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Appendix A 

    Given the strain 𝜺𝜺𝑡𝑡 , apparent density 𝜌𝜌𝑡𝑡  and fabric tensor 𝑯𝑯�𝑡𝑡  for the current time step 𝑡𝑡 , a 

mechanical stimulus 𝒀𝒀𝑡𝑡 is calculated. 

𝒀𝒀𝑡𝑡 = 2 �2𝐺𝐺� sym[(𝑯𝑯𝑡𝑡𝜺𝜺𝑡𝑡𝑯𝑯𝑡𝑡)(𝑯𝑯𝑡𝑡𝜺𝜺𝑡𝑡)] + 𝜆̂𝜆 tr�𝑯𝑯𝑡𝑡
2𝜺𝜺𝑡𝑡�sym[𝑯𝑯𝑡𝑡𝜺𝜺𝑡𝑡]�,   (1) 

    where 𝐺𝐺�, and 𝜆̂𝜆 are the Lamé constants of ideal compact bone with null porosity, whose density 

is represented by 𝜌𝜌�, and 𝑯𝑯𝑡𝑡 is a remodelling tensor given by. 

𝑯𝑯 = �𝜌𝜌
𝜌𝜌�
�
𝛽𝛽(𝜌𝜌) 4⁄

𝐴𝐴(𝜌𝜌)1 4⁄ 𝑯𝑯�1 2⁄ .     (2) 

    A weighted sum of stimulus 𝑱𝑱𝑡𝑡 between the spherical and deviatory part is calculated next 

𝑱𝑱𝑡𝑡 = (1 − 𝜔𝜔) tr(𝒀𝒀𝑡𝑡)
1
3
𝟏𝟏 + 𝜔𝜔 dev(𝒀𝒀𝑡𝑡) = (1 − 2𝜔𝜔) tr(𝒀𝒀𝑡𝑡)

1
3
𝟏𝟏 + 𝜔𝜔𝒀𝒀𝑡𝑡.  (3) 

Using the scalar weighting factor of 𝜔𝜔 ∈ [0,  1]. 

Accounting for the weighted sum of stimulus 𝑱𝑱𝑡𝑡 from the current loading configuration and the 

number of cycles of loading per day 𝑛𝑛𝑡𝑡, the resorption level 𝑔𝑔t𝑟𝑟, and the apposition level 𝑔𝑔t
𝑓𝑓,are 

calculated 

𝑔𝑔t𝑟𝑟 =
�2(1 − 𝜔𝜔)

𝑛𝑛𝑡𝑡1 𝑚𝑚⁄ �𝐵𝐵(𝜌𝜌𝑡𝑡)𝜌𝜌�2−𝛽𝛽(𝜌𝜌𝑡𝑡) 8⁄ 𝐴𝐴(𝜌𝜌𝑡𝑡)1 8⁄ 271 4⁄
�𝑱𝑱𝑡𝑡−1: 𝑱𝑱𝑡𝑡−1�

1 4⁄ −
1

(𝜓𝜓𝑡𝑡∗ − 𝑤𝑤)𝜌𝜌𝑡𝑡�16−5𝛽𝛽(𝜌𝜌𝑡𝑡)� 8⁄
 

𝑔𝑔t
𝑓𝑓 = 𝑛𝑛𝑡𝑡1 𝑚𝑚⁄ �𝐵𝐵(𝜌𝜌𝑡𝑡)𝜌𝜌�2−𝛽𝛽(𝜌𝜌𝑡𝑡) 8⁄ 𝐴𝐴(𝜌𝜌𝑡𝑡)1 8⁄ 31 4⁄

�2(1 − 𝜔𝜔)
(𝑱𝑱𝑡𝑡: 𝑱𝑱𝑡𝑡)1 4⁄ − (𝜓𝜓𝑡𝑡

∗ + 𝑤𝑤)𝜌𝜌𝑡𝑡�16−5𝛽𝛽(𝜌𝜌𝑡𝑡)� 8⁄  

Where 𝜓𝜓𝑡𝑡
∗ is the reference stimulus level, 𝑤𝑤 is the half-width of the bone equilibrium zone, 𝑚𝑚 is 

the empirical weighting between the importance of the load intensity and the number of load cycles 

to bone remodelling, and 𝐵𝐵(𝜌𝜌𝑡𝑡) and 𝐴𝐴(𝜌𝜌𝑡𝑡) are constants. 

The resorption and apposition levels determine which remodelling criteria is active according to  
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resorption if 𝑔𝑔t𝑟𝑟 ≥ 0 and 𝑔𝑔t
𝑓𝑓 < 0

apposition if 𝑔𝑔t
𝑓𝑓 ≥ 0

equilibrium if 𝑔𝑔t𝑟𝑟 < 0 and 𝑔𝑔t
𝑓𝑓 < 0

 

    Following this, the rates for surface remodelling 𝑟̇𝑟t, density 𝜌̇𝜌𝑡𝑡  and remodelling tensor 𝑯̇𝑯𝑡𝑡  are 

calculated 

𝑟̇𝑟t =

⎩
⎪
⎨

⎪
⎧−𝑐𝑐𝑟𝑟

𝑔𝑔t𝑟𝑟

𝜌𝜌𝑡𝑡2−𝛽𝛽(𝜌𝜌𝑡𝑡) 2⁄      resorption

𝑐𝑐𝑓𝑓
𝑔𝑔t
𝑓𝑓

𝜌𝜌𝑡𝑡2−𝛽𝛽(𝜌𝜌𝑡𝑡) 2⁄      apposition
 

𝜌̇𝜌𝑡𝑡 = 𝑘𝑘𝑟̇𝑟𝑡𝑡𝑆𝑆𝑉𝑉𝑡𝑡𝜌𝜌� 

𝑯̇𝑯𝑡𝑡 =

⎩
⎪
⎨

⎪
⎧ 3𝛽𝛽(𝜌𝜌𝑡𝑡)𝑘𝑘𝑟̇𝑟t𝑆𝑆𝑉𝑉𝑡𝑡

4tr(𝑯𝑯𝑡𝑡
−𝟐𝟐𝑱𝑱𝑡𝑡−3𝑯𝑯𝑡𝑡:𝜔𝜔�)

𝜌𝜌�
𝜌𝜌𝑡𝑡
𝑱𝑱𝑡𝑡−3:𝜔𝜔�     resorption

3𝛽𝛽(𝜌𝜌𝑡𝑡)𝑘𝑘𝑟̇𝑟t𝑆𝑆𝑉𝑉𝑡𝑡
4tr(𝑯𝑯𝑡𝑡

−𝟐𝟐𝑱𝑱𝑡𝑡𝑯𝑯𝑡𝑡:𝜔𝜔�)
𝜌𝜌�
𝜌𝜌𝑡𝑡
𝑱𝑱𝑡𝑡:𝜔𝜔�     apposition

 

     

Where 𝑐𝑐𝑟𝑟 and 𝑐𝑐𝑓𝑓 are the remodelling velocity for resorption and apposition, respectively, 𝑆𝑆𝑉𝑉(𝑛𝑛) 

is the specific surface (internal surface per unit volume), 𝑘𝑘 is the ratio between the available surface 

for remodelling and the total internal surface, and 𝜔𝜔� is the fourth-order rank tensor form of 𝜔𝜔. To 

avoid unphysiological values of density and numerical problems, the rates were adjusted to ensure 

that the density remains in the range of 0.01 g cm3⁄ ≤ 𝜌𝜌 ≤ 𝜌𝜌� at all the time. 

The variables are updated using the forward Euler method, and consequently the constitutive 

tensor is updated so that its local orthotropy directions coincides with those of the principal axes of 

the remodelling tensor, and stiffness in the material direction is a function of principal values of the 

remodelling tensor. This process repeats until the specified simulation period is reached. The 

parameter values used in the simulation are summarized in the Table A1 below. 
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Table A1. Parameters used in the bone remodelling algorithm 

Variable Value 

𝜔𝜔 0.3 

𝜓𝜓𝑡𝑡
∗ 50MPa/day 

𝑚𝑚 4 

𝑤𝑤 25% of 𝜓𝜓𝑡𝑡
∗ 

𝑐𝑐𝑟𝑟 0.02μm/day 

𝑐𝑐𝑓𝑓 0.02μm/da 

𝑘𝑘 100% 
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Appendix B 

For bone shape comparison, the surface mesh (.stl) of the calcaneus, talus, tibia, fibula, tarsus 

(navicular, cuboid, medial/intermediate/lateral cuneiform), and 1-5 metatarsals bones were 

organized into a vector matrix. The bone shapes are available to download from our open-source 

online repository (figshare: 10.17608/k6.auckland.19335395). 

As expected, the HB and FB feet exhibited shorter lengths due to the foot binding compared to 

the NF. Moreover, the FB exhibited a high arch in the midfoot forming an extreme dome, compared 

to the HB and NF. The HB also showed a higher arch compared to the NF. Full details of the bone 

shapes are presented below.  

 

Fig. B1. Illustration of shape differences in the calcaneus bone of HB and NF, and 
FB and NF with quantification of Hausdorff Distance, and Gaussian Distribution. 
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Fig. B2. Illustration of shape differences in the talus bone of HB and NF, and FB 
and NF with quantification of Hausdorff Distance, and Gaussian Distribution. 
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Fig. B3. Illustration of shape differences in the tibia bone of HB and NF, and FB 
and NF with quantification of Hausdorff Distance, and Gaussian Distribution. 
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Fig. B4. Illustration of shape differences in the fibula bone of HB and NF, and FB 
and NF with quantification of Hausdorff Distance, and Gaussian Distribution. 
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Fig. B5. Illustration of shape differences in the M1 bone of HB and NF, and FB 
and NF with quantification of Hausdorff Distance, and Gaussian Distribution. 
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Fig. B6. Illustration of shape differences in the M2 bone of HB and NF, and FB 
and NF with quantification of Hausdorff Distance, and Gaussian Distribution. 
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Fig. B7. Illustration of shape differences in the M3 bone of HB and NF, and FB 
and NF with quantification of Hausdorff Distance, and Gaussian Distribution. 
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Fig. B8. Illustration of shape differences in the M4 bone of HB and NF, and FB 
and NF with quantification of Hausdorff Distance, and Gaussian Distribution. 
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Fig. B9. Illustration of shape differences in the M5 bone of HB and NF, and FB 
and NF with quantification of Hausdorff Distance, and Gaussian Distribution. 
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Appendix C 

Appendix C presents the remodelling of foot bones in the FE model of normal foot (NF), 

half bound (HB) and full bound (FB). 
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