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a b s t r a c t 

Computational foot models have significant application in surgical decision making, injury and disease 

diagnosis and prevention, sports performance analysis and footwear engineering. However, due to the 

substantial time in model building and the heavy computational costs from the complexity of the mod- 

els, daily clinical application of these foot models has yet to be achieved. Much of the previous research 

adopted a detailed-geometry approach in modeling bones that potentially contributed to the heavy com- 

putational costs. In this research, we developed a computational talus model based on CT section image 

data, image reconstruction and segmentation, contact surface identification, standard shape fitting, and 

finite element auto meshing algorithms. Modeling the bones as rigid is common, and modeling the con- 

tact surfaces only for the rigid body saves additional computational resources. Priority, therefore, in the 

shape fitting with optimization is given to the contact surfaces of the talus. Thirteen sets (9 males and 

4 females) of CT section data were obtained. Image reconstruction, segmentation and bone labeling were 

conducted on each set of CT data to identify talus and its adjacent bones. Contact surfaces of the talus 

were then identified based on bone spatial relationships. Apart from the talar dome surface which was 

fitted by a 3rd-order polynomial, standard shapes such as ellipsoids and planes were used to fit the se- 

lected contact surfaces so that the geometrical parameters maintain physical significance. Based on these 

parameters, we automatically recreated and meshed the least-squares fitted shapes rapidly with limited 

elements. Last, mean major contact surfaces of the talus were obtained and fitted by standard shapes. Al- 

though the number of samples in this study was relatively small, our method provides sufficient and ac- 

curate geometric parameters of these contact surfaces to completely describe and reproduce the talus, on 

both a subject specific and average basis. The method for describing the talus here helps to parametrize 

computational models using planes and ellipsoids, improves surgical decision making and implants with 

a more precise and physically significant measures, and the description provides bone geometric param- 

eters which can later be used to relate risk analysis for bone shape specific injury rates. 

© 2019 IPEM. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

The human foot and ankle is a flexible structure with complex

oupled kinematic motions including internal/external rotation,

orsiflexion/plantar flexion and inversion/eversion [1] . In stance

nd gait, it supports the whole body and experiences frequent im-

act forces which brings a high risk of injury. For example, 26.2%

ilitary recruits sustains at least one foot and ankle injury during
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asic military training in the armed forces [2] . Finite element

FE) models of foot and ankle have been developed for analyzing

athological conditions and designs of foot orthoses [3–8] . Despite

ts development over the years, to the authors’ knowledge, daily

linical application of these FE models has not been achieved. Ef-

orts towards this goal need to be made in reducing 1) substantial

ime in model building, and 2) heavy computational costs due to

he complexity of the models. 

The geometry of the talus is a key component in foot and

nkle modeling. In describing the morphology of the talus, 3D

E models typically adopt a detailed-geometric approach [3,6,8] .

n this approach, to achieve the realistic and computational
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Fig. 1. Flow chart of the methodology in this study. 
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models of the entire foot, more than 30,0 0 0 8-node hexahedral

elements were needed [9,10] . Further, no parametric information

can be obtained for bones, limiting the potential to understand

the relation between bony structure and functional performance of

the foot and ankle or to conduct inter-person comparisons when

interpreting model results. On the other hand, the development

in morphometry analysis of the talus [11–22] may push forward

the parameterization of the talus. Some methods require a sig-

nificant amount of manual process, e.g., measurement of cadav-

eric samples [14] , manual thresholding process for bone segmen-

tation [16] or manual selection of articular surfaces [15] . The need

for excessive time and expertise personnel in these methods limit

their potential in large-scale subject specific applications. More

recently, statistical shape modeling (SSM) was largely utilized to

model the geometrical variations of bones/organs. Given a set of

image data, typical steps in SSM include placing landmarks on each

sample, establishing correspondence between landmarks from dif-

ferent samples, aligning/normalizing each sample to their mean,

and applying principal component analysis (PCA) to identify the

major modes of intra-class variations and obtain a succinct and

parametric way to represent the original geometry [17] . SSM has

been applied in generating patient-specific or statistical models for

bones such as the femur [18] , the first metatarsal [13] , the clavi-

cle [19] , for skeletal structure such as the ribcage [20] and for or-

gans such as the liver [21] . It has also been applied in detecting

localized changes of mechanical properties in muscles [22] . Gen-

erally, the SSM method is powerful and capable of accurately de-

scribing the geometry, and can reveal the principal modes of vari-

ations. Despite that SSM presents a general, accurate and para-

metric approach to model the talus, it adopts a detailed-geometry

approach that could significantly increase computational costs. If

SSM is adopted, surface region selections and this potential geo-

metric perturbation must still be conducted for contact interfac-

tion specifications. Some studies have been conducted on specific

sections or regions of the talus. For example, the talar dome sur-

face was selected and fitted by a bi-truncated cone [12] . An ex-

perimental technique using ankle artificial approximation based

on the saddle-shaped truncated cone concept was also developed

[11] . The talonavicular joint morphology has been parameterized

and compared for different foot types [15,16] . These morphologi-

cal studies provide insight into the correlations between geome-

try of particular articular surfaces and pathological conditions such

as flat foot. However, the investigated morphological parameters

of the articular surfaces provided mostly general descriptions such

as the length of the articular surfaces, instead of detailed descrip-

tions of the entire surface shape, which is important in finite ele-

ment studies when joint pressure is concerned. Further, other ar-

ticular surfaces of talus are equally important in the foot and an-

kle structure and predicted function, and geometry of different

articular surfaces of the talus has not been considered together

previously. 

The purpose of our study is to develop a simplified para-

metric talus model based on CT section image data, standard

shape fitting, and finite element auto-meshing algorithms. The

developed talus model can be beneficial for subject-specific FE

modeling, medical visualization, such as targeted diagnosis and

for understanding the relation between bony structure and per-

formance of foot and ankle. Since the modulus of the bones

is significantly higher than ligaments, soft tissue, etc. [3,23] ,

the foot bones can be considered rigid in static and dynamic

analysis. Articular surface features then are dominate parame-

ters of the model analysis given the rigid body assumption un-

til fracture. In this study, therefore, only the contact surfaces

are modelled for bones, which saves computational resources.

We also use standard shapes such as ellipsoids and planes to

fit our selected contact surfaces so that the geometrical param-
ters maintain physical significance. Finally, based on these pa-

ameters, we automatically meshed the least-squares fitted shapes

nd rapidly developed a 3D simplified finite element parametric

alus. 

. Materials and methods 

The flow chart of the methodology in this study is shown in

ig. 1 . Informed consent in accordance with the Declaration of

elsinki was obtained from each participant prior to the start of

he study. CT section scanning was first performed on the foot

nd ankle of each subject. Based on the obtained CT section data,

oot bones were reconstructed and segmented using an in-house

oftware [24] and each individual bone was labeled automatically.

ontact surfaces of the talus were identified and fitted with stan-

ard shapes including ellipsoid and plane. After the fitting, an

uto-meshing algorithm was used to mesh the contact surfaces. Fi-

ally, by repeating the previous methodology for all the subjects,

n average description of the talus was obtained. 

.1. Data acquisition 

In this study, 13 sets of CT section data (9 males and 4 females

rom 23 to 46 years old) were obtained. At the time of scanning,

oot and ankles of the subjects reflected no abnormal or patho-

ogic characteristics. CT examination was performed on a 64-slice

ulti-detector CT scanner (Sensation 64, SIEMENS, German), with

 50 cm scan field of view, a 1.0 mm slice thickness and 0.4023 mm

ixel spacing acquisition, 120 kVp and 136 mA X-ray tube current. 

.2. Foot bones reconstruction, separation and labelling 

The foot bones were reconstructed by the Volrendering soft-

are, which was developed by the authors and based on the

mproved 2D transfer function [24] . The reconstruction process in-

ludes image denoising, scalar value and gradient magnitude (SG-

F) confirmation, spatial connectivity computation and attributes

dentification. Specifically, spatial positions of bone boundaries and

heir regions in the SG-TF space are computed, from which bound-

ries can be separated. The boundaries are divided into three

lasses and different boundary separation techniques are applied

o them respectively. An example of the separated foot bones is

hown in Fig. 2 . After separation, the whole foot was then ro-

ated and translated to get a unified Cartesian coordinate system,
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Fig. 2. An example of separated foot bones (color in print). 
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Fig. 3. Unified global coordinate system. 

Fig. 4. Diagram of rough and refined surface selection (color in print). 
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s shown in Fig. 3 . The talus and fibula were first labeled from the

ones based on the z values. Starting from the proximal to distal

nd of the foot, other bones are labeled based on their spatial re-

ationship and using the ‘Find Nearest Algorithm’ [25] . 

.3. Contact surface selection 

There are five main contact surfaces between the talus and ad-

acent bones: talus superior surface (between the talus and the

ibia), talus-fibula surface, talus head (between the talus and the

avicular) and talus-calcaneus I (proximal) and talus-calcaneus II

distal) [14] . For finding these five contact surfaces, we divided

he whole process into two steps: rough and refined selections.

he rough selection was based on bone spatial relationships. The

entral points of the tibia, calcaneus and navicular were utilized

o find the superior, inferior and head surface of the talus, re-

pectively. The fibula’s nearest point with the talus was found to

efine the talus-fibula contact surface. In this unified global coor-

inate system, the point with the minimal x-axis value on the cal-

aneus can be utilized to define the talus-calcaneus II surface. Af-

er the rough selection, some coordinate values comparisons were

erformed in the refined selection. As shown in the Fig. 4 , rough

urfaces (green points) were first selected using the position of the

entroid of the tibia. Then upper points (red ones) were selected

y choosing minimal z-axis values in this current unified global co-

rdinate system. The refined selection of other talus surfaces also

ollowed the same methodology. 
.4. Standard shape fitting and optimization 

After obtaining the refined contact surface of the talus, we used

he least square algorithm to select the best shape from standard

hapes, including ellipsoids and planes to fit the contact surfaces,

espectively. The ellipsoid fitting function is shown in ( 2.1 ). 

 x 2 + B y 2 + C z 2 + 2 Dxy + 2 Exz + 2 F yz + 2 Gx + 2 Hy + 2 Iz = 1 

(2.1) 

The center, radii and the eigenvectors of the fitted ellipsoid

ere then determined. 

For plane fitting, the singular value decomposition (SVD)

ethod was used to obtain the plane normal vector which can

e represented as A, B, C and D in the plane Eq. (2.2) . The least

quares criterion was also used to find the best-fit plane. 

x + By + Cz + D = 0 (2.2)
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The least square results obtained from ellipsoid and plane fit-

ting were compared again to determine the final shape represen-

tation. 

However, there is a special case among these contact surfaces.

The talus superior surface is quite complicated (having multiple

reversed curvatures). Fitting with standard shapes (i.e. ellipsoids

and planes) would result in large errors or multiple piecewise dis-

continuous representations. To overcome this problem, we fit a

surface function ( 2.3 ) for a parametric representation of talus su-

perior surface. 

f ( x, y ) = p00 + p10 × x + p01 × y + p20 × x 2 + p11 × x × y 

+ p02 × y 2 + p30 × x 3 + p21 × x 2 × y 

+ p12 × x × y 2 + p30 × y 3 (2.3)

2.5. Auto-meshing 

Based on the parameters from standard shape fitting, an auto-

meshing algorithm was utilized to generate a mesh of the contact

surfaces of the foot bones [26] . The geometry of the contact sur-

face was described implicitly by its distance function. The distance

function of the ellipsoid can be described by Eq. (2.4) . Points are

represented as p , and the radius of the ellipsoid in x, y, and z axis

are represented as a, b and c, respectively. The ellipsoid centroid

here was set at the origin in the Cartesian coordinate system. The

ellipsoid mesh was then translated and rotated according to the

centroid and eigenvectors obtained from the standard shape fitting.

The distance function of the plane was set as ( 2.5 ), where x 1 , x 2 ,

y 1 and y 2 are the rectangle boundaries. The plane mesh was gen-

erated in the original position and direction. Then the plane mesh

was translated and rotated according to the center and direction
Fig. 5. Refined contact surfaces o

Fig. 6. Talus contact surface series: (a) talus head; (b) ta
btained from the shape fitting. 

f d = 

p 2 x 

a 2 
+ 

p 2 y 

b 2 
+ 

p 2 z 

c 2 
− 1 (2.4)

f d = −min ( min ( min ( −y 1 + p y , y 2 − p y ) , −x 1 + p x ) , x 2 − p x ) 

(2.5)

The edge length of the mesh is adjustable, and uniform mesh

as consistently applied throughout the process. 

.6. Average main contact surfaces of the talus 

The average talus head, talus-calcaneus I and talus superior

urface geometric descriptions were obtained in the following

ethod. The point cloud data of each contact surface was re-

ampled in MeshLab [27] , using a Poisson’s disk sampling to

chieve a more uniform distribution of points. After that, surface

egistration was performed between contact surfaces from differ-

nt samples using the iterative closest point (ICP) algorithm. A

phere was fit to all registered surfaces. The fitted sphere was seg-

ented based on the zenith and normal angles. The average con-

act surface was obtained by calculating the mean coordinates of

oints lying in each segmented piece. Last, the average talus head

nd talus-calcaneus I surface were fitted by the ellipsoid function

gain. 

. Results 

The talus contact surface geometry selected and refined by our

lgorithms are shown in Fig. 5 . The average contact surfaces of the

alus are shown in Fig. 6 . The mean, standard deviation and max-

mum of the fitting errors for a sample set, all sample sets and
f the talus (color in print). 

lus-calcaneus I; (c) talus superior. (color in print). 
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Table 1 

Mean, standard deviation and max of error between the fitted and actual shape of the 

talus from the 1st set of data (unit: mm). 

Contact surface Fitting type Mean Standard deviation Max 

Talus head Ellipsoid 1.21 0.72 3.30 

Talus-calcaneus I Ellipsoid 1.85 1.16 4.45 

Talus-calcaneus II Plane 0.22 0.11 0.55 

Talus-fibula Plane 0.20 0.14 0.61 

Talus dome 3rd-order polynomial 0.81 0.55 2.26 

Table 2 

Mean, standard deviation and max of error between the fitted and actual shape of the 

talus from 13 sets of data (unit: mm). 

Contact surface Fitting type Mean Standard deviation Max 

Talus head Ellipsoid 1.17 0.96 6.82 

Talus-calcaneus I Ellipsoid 1.40 1.06 5.24 

Talus-calcaneus II Plane 0.16 0.15 0.67 

Talus-fibula Plane 0.19 0.14 0.72 

Talus dome 3rd-order polynomial 0.92 0.71 4.90 

Fig. 7. Meshing nodes of the talus contact surfaces. 

Table 3 

Mean, standard deviation and max of error between the fitted and actual 

shape of the mean talus head and talus-calcaneus I (unit: mm). 

Contact surface Fitting type Mean Standard deviation Max 

Talus head Ellipsoid 0.46 0.27 1.48 

Talus-calcaneus I Ellipsoid 1.63 0.77 3.10 
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he average contact surfaces of the talus are shown in Table 1 ,

able 2 and Table 3 respectively. Detailed fitting parameters includ-

ng the centroid and radius for the ellipsoids are provided in Tables

.1 and A.2 in Appendix A . In Fig. 7 , the auto-meshing nodes are

hown based on the best-fit geometric parameters. 

. Discussion 

A precise description of foot bone geometry is critical for tar-

eted ankle-related diagnosis, surgeries and orthotic intervention.

s an example, implant geometry used in the orthopaedic ankle-

elated surgery commonly relies on a simple generic template,

hose shape may not be compatible with ankle bones and liga-

ents structures [12,28] . Even slight differences between natural

nd implanted bones will cause deterioration and poor outcomes

1,28] . 

The method used in this research to build the talus model

s of sufficient accuracy. Parameters of each contact surface of

he talus were obtained by standard shape fitting or surface
tting functions. Ellipsoid and plane fitting deviation results were

ompared in the optimization step. The shape with less deviation

as returned as the output. If the difference of the deviation is

mall, the method preferred to return plane as the output as the

lane has less parameters and complexity. Based on the low de-

iation, the geometric parameters listed in the result tables are

cceptable in surgical applications and development of foot and

rthotic models. Based on these 13 talus samples, we also de-

eloped an average talus model defined by its main contact sur-

aces. Researchers may refer to this average talus for comparative

urposes or for the development of a standard or generic tem-

late for the talar implants, for example, especially when subject

pecific contact surface information is unavailable. Notice that al-

hough the mean deviation of the fitted talus superior surface as

hown in Table 2 is significantly larger than that in Huang’s work,

n which bi-truncated cone (discontinuous surface) was fitted and

ts mean deviation is around 0.36 [12] , the fitting function in

his study provides a continuous description for the talus superior

urface. 

Despite its accuracy, the method in this research is also au-

omatic, simplified and parametric, which makes it promising for

arge-scale subject specific FE modeling and correlating bony struc-

ure and risk of injuries/pathological conditions. First, the raw CT

ata was obtained to reconstruct the foot bones. The foot bones

ere separated automatically using our improved 2D transfer func-

ion. Compared with the method reported by Camacho and col-

eagues [29] , our process requires no manual tasks, such as the
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Table A.1 

Geometric parameters of a sample set of data obtained from shape fitting and op- 

timization (Unit: mm). 

Contact surface Fitting type 

Centroid 

(x,y,z) 

Radius 

(a,b,c) 

Vector (matrix)/ 

Para (A,B,C,D) 

Talus head Ellipsoid 

219.19 26.29 0,1,0; 

415.93 20.55 0,0,1; 

18.70 20.17 1,0,0; 

Talus-calcaneus I Ellipsoid 

249.93 35.37 0,1,0; 

358.71 25.99 1,0,0; 

32.65 25.99 0,0,1; 

Talus-calcaneus II Plane / / 

−2457.95 

−0.58 

7.49 

−5.84 

Talus-fibula Plane / / 

2009.03 

−9.31 

1.05 

1.65 

Table A.2 

Geometric parameters of the average talus contact surfaces obtained from shape 

fitting and optimization (Unit: mm). 

Contact surface Fitting type 

Centroid 

(x,y,z) 

Radius 

(a,b,c) 

Vector(matrix)/ 

Para (A,B,C,D) 

Talus head Ellipsoid 

−16.805 26.257 1,0,0; 

−26.573 23.110 0,1,0; 

21.474 23.140 0,0,1; 

Talus-calcaneus IEllipsoid 

36.483 40.120 1,0,0; 

45.577 40.120 0,1,0; 

7.420 40.120 0,0,1; 
“bones border delineation” [29] . The talus can be obtained from

the bone segmentation, and its contact surfaces were identified au-

tomatically, which reduces the need for excessive time and exper-

tise compared to manual selections [15] . Compared to the contact

surface selection method based on curvature of the surface and

manual thresholding [16] , the contact surface selection algorithm

in this study is based on the relative position of the bones, so it

is a general and robust methodology such that its application can

be extended to other foot bones. Meanwhile, the area of each con-

tact surface is adjustable which makes this algorithm more adap-

tive. The representation of relatively rigid bones by their contact

surfaces reduces the number of elements needed compared with

other FE foot bone models which generated the mesh based on

the exact geometry from the CT scan [3,6,8] and patient-specific

bone models based on SSM [13,18] . Thus, building time is reduced

and computational costs are saved. Compared with another sim-

plification scheme of the foot bony structure, where metatarsals

were represented by spheres and cylinders [30] , the method in

this study is more general such that it can be applied for bones

with more complex geometries. The automatic and simplified fea-

tures of the method make it promising for large-scale subject spe-

cific FE modeling. Further, parameterization of most contact sur-

faces are based on standard shape fitting technique. The geomet-

ric parameters of the contact surfaces maintain physical meaning,

similar to Sarrafian’s anatomic descriptions [14] . The ellipsoid ra-

dius can be utilized to quantitatively reflect the curvatures of the

contact surfaces. In future work, these geometric parameters can

further be analyzed by statistical methods to research relationships

between shape and injury or disease, such as flat foot [15,16] . Fi-

nally, there are a few limitations of the current study. It should be

noticed that only 13 sample data are considered in this study and

they are from a limited age range and a limited ethnic group (Chi-

nese). Therefore, it may not serve as a global average. Since the

bony structure is represented by contact surfaces only, abnormal-

ity locating outside of the contact surfaces would be excluded from

the analysis. Further, the rigid body assumption of bones would

prevent the analysis of pathological conditions such as stress frac-

tures. A smarter and problem-based simplification scheme needs

to be developed such that more details are considered close to the

domain of interest. In terms of the contact surfaces, localized de-

viation was induced during parameterization and may cause error

in analyzing joint pressure. A weighted fitting scheme, enforcing

perfect fitting in critical locations on contact surfaces, needs to be

developed to further reduce errors. Further, the current choices

of standard shapes, i.e. ellipsoids and planes, may not be feasi-

ble for complex contact surfaces, as witnessed in the case of ta-

lar dome. Applying principal component analysis to the extracted

contact surfaces can be a more general solution. The proposed

method, however, presents a computationally efficient approach to

simplify ellipsoid/plane-like contact surfaces which is good for se-

lection and specification of contact interactions. 

5. Conclusions 

We developed a computational parametric talus model based

on CT section image data, standard shape fitting, and finite el-

ement auto meshing algorithms. An average talus model is also

provided describing the contact surfaces. Given a rigid body as-

sumption, only contact surfaces of the talus are considered. Stan-

dard shape fitting of these contact surfaces provides geometric pa-

rameters with acceptable deviations. These parameters maintain

accurate physical meaning and can be utilized to reconstruct the

talus. 
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ppendix A 

The centroids of the fitting ellipsoids are provided to locate the

osition of the corresponding shapes in the form of the coordinate

alues. The radius and corresponding radii direction vector are pro-

ided to determine the ellipsoid size and direction. 
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