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Graphical abstract 
 

 
 

a 

Abstract 
 

The nerves in the foot offer a significant role in controlling the movement and 

correct loading of the foot by providing continuous feedback to the central 

nervous system. The health importance in the anatomical variations of 

nerves, such as the locations, the lengths, the communicating branches, 

and the distance between the adjacent nerve terminals between individuals 

have given prominence to anatomists as well as physiologists. A previously 

developed one-dimensional (1D) model of the nerve was extended to 

determine different anatomical variations in the nerves of the foot, as a 

realistic anatomical-based variant nerve model of the human foot is not 

available. The model was verified against experimental data from the 

literature for communicating branches and distances of various area of the 

human foot. For instance, the simulated distances of the communicating 

branches of the plantar nerves and medial dorsal cutaneous nerve (MDCN) 

division proximal to the first digital space were found to be 43.3 mm and 

112.3 mm, respectively, which was in general agreement with the 

experimental distances of 8-56 mm and 96-116.74 mm, respectively. The 

developed nerve variant model provides a platform for future studies of the 

various geometrical and efficient concerns of neurovascular diseases such 

as diabetic neuropathies by determining the parameters of nerve 

conduction studies.  
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1.0 INTRODUCTION 
 

The nerves in the foot not only detect sensory inputs 

but also provide feedback and input to the muscles 

responsible for contraction and relaxation during gait 

[1, 2]. The nerves are affected in diabetic 

neuropathies and non-healing ulcers of the foot. The 

nerve conduction studies (NCS) can be used to asses 

and diagnose diabetic neuropathies [3].  

The nerves in the foot consist of a mixture of 

unmyelinated and myelinated nerves [4]. The 

plantar, as well as dorsal nerves in the human foot 
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encompass different sensory and motor nerves that 

are connected with the free nerve endings in the 

skin [5]. The dorsal nerves of the foot comprises the 

superficial peroneal nerve (SPN), the sural nerve (SN), 

the deep peroneal nerve (DPN), and the saphenous 

nerve (SaN) [6, 7]. The larger SPN divides distally into 

the medial dorsal cutaneous nerve (MDCN), which 

communicates with the SaN, and splits into two 

digital branches. The intermediate dorsal cutaneous 

nerve (IDCN) incorporates with the SN and splits into 

two digital branches. The lateral dorsal cutaneous 

nerve (LDCN) develops below the lateral malleolus 

and covers the lateral portion of the foot and the 

little toe [8]. The plantar nerves consist of the tibial 

nerve (TN), which divides into the medial plantar 

nerve (MPN), the lateral plantar nerve (LPN), and the 

medial calcaneal nerve (MCN) [6]. The MPN 

comprises of cutaneous, muscular, articular, a proper 

digital nerve, as well as three common digital nerves 

and communicates with the LPN between the third 

and fourth common digital nerves [9, 10].  

The anatomical variations of nerves in the foot 

play a vital role in different foot disorders. SPN 

compression causes pain, reduced sensation over 

the dorsal side and neurovascular injury [11-14]. 

Damage to the SN is related with the sensory loss of 

lateral dorsal side of the human foot [13, 15, 16], 

fracture of the lateral malleolus [17, 18], nerve 

trauma, neuroma, scar inclusion, and various ankle 

pathologies [8, 19, 20]. Communicating branches of 

the plantar nerves related clinically with Morton’s 

neuroma [9, 21, 22], and metatarsal bone stress 

fracture [10, 23, 24].  

The structure of the human foot nerves are 

complex and variable between subjects, and 

different imaging techniques are needed to obtain 

nerves structure [6]. Therefore, an anatomical-based 

variant nerve model of the foot provides a virtual 

platform to clinicians and researchers for identifying 

the particular nerve and its associated injury when 

the specific area of the foot is affected. A limited 

number of investigations have previously been 

conducted on the structural and functional 

consequences of the nerve model of the foot [25-27].  

Previously, the normal structural plantar and dorsal 

nerve model was developed, followed by the nerve 

model of the normal intra-epidermal nerve fiber 

(IENF) model at different regions of the foot [28]. The 

second model was related with the development of 

structurally interrupted IENF model based on the 

literature based reduced IENF density (IENFD) in the 

various positions of the foot to simulate small fiber 

neuropathy [29]. In another study, a combined dorsal 

nerve functional nerve model was constructed using 

different electrophysiological nerve model for the 

measurement of the nerve conduction velocity in the 

various nerves of the foot [27]. However, none of 

these studies were based on the anatomical 

variations such as locations, communicating 

branches, and distance between two adjacent 

nerves.  

The key purpose of this current work was to construct 

the first anatomical variant nerve model of the 

human foot, by expanding a previously developed 

anatomical nerve model [25, 26] to identify various 

anatomical variations in the nerve geometrical 

model of the foot using the identified neural 

anatomical structure. This study also computed 

length variations of the various larger nerves, and the 

distance between the two adjacent nerves. 

Furthermore, the nerve variant geometrical model 

was validated with the literature-based data in terms 

of computing the length of the foot, length of the 

communicating branch between MPN and LPN and 

the distance of the various area in the human foot. 

The anatomical nerve model was later on used to 

simulate the aforementioned anatomical variations. 

This variant anatomical model will provide a tool in 

the forthcoming studies for simulating structural and 

functional consequence of various neurovascular 

injuries such as sensory neuropathies in the foot.  

 

 

2.0 METHODOLOGY 
 

The nerve variant geometrical model was modelled 

using the CMISS mathematical modelling software 

(www.cmiss.org). The stages involved in the 

development of finite element variant nerve model 

of the human foot are as follows:  

 

2.1 Anatomical Nerve Model 

 

A previously developed anatomical nerve model 

containing various plantar and dorsal nerves was 

used as the starting point [25]. Briefly, the images 

including the MPN and LPN from the Visible Human 

Male (VHM) dataset [28] were manually digitized. 

Similarly, anatomical literature [13, 29-35] were 

employed and digitized in MATLAB to obtain the 

data clouds of the remaining plantar and dorsal 

nerves of the foot along with their cutaneous and 

muscular branches. The obtained data points were 

represented as node points for the development of 

nerve geometrical model of various plantar and 

dorsal nerves of the human foot in normalized local 

coordinated system by employing 1D cubic Hermite 

basis functions using iterative fitting techniques. In this 

work, a 1D cubic Hermite basis function was utilized 

to obtain the smooth nerve surfaces and reduce the 

number of elements required to represent complex 

structures.  

A 3-dimensional (3D) anatomical right foot model 

previously developed by Fernandez et. al [36] was 

employed. The fitting of the foot model with the 

nerve geometrical model was done in such a way 

that different nerves of the foot could not intersect 

any of the muscles or bones using the manual 

geometrical transformation method [36]. This manual 

geometric transformation technique consists of 

geometrical scaling, translation and rotation 

procedures on the developed nerve model for 
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acquiring the realistic anatomical nerve model fitted 

with a 3D anatomical foot model [37]. The stages 

involved in fitting the nerve geometrical model with 

the foot anatomical model using geometrical 

transformation method are presented in Figure 1.  

The final fitted baseline dorsal geometrical nerve 

model with a 3D anatomical right foot model is 

represented in Figure 2. 

 

2.2 Variations in the Nerve Geometrical Model 

 

The length, location, communicating branch and 

distance of the various nerves present on the dorsal 

and plantar side of the foot offer a significant 

measure of the consequent development of the 

nerve geometrical model. These parameters 

demonstrate inter-personal variations and indeed 

even among the two feet of the same individual, 

although the anatomical structure of the specific 

larger nerve remains relatively constant. Therefore, in 

this study, the different nerves were varied in the 

nerve geometrical model with respect to the 

location, communicating branch, and distance 

among two adjacent nerves. 

 

 
 

Figure 1 Flow chart representing the fitting procedure for 

nerve geometrical model with the foot anatomical model 

using geometrical transformation method 

 

 

2.2.1 Nerve Location Variations 

 

Firstly, the consequence of varying the position of 

distal elements from the first branch of larger dorsal 

MDCN was assessed while the proximal position of 

the remaining element of the designated larger first 

branch of MDCN remained in the identical location 

with a length of 111.4 mm. The nerves in the region 

between the first digital branch (big toe) up to the 

first branch of the MDCN (covering approximately 

136 mm) were translated to 2, 4, 6 and 8 mm from its 

baseline position to the lateral side of the big toe as 

indicated in Figure 2. Both the nerve mesh of larger 

first branch of MDCN, one with the varying position 

and the other one with fixed position are re-

connected using a 1D cubic Hermite Basis Function 

as shown in Figure 2. In addition, calculations were 

performed to determine the length of the various 

nerves present in the dorsal and plantar nerve 

anatomical model using Eq. (1). 
 

 

 

(1) 

 

where,  indicates the total length of the selected 

nerves, and   represents the individual length of an 

element of the selected nerve present in the dorsal 

and plantar nerve models. 

The various variable sites along with the initial site 

of the first MDCN branch and the initial MDCN nerve 

mesh are also demonstrated in Figure 2. In addition, 

calculations were performed to determine the length 

of the of MDCN, IDCN, and SN by computing the 

individual length of an element of the selected nerve 

present in the dorsal nerve model.  

. 

 
 

Figure 2 Representation of the normal baseline dorsal nerve 

geometrical model, defined by the green lines, with no 

variation. The variant part of the first MDCN branch (nodal 

transformation), defined by the blue and black lines at 

locations of 4 mm (blue color) and 8 mm (black color) from 

the normal baseline geometrical dorsal nerve model 

respectively. The distance between the larger MDCN and 

IDCN is defined by a solid black element with two node 

points on the left side 
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2.2.2 Communicating Branches 

 

The anatomic variations in the plantar nerves 

communicating branches among the third as well as 

the fourth common digital plantar nerves are 

significant in the forefoot region of the foot for local 

injection therapy, inter-digital neuroma [9, 21, 22]. 

Previous investigations have studied the anatomical 

variations of the plantar nerves communicating 

branch. In Govsa et al. [10], the communicating 

branch was absent in 72% of subjects whereas, 

previous study reported that approximately more 

than 60% of subjects had the communicating branch 

[9]. Therefore, in this work, two different finite element 

nerve models with and without communicating 

branches in the plantar side of the foot using 1D 

cubic Hermite Basis functions were developed as 

illustrated in Figure 3. 

 

2.2.3 Distance Between Adjacent Nerves 

 

In this work, the distance between the two different 

contiguous nerves of the developed nerve 

geometrical model was simulated by selecting the 

two adjacent nerves in the proximal position. As an 

example, the distance between the larger MDCN 

and IDCN is shown in Figure 2, represented by the 

black color. Additionally, this study also 

demonstrated different anatomic landmarks of 

different nerves present on the plantar as well as the 

dorsal side of the foot as mentioned in Table 2. 
 

 
Figure 3 Plantar nerve models representing the various 

plantar nerves with green colour. (a) Plantar nerve model 

with a communicating branch. (b) Plantar nerve model with 

no communicating branch 

 

 

3.0 RESULTS AND DISCUSSION 
 

The total simulated length of the foot was 

approximately 231.1 mm. The total number of nodes 

and elements employed in the development of the 

anatomical-based geometrical dorsal and plantar 

nerve model of the foot were 690 and 681 

respectively. These node points represented data 

points from the manual digitization of VHM and 

anatomical texts while the length of the individual 

element was also variable due to asymmetrical node 

points. 

The comparison between the total length of the 

baseline first branch of larger MDCN (no variations) 

and the length of the variations in the part of the first 

branch of MDCN together with the other part of the 

larger MDCN with no variations are listed in Table 1. 

The location of the distal larger MDCN varied from 0 

to 2 mm, 4 mm, 6 mm and 8 mm intervals 

respectively. This results the reduction in the length of 

the distal part of the MDCN and hence the total 

length of the first branch of larger MDCN with the 

variations in the location was also reduced whereas 

the length of the larger MDCN with no variation in the 

location remains the same. 

 
Table 1 Comparison between the total length of larger 

MDCN with the length of the variable MDCN and length of 

the fixed MDCN with the variations recorded at 0, 2, 4, 6, 

and 8 mm. 
 

Variations 

in the 

location 

(mm) 

Total 

length of 

MDCN 

(mm) 

Length of the 

variable MDCN 

(mm) 

Length of the 

fixed MDCN 

(mm) 

0 248.3 136.9 111.4 

2 247.3 135.9 111.4 

4 246.8 135.4 111.4 

6 246.7 135.3 111.4 

8 246.6 135.2 111.4 

 

 

Additionally, the length of the different selected 

larger nerves in the dorsal and plantar nerve model 

along with their digital and inter-digital branches 

were also simulated and are presented in Table 2. 

The lengths of the various dorsal as well as plantar 

nerves along with their digital nerves were calculated 

using Eq. (1) at a different area of the selected 

nerves as listed in Table 2. For instance, the simulated 

total length of the MPN and LPN (including their 

superficial and proper digital branch of great toe) 

were 221.6 mm and 215.9 mm respectively (Table 2) 

respectively. Table 2 showed that the simulated 

length of MDCN, IDCN and SN are 65.7 mm, 67.2 mm 

and 262. 8 mm as compared to 81 mm, 55 mm, and 

145 mm [38, 39] respectively. Unfortunately, we could 

not find the mean literature-based length of various 

plantar and dorsal nerves along with their cutaneous 

and muscular branches as generally the length of 

the nerves is not considered for the examination of 

various neurodegenerative disorders. 
 

 

 

 

 

 



157                    Muhammad Zeeshan Ul Haqu et al. / Jurnal Teknologi (Sciences & Engineering) 86:5 (2024) 153-160 

 

 

Table 2 Simulation of length variations in different larger 

nerves of dorsal and plantar nerve model 

 

Nerves of the foot Length 

(mm) 

MDCN 

First digital branch (great toe) 

Second digital branch (contiguous side of 

second and third toes) 

65.7 

182.5 

111 

IDCN 

First common digital nerves of IDCN 

First proper digital nerves of IDCN (third toe) 

Second proper digital nerves of IDCN (fourth 

toe) 

Second common digital nerves of IDCN 

First proper digital nerves of IDCN (fourth toe) 

Second proper digital nerves of IDCN (fifth toe) 

67.2 

116.6 

59.2 

48.1 

115.9 

47.9 

42.5 

SN 262.8 

SaN 228.4 

DPN 

Proper digital branch of DPN to the first toe 

Proper digital branch of DPN to the second toe  

163.8 

29.2 

60.2 

Tibial nerve (TN 64.5 

Superficial branch of MPN 

Proper digital nerves of great toe 

96.7 

124.9 

First common digital nerves of MPN 

First proper digital nerves of MPN 

Second proper digital nerves of MPN 

60.2 

71.9 

71.9 

Second common digital nerves of MPN 

Second proper digital nerves of MPN 

Third proper digital nerves of MPN 

52.1 

74.9 

63.1 

Third common digital nerves of MPN 

Third proper digital nerves of MPN 

Fourth proper digital nerves of MPN 

31.6 

69.8 

64.4 

Superficial branch of LPN 

Proper digital branch of little toe 

130.1 

85.8 

Common plantar digital nerves of LPN 

Fourth proper digital nerves of LPN 

Fifth proper digital nerves of LPN 

31.6 

64.3 

61.5 

 

 

The distance between two adjacent nerves along 

with branches in the dorsal and plantar region of the 

nerve geometrical model is presented in Table 3. As 

an example, the distance variation between the first-

first toe nerve branches of the dorsal side was 21.5 

mm as compared to 17.3 mm in the first-second toe 

nerve branches of the same dorsal side (Table 3). The 

distance between the first to first toe nerve branches 

of the dorsal region was 21.5 mm in contrast to 15.5 

mm of the plantar region. Results from our larger 

MDCN model variation simulation studies showed 

that the anatomical structure of the MDCN remains 

the same, even when the portion of the first branch 

of MDCN varied (Figure 2).  

The location variations can be useful in defining 

the nerve conduction velocity (NCV) of the variant 

nerve structure. There had been variations in the 

length of various larger nerves along with their sub-

branches locating in and the dorsal part of the foot 

observed (Table 3). These variations in the plantar 

nerve length suggested that the length of the 

individual larger nerves in the dorsal and plantar side 

were dependent on the subject demographic data. 

There was a significant variation observed in the 

various adjacent nerves and their branches in the 

proximal region of the dorsal as well as plantar nerve 

model of the foot (Table 3). The distance between 

the different nerve branches in the toes of the dorsal 

as well as plantar region of the foot was also 

calculated and found a less distance variation 

between the nerve branches in the adjacent toes in 

the same region or even between the same toes in 

the dorsal as well as plantar region nerve branches of 

the foot. 

 
Table 3 Distance between the two adjacent nerves in the 

different sections of the anatomical nerve variant model 

 

Dorsal Area of 

the foot 

Distance 

(mm) 

Plantar Area of 

the foot 

Distance 

(mm) 

SN to IDCN 40.1 LPN to MPN 39.2 

IDCN to 

MDCN 

14.6 Distal length to 

communicating 

branch (CB) 

13.1 

MDCN to DPN 17.8 CB 28.3 

DPN to SaN 18.9 CB direct (LPN to 

MPN) 

31.1 

First to the 

second 

branch of 

IDCN 

8.5  

First to the 

second 

branch of 

MDCN 

10.9 

First to the first 

toe 

21.5 First to the first toe 15.5 

First to the 

second toe 

17.3 First to the 

second toe 

20.1 

Second to the 

third toe 

18.4 Second to the 

third toe 

16.8 

Third to the 

fourth toe 

16.2 Third to the fourth 

toe 

14.6 

Fourth to the 

fifth toe 

20.8 Fourth to the fifth 

toe 

17.5 

 

 

Simulation studies were carried out to verify 

different anatomical landmarks and regions for 

different dorsal as well as plantar nerves in the 

human foot with respect to the experimental based 

data over the same anatomical sites and regions of 

the foot. Table 3 lists the validation of the distance 

between the different regions of the foot with the 

literature-based distance over the same location. For 

example, the simulated distance between the tip of 

lateral malleolus to SN was 17.8 mm, and it was 

comparable to the experimental distance over the 

same region (Table 3).  

In addition, different anatomical landmarks and 

regions of the human foot were also verified with the 

experimental based on the same locations (Table 4). 

For instance, the simulated length of the foot was 

231.1 mm as compared to literature-based mean 

foot length 238 mm [9]. The simulated length of the 

communicating branch between MPN and LPN was 

found inside the literature-based communicating 
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branch length [10]. In addition, the simulated 

distance between medial to lateral malleolus was 

found 'in between the literature-based length of the 

same region [41]. The simulated distance of larger 

MDCN into three sub-branches from the first digital 

space was 112.3 mm in contrast to Canovas et al. 

[41] and Ikiz, and Ucerler [39] and the distance 

between the first branch point of MDCN and intra-

malleolar was consistent with the previous study [40]. 

Similarly, the simulated distance of larger IDCN 

dissection to fourth interdigital space and branching 

point of IDCN was similar to the previous studies [40, 

42].  

 
Table 3 Verification of the distance of the various area of 

the foot from a nerve geometrical model with the literature-

based distance calculated using the flexible ruler from the 

human cadavers' feet with their reference 

 

Area of the foot Simulation 

based 

length 

(mm) 

Literature 

based 

length 

(mm) 

References 

Medial to lateral 

malleolus 

106 102 – 11 Woo et al. 

[19] 

MDCN to medial 

malleolus 

41.1  > 20  

 

Canovas et 

al. [18] 

Communicating 

branch (CB) 

43.3 8 – 56  

 

Govsa et. al 

[10] 

Proximal 

attached to the 

CB 

47.4 30 – 55 

 

Frank et al. 

[9]  

Tip of lateral 

malleolus to SN 

17.8 6.27 – 

20.03 

 

Ikiz et al. 

[17] 

MDCN division 

proximal to first 

digital space 

112.3 96-116.74 

 

Ikiz, and 

Uceler [40] 

First branching 

point of MDCN 

distal to intra-

malleolar 

distance 

32.71  14.64-

35.72 

 

Ikiz, and 

Uceler [40] 

IDCN division 

proximal to fourth 

digital space 

86.39 30.38-

102.78 

 

Ikiz, and 

Uceler [40] 

First branching 

point of IDCN to 

distal intra-

malleolar 

distance 

43 22.48-83.3 

 

Ikiz, and 

Uceler [40] 

 

 

Since, the developed larger nerve geometrical 

model was based on VHM as well as various 

anatomical representations, which provided various 

anatomical variations and also verified various 

anatomical regions of the human foot. However, this 

nerve geometrical model had some minor limitations 

such as the fitting method was not used for fitting 

geometrical nerve model with the muscles and 

bones of the foot and the absence of experimental 

histological data from a single dataset. These 

limitations can be overcome by employing the host 

mesh fitting technique and adopting the patient-

specific modeling technique [43]. Another avenue of 

research is to perform functional nerve conduction 

simulations of the variants to quantify the effects of 

changes in nerve structure on NCV in a systematic 

manner [27]. The following are the suggested steps 

for performing functional nerve study in the 

developed nerve variant model: 

• Select the signal nerve fiber path using 

application of 1D nerve algorithm. 

• Perform the functional nerve conduction study 

by implementing relevant nerve 

electrophysiological models and the appropriate 

numerical methods using Bidomain models. 

• Compare the simulated nerve conduction 

velocity with the experimental studies for 

verification of the model.  

 

 

4.0 CONCLUSION 
 

The present work described the various anatomical 

variations, i.e., the locations, the presence of 

communicating branches, and the distance 

between the two adjacent larger nerves in the dorsal 

and plantar nerve model. After that, the model was 

verified with the experimental distance of the various 

area of the foot. In forthcoming studies, these 

anatomical variations will be implemented to 

compute the nerve action potentials and 

extracellular potentials using time variant nerve 

electrophysiological models for determining the 

functional evaluation of various neurovascular 

damages in the normal and diabetic neuropathic 

patients. The outcomes will be helpful for the 

clinicians to establish an electrochemical connection 

between the loading and sensory nerve feedback in 

healthy and diabetic neuropathic subjects.  
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