematic 

variables which were significantly correlated to the peak plantar stresses were then 

performed multiple linear regression analyses to determine their relative importance 

in explaining variance. When the multiple linear regression analyses was conducted, 

the peak plantar stresses (dependent variables) in different foot regions and the 
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relative foot kinematic data (independent variables) from all subjects and all 

conditions (3 heel heights × 3 walking cadences × 3 sock conditions) were pooled 

together. Only those kinematic variables which had a potential functional relationship 

to plantar stresses at each foot site were considered. The standardized beta weights 

calculated from the linear regression model provided an indication of the relative 

contribution of each variable to the plantar stresses. 
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CHAPTER IV RESULTS 

 

4.1 In-shoe Triaxial Stresses in Balanced Standing 

During balanced standing, the maximum in-shoe plantar pressure was found in the 

heel region for the low heel shoes (30 mm), 103.1 kPa without socks, 103.8 kPa with 

nylon socks and 101.7 kPa with cotton socks, respectively. The sock material did not 

affect the plantar pressure distribution and the magnitude during balanced standing. 

The heel height was the main effect on the plantar pressure distribution over forefoot 

region. The pressure over MTH2 wearing shoes with 70 mm heel height was 

significantly larger than that wearing lower heel height shoes (F(2,18)=35.162, 

p<0.05). The pressure over the MTH4 followed an opposite trend and the pressure 

was significantly smaller wearing high heel shoes (F(2,18)=12.65, p<0.05, Figure 4-1 

(a), (c), (e)).  

 

During balance standing, the maximum plantar resultant shear was larger at either 

hallux or MTH2 wearing 30 mm heel height shoes in different sock conditions. As the 

heel height increased, the most significant difference for shear stress occurred at 

heel region. Compared to 30 mm control shoes, the resultant shear increased by 

116% without socks, 222.5% with nylon socks and 198.6% with cotton socks, 

respectively, when the heel height increased to 70 mm. The shear over heel was the 

largest among five foot regions for high heel shoes whereas it was minimal for the 30 
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mm heel height shoes. The shear stress over MTH4 decreased with heel height 

elevation. The shear stress distribution during balanced standing was similar with 

different kind of socks. The sock material did not significantly affect the magnitude of 

resultant shear over MTH4 and heel regions (Figure 4-1 (b), (d), (f)).  

 

Heel height did not significantly affect the magnitude of resultant shear over MTH1 

and MTH2. Although higher heel height shoes generated larger shear over these 

regions, there was no statistic significance. However, sock material had an influence 

on their magnitudes. Wearing nylon socks, the resultant shears over MTH1 and 

MTH2 were smaller than with cotton socks and without socks. Heel height mainly 

affected the shear stress over heel and lateral forefoot, while sock materials mainly 

affected the shear stress over medial forefoot during balanced standing (Figure 4-1 

(b), (d), (f)). 

 

Shear directions over five foot regions were consistent during balanced standing 

without socks and with cotton socks (Figure 4-2 (a), (b)). The shear pointed 

backward in all five foot regions with 70 mm heel height shoes, while they were 

anterior over MTH4 and heel for the lowest heel height. The shear over hallux was 

posterolateral with higher heel heights, while it pointed posteromedially with 30 mm 

heel height shoes. The shear directions were slightly different with nylon socks over 

hallux and heel (Figure 4-2 (c)). The shear pointed posteromedially over hallux at all 
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heel height levels and the shear over heel changed to posterior direction for the heel 

height higher than 50 mm. 

 

 

 

Figure 4-1. Pressures and resultant shear stresses in balanced standing 
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Figure 4-2. Regional resultant shear of right foot during balanced standing (direction 

and magnitude of shear are represented by orientation and length of arrow) 
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4.2 In-shoe Triaxial Stresses during Walking 

 

 

 

Figure 4-3. Regional plantar triaxial stresses from one subject walking with 70 mm 

heel height shoes without socks at the normal walking cadence 

 

Figure 4-3 showed a typical pattern of plantar triaxial stresses in each targeted foot 

region when the subject walked with 70 mm heel height shoes without socks at the 

normal walking cadence. When the heel height, interfacial properties and walking 

cadence changed, the patterns of plantar triaxial stresses were similar, but the 

magnitudes and timing were different.  
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Peak Pressures 

 
Figure 4-4. Peak pressures during walking (s, 90 steps/min; n, 110 steps/min; f, 130 

steps/min) 
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As shown in Figure 4-4, the maximal peak pressures among five foot regions during 

walking were found at hallux, heel and MTH2 wearing heel height of 30 mm, 50 mm 

and 70 mm, respectively. The distribution was not varied with the sock material and 

walking cadence. 

 

Over hallux region, peak pressure reduced with heel height increasing, although the 

statistic difference was only found between 30 and 70 mm heel heights. Fast walking 

cadence (130 steps/min) generated a larger peak pressure compared with the 

slower cadences. The results were similar among different sock materials, although 

there was no statistic significance for the condition without socks (Figure 4-4). 

 

Both heel height and walking cadence had influences on the magnitude of peak 

pressure over MTH1. The peak pressure was larger for higher heel height shoes 

than the 30 mm heel height shoes either with or without socks. For the most 

conditions, the peak pressure increased when walking cadence increased, excluding 

the condition walking with cotton socks and 30 mm heel height shoes. The peak 

pressure reduced slightly but not significantly (Figure 4-4). 

 

For the peak pressure over MTH2, the speed had a more impact on its magnitude. 

Compared with slow cadence (90 steps/min), a faster walking cadence generated a 

significant larger peak pressure (F(2,18)=10.749, p=0.007 for barefoot condition; 
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F(2,18)=21.593, p<0.05 for nylon socks; F(2,18)=13.661, p=0.004 for cotton socks). 

The peak pressure over MTH2 wearing 70 mm heel height shoes was slightly larger 

than wearing lower heel height shoes. The results were consistent regardless of 

sock conditions (Figure 4-4). 

 

The peak pressure over MTH4 was mainly dependent on the heel height. As heel 

height increased, the peak pressure decreased significantly (F(2,18)=18.479, p<0.05 

for barefoot condition; F(2,18)=25.575, p<0.05 for nylon socks; F(2,18)=30.325, 

p<0.05 for cotton socks). The walking cadence did not affect the magnitude in all 

three sock conditions (Figure 4-4). 

 

For all three sock conditions, the peak pressure over heel was larger for 50 mm heel 

height and the smallest for 70 mm heel height. As walking cadence increased, the 

peak pressure over heel increased significantly (Figure 4-4, F(2,18)=17.204, p<0.05 

for barefoot condition; F(2,18)=46.613, p<0.05 for nylon socks; F(2,18)=42.665, 

p<0.05 for cotton socks). 

 

The effects of heel height on the in-shoe plantar pressure were not varied with sock 

materials. Sock material did not change the peak pressures over MTH1, MTH2, 

MTH4 during walking. However, walking with nylon socks, the peak pressure over 

hallux was significantly smaller than that walking without socks (F(2,18)=7.073, 
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p=0.005), while it was larger over heel than that walking without socks (F(2,18)=5, 

p=0.019). 

Peak Resultant Shear Stresses 

 

Figure 4-5. Peak resultant shear stresses during walking (s, 90 steps/min; n, 110 

steps/min; f, 130 steps/min) 
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Figure 4-6. Regional shear directions during walking for three heel height 



Chapter IV  Results 

 95

Generally, the distribution of shear stress was not varied with altered walking 

cadence (Figure 4-5). With either nylon or cotton socks, the peak resultant shear 

among five foot regions during walking was found at heel region for all heel height 

levels (Figure 4-5 (b), (c)). For the condition without socks, the distribution was 

dependent on the heel height. For 30 mm control shoes, the maximal resultant shear 

occurred at MTH4. For 50 mm heel height shoes, the resultant shear was the largest 

at hallux, while it was larger at heel and MTH2 for 70 mm heel height shoes (Figure 

4-5 (a)). Over forefoot region, the shear stress over lateral forefoot was larger than 

medial forefoot when walking with low heel shoes (30 mm). As the heel height 

increased, the shear stress shifted from the lateral forefoot to medial forefoot (Figure 

4-5).  

 

Wearing higher heel height shoes, the peak resultant shear over hallux during 

walking was larger than that walking with low heel shoes (Figure 4-5). The effects of 

walking cadence varied in different sock conditions. The peak resultant shear was 

significantly larger at 130 steps/min with nylon or cotton socks, but no difference was 

shown without socks (F(2,18)=0.029, p>0.05 for barefoot condition; F(2,18)=8.057, 

p=0.003 for nylon socks; F(2,18)=5.559, p=0.032 for cotton socks).    

 

The peak resultant shear over MTH1 increased with heel height elevation and the 

heel height had a more impact at a faster walking cadence (Figure 4-5). The peak 
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resultant shear also increased as walking cadence increased. The increases were 

obvious for high heel. The effects of heel height and walking cadence were similar 

among different sock conditions.  

 

The heel height played an important role in the peak resultant shear over MTH2. The 

heel height elevation increased the peak value for each sock condition. The effect of 

walking cadence was different among different sock conditions. Walking at a fast 

cadence (130 steps/min) generated a larger peak resultant shear only with nylon or 

cotton socks. Walking cadence did not affect the peak value without socks.  

 

As heel height increased, the peak resultant shear over MTH4 decreased 

significantly between any two heel height levels (Figure 4-5). Walking cadence was 

not a main effect on the shear stress over MTH4 and did not change the peak value.  

 

As shown in Figure 4-5, peak resultant shear over heel was significantly larger 

walking with higher heel heights (50 and 70 mm, F(2,18)=44.910, p<0.05 for barefoot 

condition; F(2,18)=6.652, p=0.007 for nylon socks; F(2,18)=7.793, p=0.004 for 

cotton socks). Effects of walking cadences were different among different sock 

conditions. The peak resultant shear over heel increased as walking cadence 

increased with either nylon or cotton socks. However, the walking cadence did not 

affect the peak value during walking without socks. 
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The ratios of resultant shear to pressure (0.1-0.5) increased over the heel, hallux, 

MTH1 and MTH2, indicating that the increase of shear stress was larger than that of 

pressure as heel height increased. The walking cadence and sock material did not 

affect this result. 

 

For shear stress, the peak magnitude was dependent on the frictional properties at 

foot-shoe interface excluding the hallux region. The effect of sock material on the 

peak shear stress over hallux was not significant. 

 

Heel height elevation increased the peak resultant shear stress over MTH1 and 

MTH2. In addition to the heel height, the sock material was another main effect on 

the peak resultant shear over medial forefoot. The shear stress without socks was 

significantly larger than those with nylon and cotton socks (F(2,18)=15.783, p<0.05 

for MTH1; F(2,18)=17.951, p=0.001 for MTH2).  

 

Over MTH4, heel height elevation reduced the peak shear stress. Walking with nylon 

or cotton socks, the peak shear stress over MTH4 was further significantly reduced 

(F(2,18)=23.293, p<0.05).  

 

Although the shear stress was reduced over forefoot when walking with nylon or 

cotton socks, a significantly larger peak shear stress was generated over heel region 
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compared to walking without socks (F(2,18)=19.091, p<0.05). 

 

Regarding shear directions during walking, peak shear was posteriorly directed in 

midstance phase and shifted to anterior direction during push-off phase (Figure 4-6). 

The peak anterior shear during push-off phase was larger for the low heel height. For 

the transverse component, a peak laterally directed shear was first applied on the 

heel at the beginning of the stance phase and then shifted to medial direction. Over 

the hallux, the shear stress was posterolateral and increased with heel height 

elevation. 

 

4.3 Temporal and Spatial Properties of In-shoe Triaxial 

Stresses (normal cadence) 

The temporal and spatial properties of in-shoe localized peak pressure and shear 

stress were investigated for three heel height levels when walking at normal 

cadence. 

 

During walking, the peak pressure and peak resultant shear among five foot regions 

did not always occur at the same location. Walking with 30 mm heel height shoes 

without socks, the peak pressure was found at the hallux (Figure 4-4 (a)), while the 

peak resultant shear was the largest over MTH4 (Figure 4-5 (a)). In this condition, 
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MTH4 sustain the smallest peak pressure at the same time. When the heel height 

increased to 70 mm, the peak pressure occurred at MTH2 (Figure 4-4), while the 

peak resultant shear occurred at heel region (Figure 4-5). The results were similar in 

different sock and cadence conditions. 

 

The temporal responses of plantar pressures and shear stresses varied with 

different heel heights, sock materials and foot regions at the normal walking cadence 

(Table 4-1). The localized smaller peak pressure and larger shear stress were found 

to occur simultaneously over the heel with a high heel height (70 mm) and over 

MTH4 with a low heel height (30 mm), which was consistent in different sock 

conditions. Over meidal forefoot, the localized peak resultant shear occurred earlier 

than peak pressure. However, only over MTH2, the results were significant at any 

heel height and sock conditions (p<0.05). The peak resultant shear occurred at 

midstance, while the peak pressure occurred at push-off. 

 

Table 4-2 shows the temporal differences between in-shoe accumulated peak forces 

and GRFs when walking at the normal cadence. At the end of the loading response, 

the first in-shoe peak resultant shear force had a significant time delay compared 

with the peak resultant horizontal ground force. This characteristic was not varied 

with the heel heights and sock materials walking at the normal cadence. In contrast, 

in-shoe shear reached its second peak earlier than the overground shear during 
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push-off. It was especially significant for the low heel height shoes. Normal 

components between in-shoe force and GRF showed no significant difference in 

timing without socks, either in midstance or push-off phase. Sock materials changed 

the temporal properties of the normal components during push-off phase. In-shoe 

normal force occurred later during push-off walking with nylon or cotton socks. The 

timings for the first peaks had no significant differences. 

 

Table 4-1. t-Test to compare the timing of the in-shoe localized peak pressure and 

resultant shear stress for three heel height levels when walking at normal cadence 

 

  Without socks  Nylon  Cotton  

Heel height Sites Mean difference 

% stance phase 

T value  Mean difference 

% stance phase 

T value  Mean difference 

% stance phase 

T value 

 

30 mm 

Hallux -5.7 -2.7*  1.4 1.8  -5.0 -2.1 

MTH1 -23.2 -3.6*  -3.375 -0.7  -12.3 -1.6 

MTH2 -22.4 -4.4*  -26.3 -2.8*  -17.0 -1.9* 

MTH4 -4.5 -1.0  -4.0 -1.0  -9.8 -1.9 

Heel 2.5 1.3  -2.9 -2.8  0.3 1.1 

 

50 mm 

Hallux -11.3 -2.1  -3.2 -0.8  -14.3 -1.9 

MTH1 -18.9 -3.3*  -16.6 -2.2  -12.1 -1.8 

MTH2 -53.6 -14.3*  -30.9 -4.3*  -40.5 -5.6* 

MTH4 -30.1 -3.9*  -13.7 -1.9  -8.3 -1.6 

Heel 2.6 0.7  -2.8 -2.4  -2.1 -2.4 

 

70 mm 

Hallux -31.6 -3.7*  -1.9 -0.4  -8.7 -1.3 

MTH1 -32.1 -3.6*  -16.1 -1.8  -19.8 -2.5* 

MTH2 -45.5 -6.8*  -24.1 -2.7*  -37.1 -4.3* 

MTH4 -13.3 -1.7  2.9 1.3  2.7 0.6 

Heel 2.9 1.5  -1.2 -1.7  -1.3 -1.8 

 

Negative mean difference means the peak resultant shear occurred earlier than 

peak pressure 

*Significant difference for timing of peak pressure and peak resultant shear stress.
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Table 4-2. t-Test to compare the timing of in-shoe accumulated peak pressure and 

peak resultant shear stress with the timing of relative components of GRFs (normal 

cadence) 

 
  30 mm 50 mm 70 mm 

  First peak Second peak First peak Second peak First peak Second peak 

 

 

Without 

socks 

Resultant shear force: (% stance phase) 

Mean difference 7.4 -7.3 16.6 -17.2 10.2 -9.2 

T value 3.237* -3.428* 5.419* -3.806* 3.352* -1.811 

Normal force: (% stance phase) 

Mean difference 4.6 -1.4 3.1 -0.8 3.7 0.5 

T value 1.428 -0.450 1.190 -0.327 1.920 0.244 

 

 

Nylon 

Resultant shear force: (% stance phase) 

Mean difference 5.0 -3.6 4.1 -0.8 7.4 1.5 

T value 3.218* -3.144* 2.700* -0.747 5.866* 1.610 

Normal force: (% stance phase) 

Mean difference -1.0 4.3 -0.2 3.8 1.7 3.4 

T value -1.174 4.355* -0.157 4.494* 1.680 4.091* 

 

 

Cotton 

Resultant shear force: (% stance phase) 

Mean difference 6.2 -2.7 5.8 -2.9 7.8 -0.1 

T value 4.465* -1.812 3.696* -1.390 4.424* -0.082 

Normal force: (% stance phase) 

Mean difference 0.1 4.2 0.1 4.3 1.2 3.1 

T value 0.017 4.301* 0.101 5.694* 2.118 3.459* 

 

* Means that there is a significant difference for timing of in-shoe stresses and GRFs 

Negative mean difference means in-shoe stresses occurred earlier than GRFs 
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4.4 Kinematics of Lower Extremity 

Hip Joint 

 
 

 

Figure 4-7. Motions of hip joint without socks for one subject 
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Figure 4-8. Motions of hip joint with nylon socks from one subject 
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Figure 4-9. Motions of hip joint with cotton socks from one subject 
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Hip motions in sagittal, frontal and transverse planes, including the ROMs and the 

peak magnitudes, were consistent among different walking cadences and heel 

heights (Figure 4-7, Figure 4-8 and Figure 4-9). For all testing conditions, the 

average peak hip flexion for ten subjects ranged from 26 to 30° at loading response, 

while the average peak hip extension was 11-15° at push-off phase. In the frontal 

plane, the average maximum hip adduction was 5-8° and the abduction was 4-9°. In 

the transverse plane, the average peak internal rotation was between 3 and 7°, while 

the average peak external rotation was between 6 and 15°. 

 

Knee Joint 

For the knee joint, heel height elevation significantly reduced the ROM in sagittal 

plane. The walking cadence had a pronounce influence on the magnitude of knee 

flexion, whereas it did not affect the ROMs in sagital, frontal and transverse planes.  

Fast walking cadence (130 steps/min) significantly increased the peak knee flexion 

in midstance than slower cadence (F(2,18)=47.742, p<0.05 for without socks; 

F(2,18)=46.872, p<0.05 for nylon socks; F(2,18)=40.007, p<0.05 for cotton socks). 

The results were consistent for each sock condition (Figure 4-10, Figure 4-12, Figure 

4-13, Figure 4-14).  

 

Although magnitude of knee flexion was not affected by the heel height (Figure 

4-10), the time to peak knee flexion in midstance phase was prolonged with the 
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increased heel heights or walking cadences for each sock condition (Figure 4-11). 

The maximum timing differences reached to 4% of the stance phase caused by heel 

height and 3% of the stance phase caused by walking cadences.  

 

 

 

Figure 4-10. Maximal midstance knee flexion in each condition 
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Figure 4-11. Timing of peak midstance knee flexion in each condition 
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Figure 4-12. Motions of knee joint without socks from one subject 
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Figure 4-13. Motions of knee joint with nylon socks from one subject 
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Figure 4-14. Motions of knee joint with cotton socks from one subject 
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Rearfoot 

For barefoot walking condition, the calcaneus supinated at the heel strike and then 

was followed by pronated in midstance phase. The average maximum eversion for 

ten subjects was less than 3°. During push-off phase, the foot supinated again 

(Figure 4-15(a)). As the heel height increased, both the initial inversion at heel strike 

and peak inversion of calcaneus at loading response increased (Figure 4-15). When 

the heel height increased to 70 mm, the foot maintained a lager inversion during the 

whole stance phase, except for one subject who had a smaller and short eversion 

before push-off phase. Walking cadence did not affect the rearfoot motion in frontal 

plane in each sock condition, including the ROM and magnitude. 

 

Rearfoot motion in sagittal plane was mainly affected by the heel height and walking 

cadence (Figure 4-16). As heel height increased, the ankle plantarflexion 

significantly increased (F(3,27)=173.366, p<0.05 for without socks; F(2,18)=34.652, 

p<0.05 for nylon socks; F(2,18)=32.271, p<0.05 for cotton socks). When the heel 

height increased to 70 mm, a permanent plantarflexion was found at each sock 

condition. Additionally, the peak plantarflexion decreased with walking cadence in 

shod condition. The significant differences were found between fast (130 steps/min) 

and slower cadences (F(2,18)=9.936, p=0.002 for without socks; F(2,18)=12.512, 

p=0.002 for nylon socks; F(2,18)=25.975, p<0.05 for cotton socks). However, the 

cadence did not affect the peak ankle plantarflexion when walking barefoot. 
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Figure 4-15. Rearfoot inversion/eversion in each condition (frontal plane) 
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Figure 4-16. Rearfoot motion in sagittal plane in each condition 
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Arch Angle 

 
Figure 4-17. ROM of arch in sagittal plane in each condition 

 

 

Figure 4-18. Mean peak arch angle in each condition 
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Figure 4-19. Arch angle in each condition 
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As normal foot function, arch angle decreased rapidly at the end of stance phase. 

The smaller arch angle meant a higher heel height (Figure 4-19). The heel height 

was a main effect on the dynamic arch motion in sagittal plane. Walking with 70 mm 

heel height shoes, the ROM and maximum of arch angle significantly reduced 

compared with those walking with lower heel height shoes (Figure 4-17, Figure 

4-18). The arch height kept a high level wearing shoes with heel height higher than 

70 mm during the whole stance phase (Figure 4-19). The ROM and peak magnitude 

of arch angle were not significantly dependent on the walking cadence.  

 

Hallux 

During walking barefoot, the average maximum dorsiflexion of hallux for ten subjects 

was 44°. The hallux plantarflexion was smaller and only one subject had a maximum 

plantarflexion of 9°. The ROM of hallux in sagittal plane was significantly reduced in 

shod condition compared with barefoot condition (F(3,27)=308.247, p<0.05). The 

maximum reduction was about 78%. The cadence was not a main effect on the ROM 

of hallux in sagittal plane, which was consistent with different socks (Figure 4-20). 

 

The peak hallux dorsiflexion was larger wearing higher heel height shoes (50 and 70 

mm) than the 30 mm control shoes. Walking cadence did not significantly affect the 

magnitude. The patterns were similar with different socks (Figure 4-21). 
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For the hallux motion in transverse plane, 60% of the subjects showed increased 

peak hallux abduction during stance phase when walking with high-heeled shoes 

without socks. However, the shoe pattern and walking cadence did not change the 

ROM in this plane (Figure 4-22). 

 

 

 

Figure 4-20. Hallux dorsiflexion in each condition 
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Figure 4-21. Peak hallux dorsiflexion in each condition 

 

 

Figure 4-22. Hallux motions in transverse plane in each condition 
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The First Metatarsal (Medial Forefoot) 

The ROMs of MFF relative to calcaneus in frontal, transverse and sagittal planes had 

no differences among different heel heights and walking cadences (Figure 4-23, 

Figure 4-24, Figure 4-25). The results were consistent with different socks. However, 

the ROMs in three planes for barefoot walking were significantly larger than shod 

condition without socks (Figure 4-23, F(3,27)=6.594, p=0.003 for motions in frontal 

plane; F(3,27)=17.109, p=0.003 for motions in sagittal plane; F(3,27)=7.432, 

p=0.016 for motions in transverse plane). 

  

For most of subjects, wearing 70 mm heel height shoes, the peak first metatarsal 

eversion was larger than that walking with low heel shoes. Only one or two subjects 

in each condition did not follow this pattern. Different interface properties (socks) did 

not change the trend (Figure 4-23(b), Figure 4-24(b), Figure 4-25(b)). 

 

Heel height was the main effect on motion of the first metatarsal relative to calcaneus 

in sagittal plane. As the heel height increased, plantarflexion of the first metatarsal 

relative to calcaneus increased. The rate of increase was faster when heel height 

increased to 70 mm from 50mm. When heel height increased to 70 mm, the MFF 

relative to calcaneus maintained a permanent plantarflexion during the whole stance 

phase. The results were consistent with different socks (Figure 4-23(a), Figure 

4-24(a), Figure 4-25(a)). 
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Figure 4-23. Motions of the first metatarsal relative to calcaneus without socks from 

one subject 
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Figure 4-24. Motions of the first metatarsal relative to calcaneus with nylon socks 

from one subject 
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Figure 4-25. Motions of the first metatarsal relative to calcaneus with cotton socks 

from one subject 
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The Fifth Metatarsal (lateral forefoot) 

The heel height had a dominant influence on motions of the fifth metatarsal relative 

to calcaneus. Although the heel height did not affect the ROM of the fifth metatarsal 

relative to calcaneus in sagittal plane, high heel (70 mm) significantly reduced the 

ROMs in frontal and transverse planes compared with 30 mm control shoes.  

 

In sagittal plane, the plantarflexion of the fifth metatarsal significantly increased with 

heel height elevation (F(3,27)=99.277, p<0.05 for without socks; F(2,18)=56.363, 

p<0.05 for nylon socks; F(2,18)=17.857, p<0.05 for cotton socks). Especially for 70 

mm heel height shoes, a permanent plantarflexion was found during walking without 

socks. The results were similar with nylon and cotton socks, except for one subject 

who had a small dosiflexion less than 3° (Figure 4-26(a), Figure 4-27(a), Figure 

4-28(a)).  

 

When walking with 70 mm heel height shoes, the LFF was more inverted compared 

to lower heel shoes (30 and 50 mm) for most of subjects. One or two subjects did not 

follow this pattern in each group with different socks. The movement patterns of the 

first and fifth metatarsals in frontal plane were different (Figure 4-26(b), Figure 

4-27(b), Figure 4-28(b)). Walking cadence did not affect the motions of the fifth 

metatarsal, including the ROMs and the magnitudes. 
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Figure 4-26. Motions of the fifth metatarsal relative to calcaneus without socks from 

one subject 
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Figure 4-27. Motions of the fifth metatarsal relative to calcaneus with nylon socks 

from one subject 
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Figure 4-28. Motions of the fifth metatarsal relative to calcaneus with cotton socks 

from one subject 
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During push-off phase, the foot supination was noted and evidenced as 

plantarflexion and adduction of the first and fifth metatarsals combined with inversion 

of the calcaneus. This combination of motions occurred shortly after hallux 

dosiflexion. 

 

The effects of heel height on kinematics of lower extremities were not varied with the 

sock materials. Compared with the heel height, sock material had a smaller influence 

on the kinematics of lower extremities. The sock material did not affect the motions in 

the sagittal plane of all joints or foot segments of lower extremities investigated in 

current study. The significant changes were found at the first metatarsal movement 

relative to calcaneus. Walking with nylon socks, the ROM of the first metatarsal in 

frontal plane was larger than that walking with cotton socks and without socks. In 

addition, the rearfoot inversion was slightly larger when walking with nylon socks at 

normal cadence, although there was no statistic significance. 

 

4.5 Correlations between Foot Kinematics and In-shoe 

Stresses 

Hallux ROM in sagittal plane had a weak correlation with the peak pressure and 

shear stress over hallux and it only explained 3% of variance in these two variables, 

respectively. The relationship between hallux ROM in sagittal plane and the peak 

pressure was positive, while the relationship was negative for peak shear stress. The 



Chapter IV  Results 

 128

peak pressure decreased with the restricted hallux ROM, while the peak shear stress 

increased (Figure 4-29, Figure 4-30). 

 

Motions of hallux and the first metatarsal in sagittal plane and the arch kinematics 

explained 34.1% and 50.8% of variances in peak plantar pressures over MTH1 and 

MTH2, respectively, while they explained 30.5% and 49.1% of variances in peak 

resultant shear stress over these two regions, respectively (Figure 4-29, Figure 

4-30). Ankle plantarflexion had a more pronounced influence on determining the 

peak pressure over MTH1, while the first metatarsal plantarflexion had more 

contribution to the peak pressure over MTH2. For the shear components, the arch 

angle and ankle plantarflexion were more important in determining the variance of 

peak values over MTH1 and MTH2, respectively. Arch angle had a negative 

correlation with the peak magnitudes of plantar stresses over the medial forefoot. As 

arch angle decreased (arch height increased), both the peak pressures and resultant 

shear stresses over MTH1 and MTH2 increased. Hallux dorsiflexion and its ROM in 

sagittal plane were also associated with the peak pressure over MTH1. The peak 

pressure increased with the increased hallux dorsiflexion and decreasing hallux 

ROM. Increased hallux dorsiflexion had the same influence on the peak shear stress 

over MTH1. 
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The peak pressure and resultant shear stress over MTH4 were negatively related to 

the peak fifth metatarsal plantarflexion during walking, which explained 16% and 

21.5% of variance in peak pressure and peak resultant shear stress, respectively. 

The peak pressure and shear stress decreased as the fifth metatarsal plantarflexion 

increased (Figure 4-29, Figure 4-30). 

 

The rearfoot motion and arch kinematics were associated with the stresses over heel 

region (Figure 4-29, Figure 4-30), which could explained 2.8% of variance in peak 

pressure and 20.5% of variance in peak resultant shear stress. Over the heel region, 

arch angle had a positive relationship with peak pressure and had a negative 

relationship with the shear stress. For a larger arch angle (lower arch height), the 

peak pressure over heel was higher, while the peak resultant shear stress was 

smaller. In addition to the arch angle, ankle plantarflexion was a more important 

predictor of peak resultant shear stress over heel. The larger ankle plantarflexion 

generated a larger shear stress. 
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Figure 4-29. Determinants of peak plantar pressure during walking. Variables 

displayed in the mask regions represent R2, and values in bracket represent Beta 

weights for kinematic values. 

 

 

 

Figure 4-30. Determinants of peak plantar resultant shear stress during walking. 

Variables displayed in the mask regions represent R2, and values in bracket 

represent Beta weights for kinematic values. 
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4.6 Ground Reaction Forces 

The first peak vertical GRF had no significant difference among different sock 

materials. Walking with high heel shoes (70 mm), the first peak vertical GRF was 

significantly larger than those walking with lower heel height shoes (30 and 50 mm) 

at any walking cadence (Table 4-3). The effects of walking cadence on the first peak 

vertical GRF at any heel height levels were similar and the magnitude increased 

significantly as the walking cadence increased. Specially, for without socks 

condition, walking with low heel shoes (30 mm), the first peak GRF was slightly 

smaller than that walking barefoot. Only when the heel height increased to 70 mm, 

the magnitude was larger significantly than that walking barefoot. 

 

The patterns for the second peak vertical GRF were different from the first peak. Its 

magnitude was not affected by the heel height in any kind of sock condition (Table 

4-3). Compared to normal cadence, the second peak vertical GRF significantly 

reduced walking at a slow cadence with nylon socks. However, the walking cadence 

did not affect its magnitude with cotton socks and no socks.  

 

For the peak anterior GRF during push-off phase, the interaction between height and 

walking cadence was significant in condition without socks. At any walking cadence 

(slow, normal or fast), the peak anterior GRF had no significant difference among 

different heel heights, while it was significantly larger when walking barefoot, 
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compared to shod condition (Table 4-3). The walking cadence just had a significant 

impact when walking barefoot. In shod condition, the walking cadence did not affect 

the peak anterior GRF. At the normal walking cadence, the heel height and the sock 

material did not affect the peak anterior GRF.  

 

The peak braking force was dependent on the walking cadence and heel height 

either with socks or without socks. When walking cadence or heel height increased, 

the peak braking force increased significantly (Table 4-3). At the normal walking 

cadence, the peak braking force was not different among different sock materials.  

  

Walking at the normal cadence, both the sock material and heel height did not affect 

the peak medial GRF. The effect of walking cadence was varied with different 

interface properties (Table 4-3). Walking with cotton socks at a fast cadence 

generated larger medial GRF than that at a lower cadence. For the peak lateral GRF, 

walking cadence was a main effect and its increase contributed to a larger 

magnitude of lateral GRF. Heel height did not affect the peak lateral GRF. The 

results were consistent with different socks. Specially, the peak lateral GRF when 

walking barefoot was significantly smaller than that in the shod condition without 

socks. 
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Table 4-3. Peaks for each component of ground reaction force in each condition (mean (SD)) 
Sock materials Cadence (steps/min) Heel height (mm) The first peak vertical GRF (N) The second peak vertical GRF Posterior GRF (N) Anterior GRF (N) Lateral GRF (N) Medial GRF (N) 

 

 

 

Without socks 

 

 

90 

barefoot 527.2 (67.5) 544.3 (54.5) -83.6 (36.6) 99.1 (21.6) -13.3 (8.1) 31.7 (8.9) 

30 527.2 (62.8) 542.1 (56.2) -88.2 (32.7) 84.5 (14.5) -27.6 (10.1) 31.0 (10.7) 

50 521.8 (53.2) 532.1 (56.1) -87.1 (25.4) 84.4 (15.0) -25.1 (8.8) 37.2 (14.3) 

70 553.1 (67.4) 546.4 (64.5) -97.0 (37.8) 89.6 (16.7) -24.7 (10.4) 38.1 (13.5) 

 

 

110 

barefoot 551.3 (64.5) 560.1 (56.0) -96.0 (34.7) 108.2 (19.4) -18.4 (9.1) 34.4 (9.9) 

30 549.7 (63.8) 562.5 (62.1) -95.5 (32.6) 88.5 (18.3) -26.6 (7.9) 34.1 (8.8) 

50 556.5 (58.9) 558.4 (69.4) -96.6 (28.2) 89.8 (16.5) -31.7 (11.4) 39.0 (11.8) 

70 589.4 (71.1) 566.1 (69.8) -115.6 (40.1) 91.3 (17.1) -29.8 (12.3) 42.2 (8.6) 

 

 

130 

barefoot 594.0 (75.9) 575.2 (66.3) -109.8 (29.3) 118.9 (24.3) -21.9 (11.2) 39.3 (7.6) 

30 569.9 (61.9) 569.6 (71.0) -100.7 (29.4) 91.6 (22.0) -34.6 (13.1) 37.7 (6.6) 

50 586.2 (55.8) 572.3 (72.8) -102.6 (26.9) 90.6 (18.9) -32.4 (10.8) 39.9 (9.3) 

70 617.9 (75.7) 568.4 (71.1) -121.3 (41.4) 91.5 (16.7) -37.9 (16.4) 45.5 (13.2) 

 

 

 

Nylon socks 

 

90 

30 519.0 (55.4) 530.8 (59.2) -85.8 (21.7) 85.1 (15.8) -30.6 (9.8) 30.5 (9.9) 

50 523.3 (59.4) 526.3 (58.2) -87.5 (27.6) 86.3 (13.2) -27.2 (9.3) 33.6 (13.2) 

70 561.1 (66.7) 531.0 (62.0) -108.1 (41.0) 83.7 (15.2) -28.5 (9.1) 37.1 (12.6) 

 

110 

30 547.2 (63.7) 547.7 (63.4) -95.6 (30.0) 86.6 (16.2) -37.4 (9.2) 35.2 (7.3) 

50 555.2 (62.2) 554.3 (66.1) -93.2 (29.6) 88.1 (14.4) -30.6 (6.8) 37.2 (14.7) 

70 594.7 (75.9) 556.5 (64.8) -115.6 (40.1) 88.0 (15.3) -32.3 (12.6) 37.7 (7.9) 

 

130 

30 576.9 (57.4)) 557.5 (79.2) -98.6 (31.7) 87.7 (22.3) -39.6 (12.5) 38.0 (7.7) 

50 585.8 (62.4) 566.7 (74.2) -101.8 (31.9) 88.6 (17.4) -32.8 (9.6) 39.6 (10.1) 

70 623.9 (69.1) 563.2 (82.5) -120.2 (38.0) 87.6 (19.0) -40.9 (13.5) 43.9 (12.4) 

 

 

 

Cotton socks 

 

90 

30 522.2 (53.0) 528.6 (57.3) -87.3 (26.7) 83.6 (13.9) -30.0 (9.4) 28.6 (9.7) 

50 530.4 (58.9) 527.7 (62.1) -89.5 (25.6) 83.6 (13.3) -29.4 (9.6) 30.0 (10.4) 

70 554.9 (64.2) 534.9 (65.8) -104.8 (39.3) 88.1 (15.7) -31.4 (9.7) 33.3 (8.4) 

 

110 

30 547.1 (68.5) 538.5 (70.4) -96.7 (27.6) 86.0 (17.1) -37.7 (11.8) 34.2 (7.9) 

50 550.9 (63.9) 547.7 (69.8) -96.8 (23.4) 88.3 (15.9) -31.5 (8.8) 36.8 (13.3) 

70 588.7 (63.0) 553.5 (70.5) -115.5 (33.0) 90.5 (16.6) -35.5 (8.8) 38.0 (6.5) 

 

130 

30 575.7 (71.2) 545.5 (83.8) -103.1 (30.9) 84.9 (22.3) -37.0 (11.2) 39.8 (8.2) 

50 590.7 (68.7) 552.6 (83.2) -109.2 (31.9) 86.8 (18.7) -38.1 (11.8) 39.7 (12.3) 

70 618.8 (66.9) 558.6 (96.1) -122.0 (40.5) 86.9 (20.4) -35.4 (11.5) 42.2 (8.2) 
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CHAPTER V DISCUSSION 

 

5.1 Effects of Heel Height on In-shoe Triaxial Stresses 

Long-term wearers of high-heeled shoes are vulnerable to suffer from forefoot pain, 

hallux valgus, metatarsalgia and calluses. These forefoot problems might be 

associated with the redistribution of plantar stresses caused by the alteration of foot 

alignment in high-heeled shoes. Although plantar pressure has been widely used to 

predict the foot problems in clinic, shear force measurement has not become a 

regular clinical research tool because of lack of systems that accurately and reliably 

measuring in-shoe shear force on the plantar surface during walking. In-shoe triaxial 

force transducers allow the simultaneous measurement of in-shoe plantar pressures 

and shear stresses over specific foot regions, which provide additional insights into 

the foot-shoe interface. 

 

In this study, the increase of heel height was found to redistribute plantar triaxial 

stresses, including the magnitudes, directions, spatial and temporal responses. As 

heel height increased, the forefoot pressure and shear stress shifted from MTH4 to 

MTH2, which supported the perspective that forefoot pronation increased with 

high-heeled shoes (Snijders, 1987). With higher heel, the peak backward shear 

before heel rise increased, however, the peak anterior shear during push-off was 

smaller. The larger backward shear indicated an increasing tendency for foot forward 
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sliding within the higher heel shoe. The smaller forward shear during push-off was 

thought to be the result of reduced propulsive moment generated during high-heeled 

walking with predominate ankle plantarflexion (Hwang et al., 2006). Additionally, 

peak shear stress was found at midstance while peak pressure was generated 

during push-off over forefoot, which agreed with the suggestion that the final motion 

of foot at push-off was an elevation rather than a forward motion (Tappin and 

Robertson, 1991). 

 

The soft tissue damages are dominated by mechanical factors. Shear stresses are 

critical in predicting foot complaints for high-heeled gait. When heel height 

increased, the relationship between pressure and shear stresses was not always 

linear. The increase of shear stress was larger than the change of pressure at the 

heel, hallux, MTH1 and MTH2. Results showed that a posterolateral shear was 

applied over the hallux with shoes fitted with heel heights of 50 and 70 mm during 

balanced standing. The posterolateral shear stress could predispose the hallux to a 

valgus position. According to the model developed by Snijders et al. (1986), once the 

hallux shows a valgus position, contraction of the hallux flexors can further increase 

both the valgus angle of the hallux and varus deviation of the first metatarsal. 

Additionally, the medial capsular ligaments of the first metatarsophalangeal joint 

would be stretched. Prolonged unbalanced strains on the ligamentous structures 

might lead to attenuation and laxity of soft tissue and acquired hallux valgus 

deformity. During walking, the posterolateral shear stress at the hallux increased 



Chapter V  Discussion 

 136

significantly as the heel height increased, whereas the peak pressure decreased. 

This suggested that shear stress, rather than pressure on the plantar surface, might 

be more relevant to the cause of hallux deformity or aggravate the hallux valgus in 

high-heeled shoe wearers.  

 

5.2 Effects of Walking Cadence on In-shoe Triaxial Stresses 

Walking cadence had different influences on the plantar pressure and shear stress. 

The effects of walking cadence on the peak pressure during walking were consistent 

among different sock conditions. However, the effects of walking cadence on the 

peak shear stress were varied between with and without socks. Results from current 

study showed that the walking cadence had a more pronounced influence on the 

peak resultant shear stress over hallux, MTH2 and heel regions especially walking 

with socks, while it slightly changed the peak values without socks. This suggested 

that walking cadence might have a more impact on the shear stress at a more 

slippery interface. The larger shear stress at the slippery interface would be helpful 

to keep the foot stable during walking fast. Additionally, mechanical reactions to 

walking cadence were varied with the foot regions. Fast walking cadence increased 

the plantar stresses for most foot regions, excluding the MTH4. 
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5.3 Effects of Socks on In-shoe Triaxial Stresses 

Socks are the closest layer of protection against the foot, which has the potential to 

protect the skin and the deeper tissues from injury. While most clinicians examine 

the role of shoes and orthoses as a cause and preventive mechanism for injury, few 

look at the role of socks in this important area. 

 

Nylon socks have a low coefficient of friction due to its multistretch nature, which 

may be essential in allowing the material to sideways without being inhibited by its 

top membrane (Spence and Shields, 1968). As expected, the stresses redistribution, 

especially the shear stress, was directly caused by altered frictional characteristics at 

the interface. During balanced standing, heel height mainly affected the shear stress 

over heel and lateral forefoot, while sock materials mainly changed the shear stress 

over medial forefoot. However, during walking, nylon or cotton socks reduced the 

shear stress at MTH1, MTH2, MTH4, but increased the shear stress over heel. 

Although they were useful to reduce the shear stress on the forefoot, socks with low 

frictional properties, such as nylon socks, increased the shear stress on the inclined 

surface in high-heeled shoes. The interface property changes were also complicated 

by any relative compensated movement of the foot in shoe linked to the design and 

construction of the shoe, which could also redistribute the plantar stresses. The 

characteristic of plantar stresses was varied with interface frictional properties 

combined with the shoe sole shape and the subjects’ activities. The investigation on 
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the shear stress on the inclined surface was important to improve high-heeled shoe 

design especially when the interface was slippery. 

 

As heel height increase, the peak pressure shifted to the medial forefoot. When the 

heel height increased to 70 mm, the maximal peak pressure among five foot regions 

was found at MTH2. The distribution of shear stress was different from the pattern of 

pressure. Compared with the 30 mm control shoes, a sharp increase of shear was 

found over heel region when the heel height increased. Particularly, the shear stress 

was larger when the foot/sole interface had a low frictional property. These results 

suggested that insole design for high-heeled shoes should consider the different 

stress properties over different foot regions. The material selection should be 

multiple over different foot regions. The pressure relief depends largely on the elastic 

properties of the material, whereas the shear relief is associated with the interface 

properties, such as the coefficient of friction and the interface shape. Therefore, the 

designs for therapeutic insole should consider proper materials for different function 

at different foot regions. For regions with high pressure such as the MTH2, materials 

with cushioning properties might be useful to reduce the high pressure wearing 

high-heeled shoes. Over the heel region of high-heeled shoes, the materials with low 

friction properties should be avoided, because the slippery interface generated larger 

shear stress on the inclined surface and might increase the risk of soft tissue 

damage. 
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5.4 Temporal and Spatial Properties of In-shoe Triaxial 

Stresses (normal cadence) 

The damages of foot plantar soft tissue are not only associated with the magnitude of 

the stresses, but also with their spatiotemporal properties. Results from this study 

showed that localized peak pressure and resultant shear stress over the five studied 

foot regions did not occur at the same location. Indeed, a high-pressure region did 

not necessarily correlate with the occurrence of soft tissue problems (Lavery et al., 

2003; Veves et al., 1992). In addition to plantar pressure, shear stress could be an 

important risk factor. Foot soft tissue problems could occur at the high-shear region. 

  

The temporal responses of pressure and shear stress should be also considered in 

the prevention of foot problems. Bennet et al. (1979) found that the vertical force 

required to produce blood occlusion was reduced by 50% when sufficient shear force 

was applied simultaneously. Therefore, regions simultaneously sustaining low 

pressure and high shear stresses have the potential to induce soft tissue problems. 

In this study, low pressure with high shear stress was found at MTH4 with 

lower-heeled shoes and at heel region with higher-heeled shoes. Shear dominant 

effect deserves further investigation as soft tissue problems at MTH4 are not 

uncommon even with the use of flat shoes. For the high-heeled shoes, the emphasis 

of foot protection was on the forefoot region. As the heel height increased, the shear 

stress over heel region sharply increased, although the peak pressure over this 
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region was smaller for 70 mm heel height than the lower heel height. Heel region 

might be a risk region for foot soft tissue problems due to high shear stress and to 

prevent the heel soft tissue problems wearing high-heeled shoes should not be 

ignored. Knowledge of foot-shoe shear would aid in the understanding and 

prevention of foot soft tissue breakdown. 

 

The differences in temporal responses between in-shoe stresses and GRFs were 

investigated. Considering the horizontal GRF, the first peak of in-shoe shear stress 

had a delay at the end of loading response but the second peak occurred earlier at 

push-off. The GRFs could not reflect the in-shoe stress situation. Both the interface 

material and the sole construction had the influences on the temporal responses 

between in-shoe stresses and GRFs. Sock material selections, therapeutic insole 

and shoe sole designs should consider the possible time lag for in-shoe tissue 

loading in order to provide effective pressure or shear relief at a proper time and 

region. 

 

5.5 Effects of Heel Height on Kinematics 

Human subjects were found to adapt their movement patterns when performing the 

same task with different shoes, socks and walking cadences. In this study, the heel 

height had a dominant influence on the motion patterns of the lower extremities, 

compared to walking cadence and sock material. As the heel height increased, the 
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most significant differences were found for arch angle and arch related variables 

including the sagittal plane motions of the rearfoot, first metatarsal, hallux, frontal 

plane motions of rearfoot and their couplings. 

 

The ROM and peak arch angle decreased significantly with the elevation of the heel 

height. The smaller is the arch angle, the higher is the arch height. When the heel 

height increased to 70 mm, the arch height maintained a high level during the whole 

stance phase. Ricci and Karprovich (1964) found that the arch heights of subjects 

increased 4 mm wearing shoes with heel height over 60 mm after one day, while the 

arch heights decreased 3 mm wearing shoes with heel height less than 21 mm. This 

finding suggested that moderate heel height shoes might be helpful to prevent the 

arch collapse, especially for the patients with flat feet.   

 

Arch angle in current study was a 2D investigation on the arch kinematics. Although 

arch angle could provide direct information on the changes of arch height, a deep 

insight into arch kinematics should also consider the combined motion of foot 

segments that comprise the arch, including the movement of calcaneus, hallux and 

the first metatarsal. 

 

Within the foot, the ankle is often assumed to be the primary source of sagittal plane 

motion. The elevation of heel height changed the foot alignment and directly resulted 
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in an increasing ankle plantarflexion. When the heel height increased to 70 mm, the 

ankle maintained a permanent plantarflexion during the whole stance phase.  

 

The greater ankle plantarflexion was always concomitant with an increased hallux 

dorsiflexion. The results showed that the hallux dorsiflexion increased and hallux 

ROM in sagittal plane decreased as the heel height increased. Accompanied by the 

permanent ankle plantarflexion, a permanent and larger hallux dorsiflexion was 

found wearing shoes with heel height of 70 mm. The extension of hallux further 

caused the plantarflexion of the first metatarsal. Because of windlass mechanism, 

the hallux dorsiflexion together with the first metatarsal plantarflexion tenses the 

plantar fascia and increases the effect that a tensile force in the tendoachilles has on 

the tensile strain and tensile force in the plantar fascia (Carlson et al., 2000). These 

changes would halt arch elongation, lead to a higher arch height and further increase 

the arch stiffness. Arch stiffness can contribute to propulsion during push off via 

elastic energy return (Ker et al., 1987). Wearing high-heeled shoes, the foot would 

form a more rigid lever than wearing low heel shoes, duo to the changes of arch 

height and arch related variables. The rigid foot transfers loads from calcaneus to the 

forefoot and toes rapidly. It suggested that the foot is easier to roll over with 

high-heeled shoes during push-off phase. This might be used to explain why a 

smaller in-shoe forward shear was found during push-off phase. However, the rapid 

shift of the loads from heel to forefoot would reduce the role of midfoot in dissipating 

partial compressive stress by reducing the contact pressure, contact area and 
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contact time over midfoot (Han et al., 1999). 

 

The foot motions in frontal and transverse planes both affected and were affected by 

the dynamic function of the medial longitudinal arch. Results from current study 

found that increase in height of the medial longitudinal arch was accompanied by 

decrease in rearfoot pronation, when the heel height increased. Especially, when the 

heel height increased to 70 mm, the rearfoot could not sustain any pronation during 

the whole stance phase. Additionally, the increased medial and lateral forefoot 

adduction and plantarflexion as well as rearfoot inversion were commonly seen with 

increased arch height. These changes would also help the foot form a rigid lever for 

propulsion due to windlass mechanism. 

 

As mentioned above, the high-heeled shoes had pronounced influences on the arch 

related variables, such as arch angle, hallux dorsiflexion, rearfoot inversion and the 

first metatarsal motion relative to calcaneus. All these changes would provide some 

suggestions on the details of high-heeled shoe design. Firstly, as heel height 

increased, the medial longitudinal arch height increased, resulting in the changes of 

the foot length. The high-heeled shoe size should be dependent on the shoe shape 

and heel height. Secondly, the increase of longitudinal arch height would increase 

the loading over forefoot and rearfoot, because the role of midfoot in dissipating 

partial high stresses reduced by decreasing the contact area and contact time. 
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Sufficient support over midfoot in high-heeled shoes would prevent the arch collapse 

and make the distribution of plantar stresses more even. Thirdly, with the elevation of 

heel height, the hallux dosiflexion increased significantly and the ROM decreased in 

sagittal plane. The toe box design, including the depth, width and the toe spring, are 

important to provide enough room for dorsiflexed hallux. Additionally, compared to 

walking barefoot, shod condition had significantly smaller ROMs in sagittal plane for 

foot segments, such as the hallux, medial longitudinal arch and the first metatarsal 

relative to calcaneus. This is because the shoe design restricts the foot motion 

during walking, especially during the push-off phase. The fore part design of the 

high-heeled shoes are important for propulsion and should be helpful to make the 

foot roll over forward easily. 

 

The validity of modeling the forefoot as a single rigid body has been recently called 

into question. Okita et al. (2009) reported that there was a significant difference 

between motions of the first metatarsal and the forefoot segment, and relative motion 

between the first and fifth metatarsals. In this study, different ranges of motion and 

directions of motion between the first and fifth metatarsals were found. As heel 

height increased, an inversed calcaneal motion accompanied by a decreased ROM 

of the fifth metatarsal in frontal and transverse planes was noted. This was 

consistent with midtarsal locking mechanism proposed by Elftman (1960). Elftman 

(1960) suggested that calcaneal inversion would lock the midfoot and lead to 

decreased forefoot motion. However, the ROM of the first metatarsal had no 
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difference in three planes. In addition, as the heel height increased, the fifth 

metatarsal was more inverted, while the first metatarsal was more everted. The 

torsion between forefoot and rearfoot increased and this change might contribute to 

an increase of transverse arch. All above findings suggested that the first and fifth 

metatarsals should be considered separately, especially for the movement in frontal 

and transverse plane. The fifth metatarsal motion should be not ignored when the 

foot kinematics were investigated. Previous studies (Wolf et al., 2008) reported that 

the fifth metatarsal played an important role in foot function. The flattening and 

broadening of the forefoot mainly occurred in the cuboid–fifth metatarsal joint. The 

motion of the fifth metatarsal in sagittal plane could also contribute to the dynamic 

kinematics of foot lateral arch.  

 

In clinical applications, kinematic results provided more evidence, in addition to 

posterolateral shear stress over hallux, to support the perspective that high-heeled 

shoes would exacerbate the hallux valgus deformity. Results showed that 60% of the 

subjects sustained increased peak hallux abduction during the stance phase wearing 

high-heeled shoes. According to the model developed by Snijders et al. (1986), once 

the hallux shows a valgus position, contraction of the hallux flexors (hallux 

dorsiflexion) can further increase the valgus angle of the hallux. Additionally, 

long-term effects of this mechanism would cause the lateral joint capsule and 

collateral ligaments to tighten and the adductor hallucis muscle to act unopposedly. 

These changes would further exacerbate the deformity (Phillips, 1988).  
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Other studies also suggested some factors would cause or exacerbate the hallux 

valgus deformity, such as the decreased ankle dorsiflexion (Mann and Coughlin, 

1981), the excessive forefoot pronation (Snijders, 1987) and the increased hallux 

dorsiflexion with larger first MPJ reaction force (McBride et al., 1991). In this study, 

the decreased ankle dorsiflexion, increased medial forefoot pronation and hallux 

dorsiflexion were all noted wearing high-heeled shoes. This also suggested that the 

high-heeled shoe was one of the most important factors to exacerbate the hallux 

valgus deformity. 

  

Ankle alignments in frontal and sagittal plane are considered as one of the most 

important contributions to the lateral ankle sprain. As the normal foot function, the 

gait cycle begins with the foot in a supinated position at heel strike. The subtalar joint 

then pronates during weight acceptance and midstance phase. The pronation results 

in the increased foot mobility, which allows the arch collapse and aids the foot to 

attenuate ground reaction force (Karr, 1994). During the push-off phase, the subtalar 

joint supinates the foot again (Norkin and Levangie, 2001), which would transform 

the foot into the rigid lever arm needed for propulsion. The high-heeled shoes 

changed the foot alignment and further had an influence on the foot kinematics 

during walking. The results showed that a significantly greater angle of inversion at 

footstrike and a smaller angle of maximum eversion were found in the high 

compared with the low heel shoes. Additionally, the ankle maintained a permanent 

plantarflexion wearing shoes with 70 mm heel height. These changes might increase 
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the risk of ankle spain. 

 

According to the previous studies, common mechanisms for lateral ankle sprain 

include excessive foot inversion, extreme plantar flexion, and a combination of both 

(Lundberg et al., 1989; van Bergeyk et al., 2002). Over supination and increased 

plantar flexion at touchdown would increase the ground reaction force moment arm 

about the subtalar joint and cause the excessive supination necessary to create 

lateral ankle injury (Wright et al., 2000). On the other hand, the ankle is less stable in 

plantarflexion than in the neutral or dosiflexed position (close packed position) due to 

anatomical properties of the talus (Willems et al., 2005), which might also increase 

the risk of ankle sprain. Additionally, anterior talo-fibular (ATF) ligament was loaded 

when the foot is plantarflexed and supinated, which is the weakest of the lateral 

ligaments of the ankle (Siegler et al., 1988) and the most frequently sprained 

ligament of the ankle (Saunders, 1980).  

 

Another prospective study conducted by Willems et al. (2005) investigated on the 

possible gait related risk factors for inversion sprains in 223 physical education 

students. The researchers concluded that the subjects who had a higher loading 

underneath the medial side of the foot and a delayed maximal midstance knee 

flexion would be vulnerable to sustain an inversion sprain. The results from current 

study showed that as the heel height increased, the medial forefoot pronation 
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increased, the plantar pressure and shear stress shifted medially and the timing to 

maximum midstance knee flexion was prolonged. According to the study of Willems 

et al. (2005), all of these changes would increase the risk of inversion ankle sprains 

wearing high-heeled shoes.  

 

During the support phase of the gait cycle, the body must attenuate the impact force 

from the foot plantar surface by the eccentric contractions of the ankle dorsiflexors 

during ankle plantarflexion, eccentric contractions of the invertors during calcaneal 

eversion and eccentric contractions of the knee extensors during knee flexion 

(Ebbeling et al., 1994). However, high-heeled shoes changed the body alignment 

and reduced the ability of the compensation of the lower extremity for shock 

absorption. Especially when the heel height increased to 70 mm, the rearfoot 

attained a permanent plantarflexion and inversion. The dorsiflexors and invertors 

were not able to act eccentrically to attenuate the larger impact force from ground 

and the larger plantar stresses. Knee flexion, the third mechanism for shock 

absorption, had no difference with different heel height shoes. Therefore, walking 

with high-heeled shoes, the lower extremity was exposed to the high external force. 

A loss of the natural ability to attenuate the shock wave is associated with 

degenerative joint disease and chronic low back pain (Collins and Whittle, 1989, 

Voloshin and Wosh, 1982), which are common in wearers of high-heeled shoes. 

Additionally, the knee flexion during early stance phase is helpful for moving the 

center of mass forward over the larger and more stable forepart of the foot, which 
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would be beneficial to keep the body stability. As heel height increased, the time to 

peak knee flexion was prolonged, which might increase the instability of the rearfoot. 

A high arched foot wearing high-heeled shoes was thought to be rigid resulting in a 

reduction in foot mobility, which also reduced the ability of the foot in shock 

absorption.  

 

5.6 Effects of Walking Cadence on Kinematics 

In general, walking cadence had a smaller influence on the foot kinematics than heel 

height. The fast walking cadence (130 steps/min) reduced the peak ankle 

plantarflexion but increased the peak knee flexion during midstance phase 

significantly compared with the slower walking cadences (90 and 110 steps/min). 

Walking fast was not simply a faster version of walking slow. When walking fast, 

specific changes to the movement patterns of the lower extremities, such as knee 

flexion and ankle plantarflexion, occurred but were not obvious in the transition from 

slow to normal cadence. This finding agreed with the perspective of Taylor et al. 

(2004) which pointed out that the potentially confounding influence of walking speed 

was more of a consideration at faster speeds than usual.  

 

Although the differences were not significant, a slightly larger arch angle was found 

during walking at a faster cadence. Longitudinal arch collapse effectively loads the 

plantar aponeurosis (PA) prior to push off (Gefen, 2003). Pre-loading the PA would 
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prevent arch collapse but would also lead to increased PA tension in late stance 

phase following the inevitable albeit reduced passive arch collapse. This could 

increase the rearward pull on the forefoot during late stance phase and thus assist 

propulsion. 

 

5.7 Effects of Socks on Kinematics 

The patterns of plantar mechanical stresses are related to the interface frictional 

properties. However, in addition to interface frictional properties, the patterns of 

plantar mechanical stresses were varied with the foot regions wearing high-heeled 

shoes. Current study showed that the socks with low frictional properties reduced 

shear stresses over forefoot regions but increased the shear stresses over heel on 

the inclined surface. This might be caused by the changes of foot movement on the 

slippery inclined surface. Evidence that subject kinematics are influenced by 

changes in surface friction indicates that the purely mechanical testing of surface 

friction is not adequate for the description of surface frictional characteristics (Dixon 

et al., 1999). Subject movement patterns are not consistent across surfaces and an 

increased understanding of kinematic adjustment is required.  

 

Similar with walking cadence, sock material had a smaller influence on the foot 

kinematics than heel height. The effects of sock material were mainly on the motions 

in frontal plane not the sagittal plane. The main differences were found at the first 
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metatarsal. The socks with low frictional properties generated a larger ROM of the 

first metatarsal relative to calcaneus in frontal plane. Slight medial forefoot eversion 

and rearfoot inversion were also found when walking with nylon socks. The motion 

changes of rearfoot and medial forefoot in frontal plane might increase the torsion 

between forefoot and rearfoot, resulting in the instability of the foot. 

 

5.8 Correlations between Foot Kinematics and In-shoe 

Stresses 

Variables, such as shoe designs, walking surface properties and walking cadence 

could affect the foot alignment and the 3D motions of the foot. The alignment and the 

dynamic function of the foot can explain some key aspects of plantar loading 

patterns of the foot, which might assist in the development of interventions for high 

stresses related foot complaints. The kinematics together with the kinetics will 

answer how and why of the movement of the lower extremity and the redistribution of 

plantar stresses caused by shoe construction, materials and the human movement. 

 

Pressure and shear patterns in different foot sites reacted differently to an increased 

walking cadence. The peak pressure and resultant shear stress over hallux, MTH1, 

MTH2 and heel regions increased with faster walking cadence, excluding the MTH4, 

in which the walking cadence did not affect the peak magnitude. Although some 

previous studies have investigated the effects of walking speed on plantar pressure 
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patterns and found some similar results about plantar pressure distribution 

(Rosenbaum et al., 1994; Segal et al., 2004; Taylor et al., 2004), they offered no 

suggestions as to why this might occur. Kinematic parameters are important to help 

us to understand the changes of foot biomechanics.  

 

As shown in Figure 4-29 and Figure 4-30, the peak plantar stresses over MTH4 were 

related to the fifth metatarsal plantarflexion relative to the calcaneus, which could 

explain 16% and 21.5% of variances of the peak plantar pressure and shear stress, 

respectively. However, the walking cadence was not a main effect on the fifth 

metatarsal motion in sagittal plane. This suggested walking cadence might not 

contribute to the changes of plantar pressure and shear stress over MTH4. 

 

Rearfoot motion and arch kinematics were associated with the stresses over heel 

region (Figure 4-29, Figure 4-30). Any factors which had an influence on these two 

variables could contribute to the changes of plantar stresses over heel. Results of 

current study found that the heel height had a pronounced influence on the arch 

angle and the ankle plantarflexion, especially when the heel height increased to 70 

mm. The ankle plantarflexion and arch angle could explain 2.8% of variance in peak 

pressure and 20.5% of variance in peak resultant shear stress. It suggested that the 

heel height elevation seemed to be more important to the changes of shear stress 

over heel. Plantar shear stresses could be particular importance with an inclined 
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supporting surface of high-heeled shoe. 

 

Loading under the MTH1 was associated with the arch angle and arch related 

variables such as ankle plantarflexion, hallux dorsiflexion, the first metatarsal 

plantarflexion relative to the calcaneus. In addition to these factors, ROMs of the first 

metatarsal and hallux in sagittal plane and the medial forefoot eversion could also 

contribute to the peak plantar pressure over MTH1. All of these variables could 

explain 34.1% and 30.5% of the peak pressure and peak resultant shear stress over 

MTH1, respectively. 

 

Higher arch height was one of the most important contributions to elevated pressure 

and shear over medial forefoot, which was in agreement with the findings of study 

conducted by Burns et al. (2005). The arch rise reduced the ability of the midfoot to 

dissipate the partial compressive stress by decreasing the contact area, pressure 

and time over midfoot, which would result in the high stresses over forefoot (Hong et 

al., 2005; Morage and Cavanagh, 1999; Speksnijder et al., 2005). 

 

The increase of arch height wearing high-heeled shoes was generally characterized 

by the concurrent gross motion of ankle plantarflexion, hallux dorsiflexion and the 

first metatarsal plantarflexion. All of these motions also contributed to the elevation of 

the stresses over medial forefoot. Firstly, plantarflexion of the ankle joint increased 
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when wearing high-heeled shoes, which led to a forward movement of the center of 

mass (Snow and Williams, 1994; Stefanyshyn et al., 2000). Secondly, as the heel 

height increased, the hallux dosiflexion increased. For 70 mm heel height, the hallux 

always maintained a high level of the dosiflexion. According to the study conducted 

by Carlson et al. (2000), increased hallux dorsiflexion (0-45°) increased tensile 

strength of the plantar fascia. Due to windlass mechanism, the plantar fascia kept 

tight during the whole stance phase, resulting in the foot more rigid. Additionally, the 

hallux dorsiflexion would stretch the soft tissue beneath the MTH1 and reduce the 

thickness of the sole. Cavanagh (1999) reported that the average maximim 

deformation of the metatarsal fat during walking was 7.0 mm. The reduction of 

thickness of the forefoot sole would impair the ability of foot sole in attenuating the 

high stresses. Thirdly, results also showed that the medial forefoot was more everted 

wearing high-heeled shoes. Salathe and Arangio (1986) demonstrated that 

pronation and supination greatly affected the force distribution on the metatarsal 

heads. Therefore, more everted medial forefoot could explain why the stresses over 

forefoot shifted medially with the heel height elevation.  

 

Heel pressure and shear were found to be associated with medial arch height and 

ankle plantarflexion. These kinematic variables, especially the ankle plantarflexion, 

had a more pronounced influence on the shear stress than pressure, which could 

explain 20.5% of the variance. That suggested that the shear stress could be of 

particular importance with an inclined supporting surface of high-heeled shoe. 
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In addition to the peak values of plantar pressure and shear stress, the with-in or 

between foot segment motions might be used to predict the shear stresses 

directions. As the heel height increase, the medial forefoot was more everted relative 

to calcaneus, while lateral forefoot was more inverted. The different rotation 

directions in the frontal plane might cause the different directions of shear over 

MTH1 and MTH4 (Figure 4-2, Figure 4-6). With the elevation of the heel height, the 

ankle plantarflexion increased. When standing with a high-heeled shoe (70 mm), the 

increased ankle plantarflexion would push the foot to slide forward on the inclined 

surface, especially with socks with low frictional properties such as nylon socks. 

Thus, the shear stresses over all five foot regions pointed posteriorly to prevent the 

foot sliding forward. Resultant shear stress against foot forward sliding over heel was 

largest with nylon socks and smallest without socks, when the heel height increased 

from 30 mm to 70 mm.  

 

The mediolateral shear direction over heel might be related to the calcaneus motions 

in frontal and transverse planes. The lateral shear at the beginning of the stance 

phase was associated with the calcaneal supination (inversion and adduction) and 

the subsequent medial shear was caused by the calcaneal pronation (eversion and 

abduction).    
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5.9 Effects of Heel Height, Walking Cadence and Sock on 

Ground Reaction Forces 

The in-shoe interface properties could not directly affect the GRF. However, the heel 

height together with walking cadence had an influence on the magnitudes of the 

GRF, especially the GRF between heel strike and heel rise. The increased heel 

height and walking cadence would generate a larger peak vertical GRF at the end of 

the loading response. However, the ability of the body for shock absorption reduced 

at the same time. This would increase the risk of degenerative joint disease or 

injuries of the lower extremities. The results also showed that peak braking force 

increased walking at a faster cadence, while the peak anterior GRF had no 

differences. This result suggested that when walking at a faster cadence, a larger 

braking force was necessary to decelerate the foot but a larger forward force was not 

an essential requirement to gain a faster speed. 

 

Concerning all findings from current study, some useful suggestions could be 

provided to high-heeled shoe wearers to prevent related foot problems. The details 

were listed as following. 

1) High-heeled shoes concentrated the high pressure and shear stresses over the 

forefoot region. High-heeled shoe design should emphasize on the forefoot 

protection, 

2) A moderate heel height might be helpful to prevent the arch collapse. Patients 
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with flat feet might be suggested to wear shoes with low heel height, not 

exceeding 70 mm, 

3) High-heeled shoes might be the potential risk to exacerbate the hallux deformity. 

It is not a good choice to wear high-heeled shoes with a narrow toe box, which 

would abduct the hallux more, 

4) Choose the high-heeled shoes with proper shank curve design. The shank 

design both excessively high and low might cause the foot discomfort in either 

forefoot or midfoot, 

5) Insole design for high-heeled shoes should consider the different stresses 

properties over different foot regions. For forefoot region, cushioning properties 

are more important, while frictional properties are more important for heel region 

on the inclined surface. 

 

5.10 Limitations 

In-shoe temperature and humidity could affect the frictional properties of foot-shoe 

interface (André et al., 2009; Elkhyat et al., 2004; Tang and Bhushan, 2010). To 

reduce their effects, measurement was conducted in a ventilated and temperature 

controlled laboratory. To avoid signal drift with temperature, the system was warmed 

up before experiment and the signals were reset to zero prior to each data collection. 

Additionally, the walking tasks were not physically demanding and sandals did not 
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trap heat and moisture. The sweating or temperature did not rise apparently during 

the experiment. 

 

The transducers used in this study were based on the strain gauge. The strain gauge 

has some weak for measurement such as low spatial resolution, drift and a high 

sensitivity to temperature. If the sensor is used in the sports shoe for physically 

demanding activities, the effects of sweat and temperature changes in shoes on the 

stresses should be considered. The transducers were also thick and restricted to 

application with thick soles. Additionally, the plantar stresses were averaged over a 

large area and the actual peak stress might be underestimated (Davis et al., 1996). 

Davis et al. (1996) suggested that diameter of the sensor should be below 6 mm in 

order not to underestimate the actual shear stresses. The development of transducer 

with a smaller size (both thickness and diameter) is necessary for the measurement 

in any type of shoes. Control shoes with 30 mm heel height were the lowest available 

for this kind of thick and rigid outsole. Information on in-shoe triaxial stresses for 

even lower heel heights should be further investigated. 

 

Skin, fat and soft tissue movement relative to bones would induce errors to the 

kinematic results. However, the difference was always smaller than that caused by 

the different definition of the rigid segment. The definition of the rigid segment of the 

foot is more important than which marker attachment protocol (bone pins, skin 
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mounted markers or plate mounted markers) should be selected (Nester et al., 

2007). The multi-segment foot model has difficulty with tracking small segments or 

tracking the segment motion on a smaller size of foot, since the passive markers 

must be close together. 

 

Anatomical reference frames are difficult to define for many foot bones, such as the 

talus and calcaneus when we describe the motions of ankle joint complex. This is 

because, unlike long bones, their complex surface anatomy does not offer any 

landmarker from which to reliably orientate the cardinal planes. The use of 

coordinate frames defined in reference to the global frame when the subject stood 

relaxed means there is potential for a difference between subjects in the relationship 

between the anatomical position of the bones and the planes of motion in which we 

describe motion.   

 

Although arch angle provided direct information on the medial longitudinal arch 

kinematics in sagittal plane wearing high-heeled shoes, 3D investigation on the 

dynamic arch kinematics is difficult because no suitable definition for medial 

longitudinal arch in kinematic foot model. Deep insight into the arch kinematics 

should consider the motions of foot segments related to the arch simultaneously. In 

this study, subject number enrolled in this study was limited. Larger recruitment was 

necessary to obtain concrete conclusion in further investigation.  



Chapter VI  Conclusion and Future Work 

 160

CHAPTER VI CONCLUSIONS AND FUTURE WORK 

 

6.1 Conclusions 

In-shoe triaxial force transducers allow the simultaneous measurement of plantar 

pressure and shear stresses at the foot-shoe interface. Results showed a medial 

shift of plantar pressures and shear stresses over the forefoot and a smaller peak 

anterior shear during push-off as heel height increased. These changes agreed with 

the increase in forefoot pronation and ankle plantarflexion wearing high-heeled 

shoes. Results also showed characteristics of shear stresses related to foot 

problems. An increasing posterolateral shear stress over the hallux was noticed 

wearing high-heeled shoes, which might predispose hallux to valgus position and 

exacerbate hallux valgus deformity. Peak shear stress showed a spatial difference 

with peak pressure. This could explain why soft tissue problems did not always occur 

at high-pressure regions. Temporal responses of pressure and shear stresses were 

found to be important for foot problem development. Risks might be high in regions 

with low pressure and high shear stresses applied simultaneously. The GRFs did not 

necessarily reflect the in-shoe stress situation and consistent time lag was found.  

 

Socks redistributed the in-shoe plantar stresses by altered frictional characteristics at 

the foot-shoe interface but had no influence on the GRFs. Smooth socks reduced the 

shear stress over MTH1, MTH2 and MTH4, but increased the shear stress over heel. 
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The interface property changes were complicated by any relative compensated 

movement of the foot in shoe linked to the shoe construction, especially on the 

slippery inclined surface in high-heeled shoes, which could also redistribute the 

plantar stresses. The walking cadence had a more pronounced influence on the 

peak resultant shear stress over hallux, MTH2 and heel regions especially walking 

with socks, while it slightly changed the peak values without socks. The 

characteristic of plantar stresses was varied with interface frictional properties 

combined with the shoe sole shape and the subjects’ activities. 

 

3D kinematics of gait is an effective way to functionally examine foot orthopaedic 

structures and provide valuable information on the foot static and dynamic functions 

wearing different designed shoes in different activities. In this study, the foot was 

divided into several segments based on the function unit, which would provide a 

detailed insight into the relative movement between foot segments. Medial 

longitudinal arch plays an important role in the foot dynamic function, especially in 

high-heeled shoes, due to windlass mechanism. In order to investigate the arch 

kinematics during gait, not only the direct arch angle changes but also the segments 

that comprise or affect the arch should be considered together, such as the first 

metatarsal, calcaneus and hallux. 
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Compared with the sock material and walking cadence, the heel height had a 

dominant influence on the foot kinematics. Wearing higher heel height shoes, the 

foot was characterized by a high arch height with a permanent rearfoot plantarflexion 

and inversion and an increased hallux dorsiflexion during the whole stance phase. 

The increased forefoot adduction, plantarflexion and rearfoot inversion were also 

commonly seen with increased arch height. The walking cadence mainly affected the 

motion of rearfoot in sagittal plane, while the sock materials mainly changed the 

motion of the first metatarsal in frontal plane.  

 

In clinical applications, the alteration of foot alignment and dynamic kinematics 

wearing high-heeled shoes would increase the risk of high-heeled shoe related 

problems for lower extremities. Increased hallux abduction was noted wearing 

high-heeled shoes for most of subjects. When the hallux dorsiflexed, the contraction 

of the hallux flexors can further increase the valgus angle of the hallux, which would 

exacerbate the hallux valgus deformity. Wearing shoes with 70 mm heel height, the 

rearfoot showed a greater supination at heel strike, a smaller peak pronation and a 

permanent plantarflexion during the whole stance phase. These changes together 

with a prolonged maximal midstance knee flexion were considered as the risk factors 

contributing to the lateral ankle sprains. In addition, the ability of the lower 

extremities for shock absorption was reduced when walking with high-heeled shoes, 

because the dorsiflexiors and invertors were not able to act eccentrically when the 

foot was in a permanent plantarflexion and inversion position. The long-term 
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high-heeled shoe wearers are vulnerable to the problems such as degenerative joint 

disease and chronic low back pain. 

 

Kinetic together with kinematic variables could answer how and why the function of 

foot changes and the plantar stresses redistribute. Arch angle and arch related 

variables such as ankle plantarflexion, hallux dorsiflexion, and the first metatarsal 

plantarflexion could explain 34.1% and 30.5% of variances in the peak pressure and 

resultant shear stress over MTH1, respectively. These variables contributed to the 

redistribution of plantar stresses by changing the center of body mass, the arch 

stiffness and foot sole thickness. Any design factors or subjects’ activities which had 

an influence on these variables could redistribute the plantar stresses over medial 

forefoot. In addition to the peak values of plantar stress, the with-in or between foot 

segment motions might be used to predict the shear stresses directions. 

 

In summary, information on in-shoe pressure-shear complex and the 3D kinematic 

motion of the foot could be critical to understand the pathomechanics wearing 

high-heeled shoes. Based on the current findings, suggestions stated in chapter V, 

such as shoe-wearing habit and shoe selection, were provided to high-heeled shoe 

wearers to prevent related foot problems. 
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6.2 Directions of Further Studies 

6.2.1 Development of In-shoe Triaxial Force Transducers 

The transducers used in this study were thick and restricted to application with thick 

soles. Additionally, the plantar stresses were averaged over a large area and the 

actual peak stress might be underestimated (Davis et al., 1996). The development of 

transducer with a smaller size is necessary to accommodate different types of shoes. 

 

A thinner in-shoe triaxial force transducer will be developed and the thickness will be 

reduced to 6.5 mm (Figure 6-1). This thickness is suitable to most of the sports 

shoes and therefore can be used to investigate the in-shoe plantar pressure and 

shear stress distributions in sports activities (Figure 6-2). In order to satisfy the 

strenuous exercise, the measurement ranges of forces for the normal and shear 

components are increased to 1000 N and 700 N, respectively. Additionally, the new 

design of connection wire can avoid the breakage and reduce the interference of the 

wire movement. 
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Figure 6-1. Thinner in-shoe triaxial force transducers 

 

 

 
 

Figure 6-2. Tennis shoes 
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6.2.2 Validation of the Finite Element Foot Model 

In-shoe plantar pressures and shear stresses could be used to evaluate 

computational foot models (Cheung et al., 2005; Yu et al., 2008). Simultaneous 

measurement of triaxial forces, together with the computational foot models, could 

provide more insights in the load transfer mechanism for foot-shoe interface, bones 

and joints. Future studies should include investigations on the changes in internal 

stress distributions with different shoe designs and for various activities. Additionally, 

when walking with socks, the plantar stresses were measured on the interface 

between socks and insole, not the stresses directly applied on the foot skin surface. 

Finite element computational foot models could provide the information at the 

foot-sock interface, which could not be gained by experimental methods directly.  

 

6.2.3 Improvement of High-heeled Shoe Design 

According to the current study, the most significant differences of the foot kinematics 

were found at medial longitudinal arch. The arch angle and arch related variables 

changed with heel height. When the heel height increased, the medial longitudinal 

arch height increased accompanied by increased hallux dorsiflexion, first metatarsal 

plantarflexion, rearfoot inversion and plantarflexion. Both increased ankle 

plantarflexion and arch height led to a larger pressure and shear stress over forefoot. 

In addition, the arch rise would decrease the peak pressure and the contact area 

over midfoot (Hong et al., 2005; McCrory et al., 1997; Morage and Cavanagh, 1999; 
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Schwartz and Heath, 1959; Speksnijder et al., 2005), also resulting in the high 

pressure over forefoot and hindfoot. Designs to redistribute of plantar stresses are 

an important consideration in high-heeled shoes. 

 

Shank of the shoe is a critical structure of plantar support over the midfoot. Shank 

curve design not only affects fit but also affects the appearance of shoes. The shank 

design accounted for about 14% of fitting problems in footwear for both men and 

women (Collazzo, 1988). Good-design high-heeled shoes should have a proper 

shank curve to provide sufficient support over the raised medial longitudinal arch 

(Broch et al., 2004). Previous studies evaluated the insole configurations for 

redistribution of plantar pressure and researchers found that orthoses with higher 

medial arch profiles reduced the peak pressure over the heel or the medial forefoot 

regions (Abu-Faraj et al., 1996; Guldemond et al., 2007). However, these studies 

focused on flat shoes and there exists insufficient information which could be used in 

high-heeled shoes. In high-heeled shoes, Lee and Hong (2005) found that contact 

area enlargement over the midfoot produced by cushioning arch pad could improve 

the foot comfort, but their focus was not on quantifying the area of the arch support. 

Arch support should not put excessive loads over the midfoot as this can cause pain. 

Witana et al. (2009) evaluated the effects of footbed shape on comfort and 

suggested that a comfortable footbed would not cause the peak pressure higher than 

100kPa when standing. As shown in current study, plantar stress patterns during 

walking were different from that of balanced standing. The effect of shank curve 
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design of high-heeled shoes on the distribution of plantar pressure during walking 

should be further investigated. In this study, a preliminary study was conducted to 

investigate whether shank curve designs of high-heeled shoes could affect the 

plantar pressure. Attempt was also made to identify if the changes in plantar 

pressure over midfoot area would produce discomfort based on the discomfort 

pressure threshold (100 kPa). 

 

As mentioned in chapter I of introduction, the Chinese standard measures the depth 

of last to quantify the shank curve for high-heeled shoes. The depth of last (GL) is 

the distance from the wait of the last G to the line jointing the edge of heel H and the 

ball tread J (Figure 6-3 (a)). The preliminary study firstly investigated the effects of 

shank curve for 70 mm heel height. The Chinese standard suggests that the depth of 

last should be 8.5 mm for the heel height of 70 mm. An even higher depth of last (11 

mm) was used to investigate the effects of shank curve, because the arch height 

increased wearing high-heeled shoes (Figure 6-3 (b)). We hypothesized that a 

proper increase of depth of last would contribute to the redistribution of plantar 

stresses and be beneficial for preventing the forefoot problems. Preliminary results 

from 12 female subjects were reported, whose average age was 24 years old, 

average body mass was 53 kg and average height was 159 cm. In the pilot 

preliminary study, tekscan in-shoe pressure measurement system (Tekscan Co., 

Boston, USA) was used to evaluate whether the shank curve contributed to the 

plantar pressure. Plantar foot was divided into five regions (Figure 6-4), namely toe 
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region, medial forefoot (MFF), lateral forefoot (LFF), midfoot (MF) and rearfoot (RF). 

For each region, peak pressure, pressure-time integral (PTI) and peak contact area 

were calculated from stable steps of each walking trial. 

  

 

Figure 6-3. Shank curve design of high-heeled shoes 
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Figure 6-4. Definition of plantar surface regions by the percent mask 

 

 
 

Figure 6-5. Accumulative peak pressure patterns for different shank curves from one 

subject 
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In general, the plantar pressure was redistributed when the depth of last increased 

(Figure 6-5). It was obvious that the contact area in midfoot was enlarged with the 

increased depth of last. 

 

When the depth of last increased from 8.5 to 11 mm, the peak pressure over midfoot 

increased by 27% and reached to 77.8 kPa but still lower than the discomfort 

pressure threholds (100kPa), while the peak pressure decreased 11% and 5% in 

medial forefoot and lateral forefoot during midstance phase, respectively (Figure 

6-6). However, these changes had no statistic significance, which may be due to the 

larger variation of the plantar pressure data. 

 

 

 

Figure 6-6. Regional peak pressures between different shank curves 
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The pressure-time integrals exhibited similar patterns to the peak pressure (Figure 

6-7). The higher depth of last significantly reduced the PTI in medial forefoot 

(p<0.01). For the lateral forefoot region, the PTI reduced by 12.5% but not 

significantly. Over midfoot, the higher depth of last generated a significantly larger 

PTI (p<0.05). 

 

 
 

Figure 6-7. Regional pressure-time integrals for different shank curves 

 

As shown in Figure 6-8, the peak contact area of the whole foot (WF) region 

increased slightly with the depth of last. When the depth of last increased to 11 mm, 

the peak contact area over midfoot increased by 29%, although there was no 

statistic difference. The shank curve design did not change the contact areas over 

medial and lateral forefoot. 
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Figure 6-8. Regional peak contact areas for different shank curves 

 

The preliminary results of plantar pressure distribution supported that a higher shank 

curve design could be advantageous. A higher arch support contribute to the 

redistribution of plantar pressure in high-heeled shoes, because the role of midfoot in 

dissipating partial compressive stress was enhanced by increasing the contact 

pressure, contact area and contact time. This would prevent the center of pressure 

shifting rapidly from heel to forefoot caused by the larger initial ankle plantarflexion 

wearing high-heeled shoes (Han et al., 1999). When the depth of last increased to 

11mm, the peak pressure over midfoot reached to 77.8kPa which increased by 

27.3% compared to the depth of last of 8.5 mm. However, it was still smaller than the 

discomfort pressure thresholds 100kPa (Witana et al., 2009).  
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The changes over midfoot can further affect the plantar pressure distribution over 

forefoot region. When the depth of last increased, the high peak pressure during 

midstance phase and pressure-time integrals in both medial and lateral forefoot were 

reduced. Reasons for these changes of forefoot plantar pressure were the increased 

depth of last provided an extra arch support. The extra arch support could provide a 

loading on the foot arch to resist the arch-flattening moment during weight bearing 

(Kogler et al., 2000), which would increase the peak pressure over midfoot but 

release the higher pressure in forefoot region. Additionally, the extra arch support 

reduced the heel inclined angle, which would allow the lines of action of the 

supporting forces under the heel more vertical and these force components would 

carry more body weight without pressing the foot forward on an inclined surface 

(Broch et al., 2004), which could also effectively reduce the forefoot pressure in 

high-heeled shoes. The high pressure in forefoot wearing high-heeled shoes might 

cause discomfort and put the wearer at risk in various foot disorders such as hallux 

valgus, metatarsalgia and calluses. Proper higher depth of last might be more 

beneficial for forefoot health but not increase the midfoot discomfort obviously. 

 

The preliminary results supported the hypothesis that the shank curve design could 

redistribute the plantar pressure, although most of the preliminary results did not 

have the significant difference. This might be caused by the large variation of the 

plantar pressure data and the smaller sample size or the smaller difference between 

two shank curves. The preliminary study only investigated the effects of two shank 
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curves in one heel height shoes. In order to obtain the optimal design for shank 

curve, it is worthy in future study to look into the effects of shank design in a large 

range for different heel heights. Additionally, other techniques introduced in this 

study, such as the simultaneous measurement of plantar pressure and shear 

stresses and the multi-segment foot model, should be used to evaluate the shank 

designs. 
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