
 

 

  
Abstract—Sensory nerves in the foot play an important part in 

the diagnosis of various neuropathydisorders, especially in diabetes 
mellitus.However, a detailed description of the anatomical 
distribution of the nerves is currently lacking. A computationalmodel 
of the afferent nerves inthe foot may bea useful tool for the study of 
diabetic neuropathy. In this study, we present the development of an 
anatomically-based model of various major sensory nerves of the sole 
and dorsal sidesof the foot. In addition, we presentan algorithm for 
generating synthetic somatosensory nerve networks in the big-toe 
region of a right foot model. The algorithm was based on a modified 
version of the Monte Carlo algorithm, with the capability of being 
able to vary the intra-epidermal nerve fiber density in 
differentregionsof the foot model. Preliminary results from the 
combinedmodel show the realistic anatomical structure of the major 
nerves as well as the smaller somatosensory nerves of the foot. The 
model may now be developed to investigate the functional outcomes 
of structural neuropathyindiabetic patients. 
 

Keywords—Diabetic neuropathy, Finite elementmodeling,Monte 
Carlo Algorithm, Somatosensory nerve networks 

I. INTRODUCTION 

HE clinical importance of the nerves of the foot has drawn 
the attention of clinicians and anatomists. There are 

various sensory and motor nerves in the dorsal and plantar 
sides of the foot. The mean epidermal thickness of the skin 
which covers the dorsum of the foot is approximately 0.064 
mm, and underlying the dermis, the hypodermal fat forms a 
thin layer [1]. The dorsal skin contains the sural nerve, the 
superficial peroneal nerve and the distal branches of the 
saphenous nerves, which provide most of the sensory 
information to the central nervous system; although the 
terminal branches of the deep peroneal nerve supply the skin 
over the dorsum of the first web space. The epidermal depth of 
the plantar skin on the sole of the foot is almost 8 times thicker 
[1] than that of the dorsal side of the foot. The medial plantar 
and lateral plantar nerves are the branches of the tibial nerve 
whichsupplythe sole skin and the intrinsic muscles of the foot. 
The nerves of the human foot comprise of the combination of 
unmyelinated andmyelinated nerve axons [1], [2], and [23]. 
These nerves in the foot provide important information about 
the conduction of sensory action potentials and in the diabetic 
foot the occurrence of these action potentials is useful in 
determining diabetic peripheral neuropathy [2], [3].  
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Numerous studies have been performed on the sensory nerve 

action potentials based on various techniques, for the 
diagnosis of diabetic peripheral neuropathy [4] – [9]. These 
clinical nerve conduction studies can be used to assess both 
the large myelinated and unmyelinated nerve fiber 
conductivity. However, intra-epidermal nerve fiber density 
(IENFD) in skin biopsy is another important measure [8], 
which is defined as the number of intra-epidermal nerves per 
unit length of epidermal skin. The intra-epidermal nerve fiber 
density is comparatively constant throughout life in normal 
subjects. Yet, epidermal nerve density depends on the 
anatomical locationand a general reduction in epidermal nerve 
density appears further awayfrom the dorsal root ganglion. 
There is a decrease in epidermal nerve fiber density observed 
in diabetic neuropathy at the various anatomic locations [10]. 

The first finite element model for the motor nerves of the 
lower limb was made by [11].They designed an anatomically- 
based one-dimensional (1D) geometrical model of the 
posterior motor neurons in the human lower limb to 
investigate the nerve responses in the lower limb more 
practically. They used the Chiu, Ritchie, Rogart, Stagg, and 
Sweeney(CRRSS) [12] electrophysiological model for the 
action potential propagation in their nerve geometry. They 
also investigated Functional Electrical Stimulation (FES), a 
technique which uses a small amount of electrical current to 
restore the functionality of skeletal muscles that have been 
paralyzed.  

Geometrical modeling of the nerves of the foot offers a tool 
to recognize the specific nerve damage response for a diabetic 
foot. To our knowledge, none of the existing geometrical 
models of the foot hasbeen used specifically in simulating the 
structural and functional consequencesof diabetic neuropathy. 
For this purpose, we have developed an initial geometrical 
model of the nerves of the foot.   

The main objective of this study was to develop a 1D finite 
element anatomical model of the major nerves in the sole and 
dorsal sides of the foot, using known neural topology; along 
with simplified somatosensory intra-epidermal nerve networks 
of the foot’s skin based on the realistic nerve fiber density at a 
particular region of the foot. The structure of the 
somatosensory nerve network is difficult to obtain from 
empirical histological data for the nerves of the whole foot’s 
skin, due to complexity of dermal and epidermal nerve 
structures. Therefore, quantitative somatosensory intra-
epidermal nerve fiber density data wereadapted as a basis for 
the generation of the somatosensory mesh. For the geometry, 
many biological structures such as the lung airways, neural 
structures, blood vessels, and intra-epidermal nerve 
networksappear as a tree-like bifurcating structure [13], [14].  
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Previously, an improved version of the Monte Carlo method 
in 3D [15] has been used to generate the bifurcating structures 
of the airways. This type of geometrical model can now be 
applied to generate the more distal nerves of the foot. An 
anatomically-based modelof the nerves of the foot would 
provide a useful platform for simulating the structural and 
functional aspects of diabetic neuropathy, especially as these 
occur in conjunction with diabetic foot ulcers. 

II. METHODOLOGY 

In this study, construction of an anatomically-based 1D 
model of the major soleand dorsal nerves of the foot together 
with synthetic somatosensory nerve networks of the foot’s 
skin was fitted in the common continuum mechanics (CM) 
spatial foot domain which consists of all the bones and 
muscles modeled in Continuum Mechanics, Image Analysis, 
Signal Processing and System Identification (CMISS) [16]. 

Geometrical modeling of nerves of the foot can be divided 
into three portions and is described as part of a block diagram 
in Fig. 1. The details of each of the stages in Fig. 1 are 
presented in the following sections. 

A. Image Digitization in Zinc 

The images of the medial and lateral plantar nerves of the 
foot were obtained from the Visible Human Male (VHM) 
which has the spatial resolution of 0.33mm in the axial plane 
and the distance between the slices is 1mm [17]. The images 
from VHM were manually digitized in the Zinc Digitizer[18] 
as shown in Fig. 2(a). The resulting data cloud was collected, 
from which we then identified the estimated position of the 
medial and lateral plantar digital branches from standard 
anatomical literature by following the text and illustrations 
[19]. 

B. Image Digitization in MATLAB 

Since we were unable to see the digital branches of the 
medial and lateral plantar nerves from VHM,and other major 
nerves of the foot, potentially due totheir small sizesof less 
than 1mm; we used instead the illustrations of various nerves 

of the foot from different anatomical studies[19] – [26] as 
described in Table I. Digitization of these images(e.g.,shown 
in Fig. 2(b))was completed in MATLAB manually in 2D [27]. 
Table Ishows the various nerves of the foot along with the 
different anatomical literature and priorities, which we 
adapted in our neural geometrical model of the foot. 

C. Mesh Generation 

A mesh was developed from the data points cloud obtained 
from the manual digitization of VHM images of medial and 
lateral plantar nerves by using an iterative fitting procedure. 
The 1D cubic Hermitebasis function was used [28] and is 
given by (1), 

µ�ξ� � Ψ ����		
 �  Ψ �ξ�		 �µ
���	 �  Ψ �ξ� ���
 � Ψ �ξ� ���

�����	 (1) 

 
where, “ξ” represents the local coordinate with the value lying 
between 0 and 1 in each direction, “µ” represents the value of 
field at a node, “Ψ” defines the cubic Hermite basis function, 
∂ µ
∂ξ refers to the derivative of the field at a given node with 

respect to the local ξ coordinate, local node numbers are 
characterized by subscripts of each basis function, and 
derivative order is characterized by superscript. 

D. Geometrical 
Nerve Model 

E. Foot 
Anatomical 

Model 

G. CMGUI    
(3D 

Visualization) 

Fig. 1 Block diagram for the geometrical model of the nerves of the foot 

F.Somatosensory 
Nerve Network 

Mesh Generation 

A.Image 
Digitization 

in Zinc 

B. Image 
Digitization 
in MATLAB 
 

C. Mesh 
Generation 

Fig. 2 Image Sources: (a) the Visible Human Male 
(VHM) [21]; (b) Gray’s Anatomy [19] 

(a) (b) 
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An iterative fitting procedure was repeated until the root 
mean square (RMS) error was minimized to a value of 
approximately 1 mm. The RMS error for a 1D element is 
given by (2), 

 

��� ����� �  �∑ ���� �! � "#$ %&
'                                            (2) 

 
where, "�)" represents the 3-D coordinates of the data points, 
“��*)�”defines the estimate of finite element field assessed at 
the *) location of the data point, and “D” is the number of data 
points. 

The digitized fine nerve branches were then converted into 
3D node points in CMISS by translating and rotating the node 
points with a scale factor such that it closely registered with 
the node points obtained from VHM. A series of 1D elements 
were fitted to the 3D nodepoints. The nodes were chosen to 
construct a regular mesh with a minimal number of elements 
required for fitting as described by [28].  

D. Geometrical Nerve Model 

We fitted both meshes using 1D linear elementby 
estimating the position of the particular nerves of the foot as 
described in Table I. In this way, generation of the anatomical 
model of the nerves of the foot could be achieved. 

The merged dorsal and plantar nerves of the foot consisted 
of 380 and 303 elements respectively. 

E. Foot Anatomical Model 

An anatomically based 3D geometrical model of the right 
foot was developed based on the VHM dataset. This foot 
model contained thetricubicHermitebasis elements and fitted 
to the outer skin layers using the procedure described in [29]. 
This 3D finite element foot model comprises of all the 
muscles, bones and an initial model of major nerves of the 
foot [30], [31].  

A host mesh fitting procedure was applied to fit the nerve 
geometry to the foot model geometry. We adapted the host 
mesh fitting technique based on a free form deformation 
(FFD) method and used it to perform geometric 
transformations on the finite element meshes comprising of 
rotation, translation, shearing and scaling geometrical 
operations [29].   

The steps which we used to fit the geometrical nerve model 
in the foot model domain are as follows: 
• Initialize the mesh of the geometrical nerve model of the 

foot in one region. 
• Initialize the mesh of the 3D foot model in the other region. 
• Translate and rotate the mesh of the geometrical nerve 

model with optimized scale factor. 
• Visualize the nerve mesh to check whether it fitted withthe 

common foot model. 
• If not, repeatstep 3 until the nerve mesh fit with the 3D foot 

model. 
The surface mesh of the 3D foot model was used as a host 

mesh in whichuniform data points wereembedded and the 
nerve endings were generated by projecting to the external 
faces of the foot mesh.  

The data points on the external faces represented the density 
of intra-epidermal nerve fiber. This volume mesh served a 
volume filling tree of nerve networks. The branch point of the 
various major dorsal and sole nerves of the foot served as the 
starting node for the generation of the synthetic somatosensory 
nerve network of the foot’s skin in a specified region.  

 
TABLE I 

ANATOMICAL SOURCES FOR MAJOR NERVES 

Nerves of the foot Literature Priority 
Lateral Plantar Nerve (LPN)  
- Deep and superficial 

branches 
- Cutaneous branches 
- Muscular branches 
- Proper digital branches 

William et. al.[19] 
Moore et. al. [20] 
Birch [21] 
Atlas of Anatomy[22] 
Arakawa et. al.[23] 

++++ 
++++ 
++++ 
++-- 
++-- 

Medial Plantar Nerve (MPN) 
- Cutaneous branches  
- Muscular branches  
- Proper digital nerves of 

the big toe  
- Proper digital branches 

William et. al.[29] 
Moore et. al. [20] 
Birch [21] 
Gilroy et. al.[22] 

++++ 
++++ 
++++ 
++-- 

Medial Calcaneal Nerve 
(MCN) 

William et. al. [19] 
Moore et. al. [20] 
Birch [21] 
E. Garner et. al.[24] 

++++ 
++-- 
----  
++-- 

Lateral Calcaneal Nerve 
(LCN) 

William et. al.[19] 
Moore et. al. [20] 
Birch [21] 
Gilroy et. al.[22] 

++++ 
++-- 
++++ 
++++ 

Dorsal Cutaneous Nerve 
(DCN) 
- Lateral  
- Intermediate 
- Medial 

William et. al.[19] 
Narendiran et. al. [25] 
Moore et. al. [20] 
Birch [21] 
Gilroy et. al.[22] 

++++ 
++++ 
++++ 
++-- 
++-- 

Sural Nerve (SN) William et. al. [19] 
Madhavi et. al. [26] 
Moore et. al. [20] 
Birch [21] 
Gilroy et. al.[22] 

++++ 
++++ 
++-- 
---- 
++-- 

Saphenous Nerve (SaN) William et. al. [19] 
Moore et. al. [20] 
Birch [21] 
Gilroy et. al.[22] 

++++ 
++-- 
---- 
---- 

Deep Peroneal Nerve (DPN) William et. al. [19] 
Moore et. al. [20] 
Birch [21] 
Gilroy et. al.[22] 

++++ 
++++ 
++-- 
++-- 

“++++” indicates frequently implemented/ used in the model. 
“++--” indicates infrequently implemented in the model. 
“----” indicates not used in the model. 
 

TABLE II 
PARAMETERS FOR THE GENERATION OF SYNTHETIC  

INTRA-EPIDERMAL NERVE BIFURCATING TREE 
PARAMETERS VALUES 
Branching angle limit 60° 
Length limit 1.2 mm 
Branching fraction 0.4 
Total no. of faces in toe’s skin 19 

F. Somatosensory Nerve Network Mesh Generation 

An algorithm wasneeded which automatically generates the 
intra-epidermal nerve structures of the skin. Wang [32] 
previously has developed an algorithm which grows biological 
structures in the form of bifurcation in a defined region in 2D 
space and it is based on the Monte Carlo method.  
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A modified version of the Monte Carlo method in 3D 
[15]was used to generate bifurcating somatosensory intra-
epidermal nerve structures in the big toe. This tree generation 
is described in Fig. 3 in the form of a simple cube. This 3D 
algorithm was chosen because of its comparative simplicity, 
hence it was computationally cheaper to implement in 3D in 
the defined region of interest.  

This algorithm worked as follows: 
• Determine the center of mass of the points in a 

specified region by averaging the individual co-ordinate 
positions in Fig. 3(a). 
• A splitting plane is used to cover the host borders. Two 

subcollectionsof points are designated on either side of the 
plane shown in Fig. 3(b).  

• Calculate the center of mass of every subcollection of 
points as depicted in Fig. 3(c). 

• At the end of the current branch, a branch is generated for 
every subcollection of points as presented in Fig 3(d). 

• Calculate the branch angle which is the angle between the 
parent branch and the newly generated branch. The angle is 
reduced if it is larger than the defined angle limit. 

• Calculate the branch length. A check is performed for the 
branch length. When the branch length is equal to the length 
limit or approaches within the length limit of the host 
volume mesh, then the branch is terminated; in certain cases 
where the growing branch extendsbeyondthe host volume 
mesh, its length is decreased until the last point lies on the 
host volume mesh. 

• Reallocate data points for the completion of all branching 
for a single generation. This progression is repeateduntil all 
the pathways are terminated by a terminal branch at the 
external face of the foot volume mesh. 

III.  RESULTS AND DISCUSSION 

The anatomically-based geometrical model of the major 
nerves of the foot is depicted in Fig. 4. The modelconsists of 
five major dorsal nerves and three majorplantarnerves. In 
addition, we have also depicted 26 bones and 20 muscles in 
this foot model, in order to demonstrate the spatial orientations 
of the major nerve branches relative to these tissue structures. 
The foot’s skin surface is represented by the tissue color, 
nerves arerepresented by the green lines, bones are represented 
by white surfaces and muscles represented by red surfaces, 
respectively.  

Here we also present an initial bifurcating intra-epidermal 
nerve network at the big toe of the right foot. The intra-
epidermal nerve fiber density represents the ratio of epidermal 
nerve endings per mm of length and was used in our designed 
geometry. Here, we assumed the intra-epidermal nerve fiber 
density is 20 nerve endings/mm of epidermal length, based on 
reported experimental data [33],which implies 400 nerve 
endings/mm2.  

Based on a big toe surface area of 3281.83 mm2 and 400 
nerve endings/mm2,theestimated total number of nerve 
endings was 1,312,732. Building a comprehensive model with 
a realistic number of nerve terminals in the whole foot proved 
computationally demanding. Therefore, we scaled the density 
of nerve endings by a factor of 100, which resulted in a total 
of 13,127 nerve endings. The branching fraction of 0.4 (Table 
II) was selected because the average branch angle then 
approached the theoretical ideal angle of the biological 
structure [34]. The range of branching angle of the biological 
neuronal structure can generally vary from 58° to 62° [35], 
[36]. Hence, the branching angle limit of 60° was 
implemented in the bifurcated nerve geometrical model. 

Various views of the generated synthetic somatosensory 
intra-epidermal nerve network at the big toe are presented in 
Fig. 5. This figure shows bifurcating trees which were 
generated from the proper digital nerves of the various dorsal 
and plantar nerves of the foot. The bifurcating trees were 
joined together in a single synthetic nerve network of the skin 
of the big toe. This somatosensory nerve network is 
represented by red color, along with the various dorsal and 
plantar nerves, which are represented by green color. 

 
 
 
 
 
 
 

(a) (b) (c) (d) 

   

Fig. 3 Modified illustration of 3D tree growing algorithm in a simple cube [15]: (a) center of mass of uniform points is 
determined (black dot); (b) splitting plane is defined; (c) the center of mass of every subcollection of points is calculated; 

(d) branches are generated from each of the major nerves and subcollection centers of mass 
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IV. CONCLUSION AND FUTURE WORKS 

This paper described the development of an anatomically-
based geometrical model of the major nerves in the dorsal and 
plantarsides of the foot, using variousanatomical 
literatures.We also developed a model of the somatosensory 
intra-epidermal nerve networks at the bigtoe based on the 
realistic nerve fiber density.In the future, the nerve generating 
algorithm will be applied to spread the somatosensory intra-
epidermal nerve network throughout the skin of the whole 
foot. Once this task is accomplished, then this type of 
geometrical model of the nerves of the foot can providea 
useful platform for simulating the structural and functional 
aspects of diabeticneuropathy in the foot. 
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Fig. 4 Geometrical model of the nerves of the foot: a) various major dorsal nerves of the foot; b) various major plantar nerves; 
c) lateral view of the nerves of the foot; d) medial view of the nerves of the foot. For abbreviations see Table I 

Cutaneous 
Branch LPN 

Cutaneous 
branches 

MPN 

Fig. 5 Various views of synthetic bifurcated somatosensory intra-epidermal nerve network: (a) tree generation; (b) front view; 
(c) generated bifurcated tree at the big toe surface of the foot’s skin; (d) bifurcated tree with view of the plantar nerves. 
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