


 

 
 

 

 

 
 

 
 

2013  

 

 
 
 
 
 
 
 
 
 

 
 

 
 
 
 

 
 
 

 
 

   



3  
 

  
      

    
 

 
 

 
 

 

3

3

 
1  
2 4

20
0.2 mm 5 mm

 3D
 

3

3
 3D

2 mm
2.5 mm  

4

 
5  

 



4

 SUMMARY OF Ph.D. DISSERTATION

School

Integrated Design Engineering 

Student Identification Number SURNAME, First name 
NISIHAMA, Rie

Title
Measurement of Dynamic Foot Deformation Using Circular Markers and Mesh Deformation 

Abstract
Human feet deform greatly during walking because of muscle activity of the foot and pressure from 

shoes. To design well-fitting shoes, dynamic foot deformation must be quantified. Dynamic 3D foot 
shapes are measured using various methods such as using projection of pattern light or measuring 
multi-point markers on the foot. However these methods present difficulty when measuring a foot 
shape in shoes. Using circular markers and a transparent shoe with a motion-capture system, this study 
can record motions of anatomical landmarks of the foot surface during shoe walking. Using this 
method, this study proposes a process for simultaneous estimation of foot joint motions and foot-surface 
deformation during shoe walking from motions of anatomical landmarks, based on a foot segment 
model and mesh deformation. Furthermore, measuring foot deformation during high-heel walking 
using this method revealed features of deformation during walking and the potential for application of 
this method for shoe design. 

In chapter 1, the background, positioning, novelty, and usefulness of this study are described. 
Chapter 2 presents a summary of the proposed method. The principal skeletal structure related foot 

motions were simplified to a four-link model. Marker positions were set to 20 anatomical landmarks on 
the foot surface to construct the four-link model. After attaching small thin circular markers (t, 0.5 mm; 
r, 2.5 mm) to these positions, transparent shoes are worn. Foot joint motions are calculated from a foot 
segment model based on motions of the 20 markers recorded using a motion capture system. 
Foot-surface deformation was estimated by deforming a standing 3D foot mesh to fit landmarks of a 
standing foot mesh to 20 anatomical landmarks in walking. A standing foot mesh of each subject was 
made by deforming a template of a foot mesh to a standing foot shape using a 3D digitizer 

In chapter 3, the proposed technique is evaluated. Skin displacement of markers and anatomical 
landmarks are confirmed as small and not affecting the calculation of joint angles. Furthermore, the 
accuracy of recorded circular markers through a transparent shoe is higher than that of sphere markers 
because they are attached closer to the foot surface. To evaluate accuracy, two foot-surface deformation 
results were obtained using the proposed method and a 3D digitizer. Surface distances between the 
markers were calculated from the results. Calculated results show that the error of circumference was 
2.5 mm maximum, even near the ankle. This method has sufficient accuracy for practical use. 

In chapter 4, as an example of an application, foot deformation was measured during high-heel 
walking. Foot deformation during the stance phase was similar during barefoot and high-heel walking: 
relative motion between the midfoot and forefoot segment was similar because of the change of the 
longitudinal arch, as was the pattern of highly deformed and slightly deformed foot surface regions. 
Using the measured data, a mechanism for reducing slippage of ladies’ pumps was proposed. 

Chapter 5 presents a summary of results along with challenges and prospects for the future. 
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Tr wijeij
j
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'T=PiDiPi
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Di wij Pi eij
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0 cosα -sinα
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y Ry  
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cosβ 0 sinβ
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                         (2-16) 

z Rz  

Rz=
cosγ -sinγ 0
sinγ cosγ 0

0 0 1
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R  

R=RzRxRY                              (2-18) 

R Rp

Rd  

R Rd
TRp                               (2-19) 

(2-18) (2-19)  

α= sin-1 r32                               (2-20) 

β= sin-1 - r31

cos α
                           (2-21) 

r31

cosα
<0    β π-β r31

cosα
>-π    β β-2π 

γ= sin-1 - r22

cosα
                           (2-22) 
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<0    γ π - γ r22

cosα
>-π    γ γ-2π
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3-5  

MH1 MH2 MH5 MB1 MB2 MB4 MB5 CUN NAV CUB TALM TALL CALM CALL
MH1
MH2 0.9
MH5 0.8 -0.1
MB1 -0.1 1.4 0.5
MB2 0.2 0.1 -0.3 1.0
MB4 0.1 -0.1 -0.2 0.4 -0.4
MB5 0.5 0.2 0.5 0.1 -0.1 0.3
CUN -0.1 -0.1 -0.7 -0.1 -0.4 -0.4 -0.6
NAV -0.2 0.9 -0.9 -0.4 0.0 -0.9 -1.0 -0.4
CUB -0.1 -0.2 0.0 -0.8 -0.6 -0.1 0.2 -0.9 -1.5

TALM -0.3 0.7 -0.9 -0.5 -0.1 -0.7 -1.1 -0.2 -0.4 -1.9
TALL -0.2 -0.3 0.2 -1.3 -0.6 -0.3 0.1 -0.9 -1.2 -0.4 -2.0
CALM -0.7 0.8 -1.1 -0.2 -0.1 -0.9 -1.1 -0.5 0.0 -1.8 0.2 -1.8
CALL 0.0 -0.1 0.5 -1.4 -0.6 0.0 0.1 -1.0 -1.3 -0.2 -1.9 0.4 -1.4

MH1 MH2 MH5 MB1 MB2 MB4 MB5 CUN NAV CUB TALM TALL CALM CALL
MH1
MH2 1.2
MH5 1.2 0.4
MB1 0.1 0.7 0.6
MB2 0.4 0.2 0.0 0.7
MB4 0.3 0.1 0.5 0.2 -0.1
MB5 0.1 0.0 0.3 -0.8 -0.2 -0.1
CUN 0.0 0.3 -0.3 -0.1 -0.3 -0.5 -0.8
NAV -0.1 0.4 -0.6 -0.4 -0.4 -0.8 -1.2 -0.3
CUB 0.1 -0.2 0.6 -1.1 0.0 -0.3 -0.3 -1.0 -0.7

TALM -0.3 0.4 -0.2 -0.5 -0.3 -0.5 -0.3 -0.2 -0.1 0.3
TALL 0.1 -0.2 0.6 -1.0 0.0 -0.3 -0.3 -0.8 -0.4 -0.1 1.1
CALM -0.5 0.2 -0.6 -0.4 -0.6 -0.8 -0.5 -0.5 -0.1 0.3 -0.1 1.0
CALL 0.0 -0.1 0.4 -1.2 -0.1 -0.2 0.4 -1.0 -0.5 -0.1 1.1 -0.2 0.7

b. B

a. A 

A 0.50 0.50
B 0.57 0.50
C 0.49 0.45
D 0.81 0.71
E 0.38 0.32

3-1

110.8 mm
-0.5 mm

131.7 mm
-2.4 mm140.9  mm

-1.8  mm

3-1

 
3-4  

3-20  
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3-6  

MH1 MH2 MH5 MB1 MB2 MB4 MB5 CUN NAV CUB TALM TALL CALM CALL
MH1
MH2 1.8
MH5 1.2 -0.3
MB1 0.1 0.1 -0.2
MB2 0.2 0.1 -0.2 0.0
MB4 0.5 -0.2 0.4 -0.5 -0.6
MB5 0.3 -0.2 -0.2 -0.6 -0.5 -0.1
CUN 0.0 0.1 -0.3 0.2 -0.2 -0.7 -0.5
NAV 0.1 0.0 -1.1 -0.2 -0.6 -1.9 -1.9 -0.6
CUB 0.3 -0.3 0.2 -0.7 -0.5 -0.3 0.4 -0.6 -2.2

TALM -0.5 -0.8 -1.8 -0.8 -1.3 -2.3 -1.9 -1.2 -0.8 -2.3
TALL -0.7 -0.8 -0.1 -1.2 -1.2 -0.7 0.4 -1.2 -2.4 -0.7 -2.5
CALM 0.4 0.7 -1.7 0.6 -0.4 -2.3 -1.9 -0.5 0.9 -2.3 0.2 -2.5
CALL -0.6 -0.7 -0.3 -0.8 -1.2 -0.6 -0.2 -0.9 -1.8 -0.6 -2.0 -0.1 -1.8

d. D

e. E

MH1 MH2 MH5 MB1 MB2 MB4 MB5 CUN NAV CUB TALM TALL CALM CALL
MH1
MH2 0.9
MH5 1.8 1.2
MB1 0.2 0.2 0.7
MB2 -0.1 -0.5 0.1 0.5
MB4 -0.2 0.1 0.4 0.2 -0.6
MB5 -0.1 0.3 0.0 -0.5 -0.8 -0.3
CUN -0.2 -0.4 0.0 0.3 -0.1 -0.5 -0.8
NAV 0.1 0.0 -0.2 -0.3 0.1 -0.7 -0.5 -0.3
CUB -0.6 -0.3 0.3 -0.1 -0.6 -0.3 -0.1 -0.7 -0.4

TALM 0.2 0.0 -0.3 -0.1 0.0 -0.5 -0.1 -0.3 -0.2 0.4
TALL -0.5 -0.4 0.1 0.4 -0.5 -0.5 -0.2 0.1 0.7 -0.4 0.5
CALM -0.2 0.5 0.3 0.3 0.7 -0.1 0.3 0.3 0.7 0.8 0.4 1.4
CALL -0.6 -0.1 0.0 0.0 -0.6 -0.4 0.1 -0.3 0.5 -0.4 0.3 0.3 1.4

MH1 MH2 MH5 MB1 MB2 MB4 MB5 CUN NAV CUB TALM TALL CALM CALL
MH1
MH2 -1.2
MH5 0.0 1.2
MB1 0.1 0.4 0.7
MB2 -0.4 0.0 0.6 0.0
MB4 -0.8 0.0 0.2 -0.3 -0.4
MB5 -0.6 0.5 -0.1 -0.2 -0.3 0.3
CUN -0.1 0.2 0.4 0.1 0.1 -0.6 -0.5
NAV 0.0 0.4 -0.5 -0.1 -0.4 -1.8 -1.5 -0.8
CUB -0.5 0.2 -0.2 -0.2 -0.4 -0.3 0.1 -0.6 -1.2

TALM -0.3 0.1 -0.7 -0.4 -0.7 -1.7 -1.2 -1.0 -0.4 -1.3
TALL -0.5 0.1 -0.2 0.0 -0.4 -0.1 -0.1 -0.4 -0.8 -0.5 -0.6
CALM 0.2 0.7 -1.0 0.1 -0.6 -2.1 -1.5 -1.1 0.4 -1.6 -0.2 -0.8
CALL -0.6 0.2 -0.1 -0.1 -0.4 0.0 -0.3 -0.5 -0.4 -0.2 -0.1 -0.2 -0.6

c. C
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