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Abstract  Forefoot pain is common in high-heeled shoel Introduction

wearers due to the high pressure caused by the center of

body mass moving forward and the increased arch height

with heel elevation. Sticient arch support could reduce the Females prefer to wear high-heeled shoes for better apper-
high pressure over forefoot. However, too much arch suparance. However, long-term wearers of high-heeled shoes
port could lead to abnormal foot alignment and pain oveare vulnerable to forefoot problems such as forefoot pain,
midfoot. Little information is reported on the relationship hallux valgus [1-3], metatarsalgia and calluses [2,4]. These
among plantar arch height, shank curve design and plantfarefoot problems were associated with the plantar loading
pressure. This study aimed at quantifying the plantar arckedistribution caused by the alteration of foot alignment in
height changes atfiierent heel heights and investigating thehigh-heeled shoes. Firstly, plantarflexion of the ankle joint
effect of shank curve on plantar pressure distribution. Théncreases which leads to a forward movement of the center
plantar arch height increased to (#163) mm at heel height of mass when wearing high-heeled shoes[5,6]. These alter-
of 75mm. The Chinese standard suggests the depth of lestions cause high pressure over the medial forefoot [7-10].
should be 8.5 mm for heel height of 75 mm. When a shan&econdly, dorsiflexion of the hallux raises the medial lon-
curve with higher depth of last (11 mm) was used, the peagitudinal arch due to the windlass mechanism [11,12]. The
pressure over forefoot further decreased in midstance phasech rise decreases the peak pressure and the contact are
which might ease the forefoot problems, while the peak pressver midfoot [10,13-16], also resulting in the high pressure
sure over midfoot increased but not exceeded the discomfaster forefoot and hindfoot. Redistribution of pressure is an
pressure thresholds. To achieve a more ideal pressure disyportant consideration in high-heeled shoe design [9,17].

tribution in high-heeled shoes, a higher than expeclted depth Shank of the shoe is a critical structure of plantar sup-
of last would be suggested that would not cause d'scomfof)tort over the midfoot. The shank material is hard for the

over midfoot. purpose of bearing the body weight and keeping the shoe
bottom shape during walking. The shank design accounted

Keywords High-heeled shoesShank curve Plantar arch for about 14% of fitting problems in footwear for both men

height- Plantar pressureFoot biomechanics and women [18]. Good-designed high-heeled shoes should

have a proper shank curve to providdisient support over

the raised medial longitudinal arch [19]. Previous studies

evaluated the insole configurations for redistribution of plan-

r pressure and researchers found that orthoses with higher
medial arch profiles reduced the peak pressure over the heel
or the medial forefoot regions [20,21]. However, these stud-
ies focused on flat shoes and there exists rfdcéent in-
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should not put excessive loads over the midfoot as this caarch shape wearing fiierent shoes. The changes in plantar
cause pain. Witana et al. [22] evaluated tffe&ts of footbed arch height at dierent heel heights provide critical informa-
shape on comfort and suggested that a comfortable footb¢idn for the shank curve design. Although it has been sug-
would not cause a peak pressure higher than 100 kPa whgasted that elevated heel height would increase the height of
standing. However, this study was limited to a static standthe longitudinal arch, the magnitude of the arch rise has not
ing condition. There is a lack of information on th@eet of been well documented.
shank curve design of high-heeled shoes on the distribution
of plantar pressure during walking. The purpose of this study was to investigate how the
The Chinese standard measures the depth of last fantar arch shape changes with increasing heel height and
quantify the shank curve for high-heeled shoes. The depftow shank curve designs of high-heeled shogeca the
of last is the distance from the waist of the l&tto the plantar pressure distribution during walking. Attempt was
line jointing the edge of heetl and the ball tread (Fig.  also made to identify if the changes in plantar pressure over
1a), which should be 8.5mm for the heel height of 75 mninidfoot area would produce discomfort based on the dis-
in Chinese standard [23]. In the marketffdient compa- Ccomfort pressure threshold (100kPa). Results from this
nies follow diferent standards to design the shank curve fogtudy would provide design suggestions to shoe manufac-
high-heeled shoes or healthcare products such as arch p&é#rers on redistributing mechanical stresses in high-heeled
It is unclear what kind of shank curve is better for alteredshoes and benefit foot health.

H Sagittal plane

G
75 mm

Centerline

/
Top flatten

Fig. 1 aDefinition of shank curveh Inserts with dfferent shank curve shapes

] e,

GL=11mm GL=8mm GL=5mm

2 Materials and methods 154-165cm). Every subject was asked to sign a consent
form before the experiments and this study was approved

. . by The Hong Kong Polytechnic University Research Ethics
2.1 Materials and subjects Committee.

The shoes with 75 mm heel height used in this study were

European size of 37. Inserts with depth of la&l] of 2.2 Foot shape measurement

11 mm, 8 mm and 5mm were attached inside the shoes to

simulate diferent shank curves (Fig. 1b). The insole mateInfoot 3D foot scanner (I-Ware Laboratory, Osaka, Japan)

rial has hardness of 60 degrees (Shaye was used to collect the 3D foot shape data at 0 mm, 50 mm
Twelve female subjects voluntarily participated in thisand 75 mm heel height levels. For all three conditions, the

Study_ They had the experience of Wearing high_hee|ed ShoéybjeCtS stood with their feet positioned shoulder width apart

and can fit comfortably into the selected high-heeled shoe@nd even with each other. To study the high-heeled con-

The subjects did not have high or low arch, hallux valgusditions, the subjects stepped on the heels with 50 mm and

hammer digits, plantar calluses, limb-length discrepancy of> mm heights, respectively, as shown in Fig. 2. Arch curves

any anklgkneehip problems. Their average age was 24were extracted from the sagittal plane passing the plantar

years old (range 20-28 years), average body mass was 53&@terline of each right foot and the plantar arch height was

(range 45-62 kg) and average body height was 159 cm (rangéfined in Fig. 3.
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Fig. 2 Feet stepping on the heels with 50 mm and 75 mm heights, respectively

a A l b a 5-min rest between two tests. A total of 108 trials (12 sub-
. 9 / .’ jectsx 3 shank curves 3 trials) were obtained for data anal-
R N e \ ysis.
Pl & The plantar foot was divided into five regions, namely
C E B toe region, medial forefoot, lateral forefoot, midfoot and
¢ , rearfoot. The regions were defined based on a percentage of
'D // ) the width and the length of foot as shown in Fig. 4. For each
/,-f" P /B region, the parameters, namely peak pressure (PP), pressure
== ,-/-E"’ time integrals (PTI), and peak contact area (PA) were calcu-

lated from stable steps of each walking trial. Repeated mea-
sures analysis of variance with one within subject factors (the
depth of last) was performed on these variables.

0% 50% 100%

Fig. 3 aThe projection of the foot plantar surface on the horizontal
plane, whereAB' is the plantar centerline defined as a line pass-
ing the heel centeB’ and the second metatarsal he@d) is the

line connecting the first and fifth metatarsal hedgfsis the tread
point which lies alternately on lines 6D andAB'. The outlines of
footbed curves (right) are extracted from the sagittal plane passing
the plantar centerlindB’, whereE andB is the projection ofe’ Midfoot [
andB’, respectively, on the foot. The plantar arch height is defined
by the distance from the highest point of the arch curve to the line
of BE. Outlines of footbed curves & 0 mm; c 50 mm;d 75 mm
heel heights

Toe region
84%

Medial forefoot Lateral forefoot

63%

33%

Rearfoot

i,
2.3 Plantar pressure measurement O

Fig. 4 Definition of the five plantar surface regions by percent
Plantar pressure distribution was measured using Tekscan imask
shoe pressure measurement system (Tekscan Co., Boston,
USA). The inserts with dferent shank curves were ran-
domly assigned to the subjects. For each test, the subjeztResults
was first asked to walk along a 10 m walkway as normally
as possible for a few minutes to familiarize the shoes witihe plantar arch height increased significantly with heel
different inserts. After a short rest, the subject was asked teeight elevation §f < 0.01, Fig. 5). Compared to the
walk at a self-selected constant comfortable cadence. Dalemm heel-height condition ((261.3) mm), the plantar
were recorded at a frequency of 100 Hz for 10s. Repeateaich height increased by 135% ((&2.4) mm) for 50 mm
measurements were conducted for each test until three suweel height and increased by 189% ((¥.85.3) mm) for
cessful trials completed. To prevent fatigue, the subject took5 mm heel height, respectively.

@ Springer



1094 Y. Cong, et al.

S
!

5 T u 0mm
50 mm
O 75mm

Plantar arch height/mm
N~ o o

0
Heel height

*: Significant difference (p<0.01) compared to the 0 mm heel height
##: Significant difference (p<0.01) compared to the 50 mm heel height

Fig. 5 Plantar arch heights at 0 mm, 50 mm and 75 mm heel height
levels

d

In general, the plantar pressure was redistributed when

the depth of last increased (Figs. 6 and 7). It is obvious that GL=11 mm GL=8 mm GL=5mm
the contact area in the midfoot region was enlarged with theig. 6 Accumulative peak pressure patterns under three shank
increased depth of last (Fig. 6). curves for one subject
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Fig. 7 Peak pressure curves in five foot regions for three shank curves from one safjeetregion Medial forefoot;c Lateral forefoot;
d Midfoot; e Rearfoot

When the depth of last increased from 5 mm to 11 mmgreased significantlyR222) = 9.061, p < 0.05) but still
the maximum peak pressure over the midfoot region inlower than the discomfort pressure thresholds (100 kPa),
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while the maximum peak pressure decreased significantly iimot region increased slightly with the depth of last. The dif-

the medial forefootK 22 = 4.351, p < 0.05) and lateral ference was especially accentuated over the midfoot regions.

forefoot regions [t 22) = 6.811, p < 0.05) as the depth of The peak contact areas of higher depths of last£ 11 mm

last increased during the midstance phase (Fig. 8). Howand 8 mm) were significantly larger than that of lower depth

ever, during the pushfbphase, the peaks in medial forefoot of last F22) = 11447, p < 0.05). Significant diferences

had no significant dierence. Over the toe region, the peaksn peak contact area in the lateral forefodi(>2=5.425,

in either midstance or pushtfgphase were not significantly p < 0.05) and rearfootK@22 = 3.969, p < 0.05) re-

different (Fig. 8). gions among dferent shank curve designs were also noticed.
However, the trends were opposite in the rearfoot region,
where the peak contact areas increased with the depth of last.

700
= 600 ; 4
’.j_.‘.. _ s GL=11mm
> 500 T | e GL=8mm 90 ¢
5 400 | | o GL=5mm " 80+ = GL=11mm
@ . - . | 5 70! g GL=8mm
£ 300 ' | 'l g 60l ©GL=5mm T
2 2001{y7 ' 7 | 3 3
o 1 | I+ I £ 50+
(== . =1

100 | g B é 2 40!

0 15 pesk 2nd pesh st |\-.|.l.':||-"|.\:;|;. [y A ' . "_5‘_ 301 i T.I
Toe MFF LFF |  MF RF é 20t %
*: Sigmficant difference ( p < 0.05) compared to the lowest depth of last ((s£.= 5 mm) g’ 10 + g™ 2“ k .'_;i pé
- U.m. A..zl. Zatn ZH8 ;
Fig. 8 Comparison of regional peak pressures amoriteidint Toe MFF LFF MF RF WF

shank curves. MFF: medial forefoot; LFF: lateral forefoot; MF:  * Significant difference ( p < 0.05) compared to the lowest depth of last (/.= 5 mm)

midfoot; RF: rearfoot . . . .
! Fig. 10 Comparison of regional peak contact areas amofigrdi

ent shank curves. MFF: medial forefoot; LFF: lateral forefoot; MF:

The pressure-time integrals can provide an understandidfoot; RF: rearfoot; WF: whole foot
ing of the total amount of pressure that has applied over time
during the whole stance phase. The results (Fig. 9) exhib-
ited similar patterns to the peak pressure. Compared to the . _
lowest depth of lastGL = 5 mm), the higher ones generated? Discussion
smaller PTI in the medial forefoot and lateral forefoot re-
gions (reduced by 13% and 6%, respectively, in medial sit

F22) =| 8‘59?’ P <I 0:05':; redu_cefot;)é jg% agdoéﬁ/bo, r€- pearance of shoes. In the markeffeiient companies follow

spectively, in lateral Sitef (255 = 10254, p < . ), but . different standards to design the shank curve. Both exces-
larger P.TI in the midfoot region (increase by 92% and 32 /"sively low and high arch support might cause discomfort in
respectivelyF.2z) = 5.917,p < 0.05). either forefoot or midfoot. Shank curve design should se-

riously take into account the degree of plantar arch height

&hank curve design not onlyfacts fit but also fiects the ap-

- 90 change.

£ 30 . . Cletlmm Although researchers inferred that the arch height
z 70 TTT] T 2 GL=8 mm might increase with the heel height according to the de-
2 601 | e GL=5mm crease of the peak pressure and the contact area over mid-
§ 50 . T foot [10,14,16], little studies quantify how much the arch

T 40 | height changes as the heel height increases. Results in this
7 30 . study showed that the plantar arch height increased by 189%
] i - ((7.6+ 1.3) mm) for 75 mm heel height compared to that at
% 0 mm heel height ((2.€ 1.3) mm). As human foot is flexible

-

Toe  MFF LFF  MF RF and the plantar soft tissue over midfoot is compressible, an
*: Significant difference (p <0.05) compared to the lowest depth of last (GL = 5 mm) even h|gher arch Support can be indicated.
**: Significant difference ( p <0.05) compared to the medium depth of last (GL=8 mm) The results of plantar preSSUl‘e distribution presented in

Fig. 9 Comparison of regional pressure-time integrals among difthis study supported that a higher shank curve design could

ferent shank curves. MFF: medial forefoot; LFF: lateral forefoot;P® a@dvantageous. A higher arch support contributed to the
ME: midfoot: RF: rearfoot redistribution of plantar pressure in high-heeled shoes, be-

cause the role of midfoot in dissipating partial compressive
stress was enhanced by increasing the contact pressure, con
As shown in Fig. 10, the peak contact area of the whol¢act area and contact time. This would prevent the center
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of pressure shifting rapidly from heel to forefoot caused byarch feet have been selected based on the arch index [27].
the larger initial ankle plantarflexion in wearing high-heeledThe relationship between feet type and shank curve designs
shoes [24]. When the depth of last increased to 11 mngould be considered in further studies.

the peak pressure over midfoot reached 77.8 kPa which in-  This study investigated thefects of shank curves on
creased by 72.9% and 27.3% compared to the depth of laskantar pressure distribution only at high-heeled shoes of
of 5mm and 8 mm, respectively. However, it is still smaller75 mm heel height, because this level of heel height is com-
than the discomfort pressure thresholds 100 kPa [22]. monly used in the market. The shank cunfeeets in the

The changes over midfoot can furthefezt the plantar lower level of heel height may not be so remarkable. How-
pressure distribution over forefoot region. When the depth dgVer, it is worth in future studies looking into théfects of
the last increased, the high peak pressure during midstang@ank curve designs atffiérent heel heights.
phase and the pressure-time integrals in both medial and lat-
eral forefoot were released. Reasons for these changes of .
forefoot plantar pressure are that the increased depth of IzgtConCIUSIon
provides an extra arch support. The extra arch support could

provide a loading on the foot arch to resist the arch-flattening js suggested that in high-heeled shoes, a higher arch sup-
moment during weight bearing [25], which would increaseport relative to the plantar arch height could be beneficial, as
the peak pressure over midfoot but release the higher pregcontributed to a more even distribution of plantar pressure.
sure in forefoot region. Additionally, the extra arch sup-it enhanced the role of midfoot in ankle rocker by increas-
port reduced the heel inclined angle, which would allow thgng the contact pressure and pressure-time integrals, and fur-
lines of action of the supporting forces under the heel MOrgher decreased the peak pressure and the pressure_time in
vertical and these force components would carry more bodgrals in both medial and lateral forefoot, with the pressure
weight without pressing the foot forward on an inclined surgver midfoot not exceeding the discomfort thresholds. High-
face [19], which can alsdffectively reduce the forefoot pres- heeled shoes with higher depth of last or insoles with arch
sure in high-heeled shoes. In the selected high-heeled Shoggpport might be good choices for wearers of high-heeled

the maximum peak plantar pressures occurred over the Mghoes to relieve the forefoot high pressure and prevent from
dial forefoot region, which is consistent with the findingsforefoot disorders.

of previous studies [7—10]. The high pressure in forefoot

might cause discomfort and put the wearer at a risk of var-

ious foot disorders such as hallux valgus, metatarsalgia angeferences
calluses. Compared to 5mm and 8 mm, when the depth of

last increased to 11 mm, the peak pressure during midStanC? Mandato, M.G., Nester, E.: Th&ect of increasing heel height
phase and the pressure-time integrals in the whole stance o, forefoot peak pressure. Journal of the American Podiatric
phase were smallest. Therefore, properly higher depth of \edical Associatior89, 75-80 (1999)

last might be more beneficial to forefoot health without ob- 2 Menz, H.B., Morris, M.E.: Footwear characteristic and foot
viously enhancing midfoot discomfort. problems in older people. Gerontolo§¥(5), 346—-351 (2005)

Although the peak pressure is reduced during the mid-3 O'Connor, K., Bragdon, G., Baumhauer, J.F.: Sexual dimor-
stance phase, there is no decrease of the second peak of thePhism of the foot and ankle. Orthopaedic Physical Therapy
plantar pressures in puslit@hase over the medial forefoot 4 ghmcs;fENoLr_thkAgean'a:BZ, 56955;4 (fO?E_S)P |  foot
region, which is consistent with the findings of Guldemond unn, .., HnK, B.L., Feson, . 1., etal.: Frevaience ol 100
etal. [26]. It suggested that the contact area enlargement and ankle conditions in a multiethnic community sample of

T 99 . . 9 ; older adults. American Journal of Epidemioloby9, 491-498
over midfoot can not befective in reducing pressure during

) _ (2004)

push-dtf because the interaction between footbed a_n_d shanks spow, R.E., Wiliams, K.R.: High heel shoes: theffeet
curve takes place mam'y.before p.usﬁi-phase. Addition- on center mass position, three-dimensional kinematics, rear-
ally, the narrow toe box might also increase the plantar pres- foot motion, and ground reaction forces. Archives of Physical
sure over the forefoot region. It is suggested that toe box de- Medicine and RehabilitatioR5, 568—576 (1994)
sign is another important factor to improve the foot comfort. 6 Stefanyshyn, D.J., Nigg, B.M., Veronica, F., et al.: The influ-
The dfect of toe spring coupled with shank curve designs ~ence of high heeled shoes on kinematics, kinetics, and muscle
on the plantar pressure distribution should be investigated in EMG of normal female gait. Journal of Applied Biomechanics
near future. Because the toe box design d&ecathe plan- 16, 309-319 (2000)
tar pressure distribution, in this study, three pairs of inserts’ Snow, R.E., Williams, K.R., Holmes, G.B.: Thefect of wear-
were designed to simulatefBirent shank curves in one pair "9 high heeled shoes on pedal pressure in women. Foot &

: : Ankle 13, 85-92 (1992)
of testing shoes in order to control the shoe structures suc

. . Nyska, M., McCabe, C., Linge, K., et al.: Plantar foot pressures
as foot contact points, heel height, toe box and pump style. iy "treadmill walking with high-heel and low-heel shoes.

A proper shank curve design can l#feated by the type Foot & Ankle 17(11), 662—666 (1996)
of feet. In this study, subjects who did not have flat or high- 9 Lee, Y.H., Hong, W.H.: Eect of shoe inserts and heel height
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73-78 (1999) scaphoid pad application. IEEE Transactions on Rehabilitation

12 Shimizu, M., Andrew, P.D.: fEect of heel height on the foot Engineeringd, 328-336 (1996)
in unilateral standing. Journal of Physical Therapy Scidiice 21 Guldemond, N.A., L&ers, P., Schaper, N.C. et al.: The ef-
95-100 (1999) fects of insole configurations on forefoot plantar pressure and
13 Schwartz, R.P., Heath, A.L.: Preliminary findings from a  walking convenience in diabetic patients with neuropathic feet.
roentgenographic study of the influence of heel height and em-  Clinical Biomechanics (Bristol, Avor22(1), 81-87 (2007)
pirical shank curvature on osteo-articular relationships in the22 Witana, C.P., Goonetilleke, R.S., Au, E.Y.L., et al.: Footbed
normal female foot. The Journal of Bone and Joint Surgery. shapes for enhanced footwear comfort. Ergonomics 1-12

American Volume41-A, 1065-1076 (1959) (2009)
14 McCrory, J.L., Young, M.J., Boulton, A.J.M., etal.: Archindex 23 Qiu, L., Fan, K.J., Jin, Y., et al.: Shoe Last Design and Manu-
as a predictor of arch height. The Fa@gg), 79-81 (1997) facture. China Textile & Apparel Press, Beijing, China (2006)

15 Morage, E., Cavanagh, P.R.: Structural and functional predic- (in Chinese)
tors of regional peak pressures under the foot during walking24 Han, T.R., Paik, N.J., Im, M.S.: Quantification of the path of
Journal of Biomechanic32(4), 359-370 (1999) center of pressure (COP) using an F-scan in-shoe transducer.

16 Hong, W.H., Lee, Y.H., Chen, H.C., et al.: Influence of heel Gait & Posturel0, 248-254 (1999)
height and shoe insert on comfort perception and biomechani25 Kogler, G.F., Solomonidis, S.E., Paul, J.P.: Biomechanics of
cal performance of young female adults during walking. Foot longitudinal arch support mechanisms in foot orthoses and their
& Ankle 26(12), 1042-1048 (2005) effect on plantar aponeurosis strain. Clinical Biomechahics

17 Redmond, A., Lumb, P.S.B., Landorf, K.fféct of cast and 243-252 (2000)
noncast foot orthoses on plantar pressure and force during no26 Guldemond, N.A., L&ers, P., Sanders, A.P. et al.: Casting
mal gait. Journal of the American Podiatric Medical Associa- Methods and plantar pressure. Journal of the American Po-
tion 90, 441-449 (2000) diatric Medical Associatio®6, 9—18 (2006)

18 Collazzo, C.: A 1986-1987 study of consumer problems in27 Cavanagh, P.R., Rodgers, M.M.: The arch index: a useful mea-
shopping for foot footwear, with emphasis on size and fit. Jour-  sure from footprints. Journal of Biomechani28, 547-551
nal of Testing and Evaluatiob6(4), 421-424 (1988) (1987)

@ Springer



