
  


 

Abstract— Axonal damage is one of the most common 

pathological features of traumatic brain injury, leading to 

abnormalities in signal propagation for nervous systems. We 

present a 3D fully coupled electro-mechanical model of a nerve 

bundle, made with the finite element software Abaqus 6.13-3. 

The model includes a real-time coupling, modulated threshold 

for spiking activation and independent alteration of the 

electrical properties for each 3-layer fibre within the bundle. 

Compression and tension are simulated to induce damage at the 

nerve membrane. Changes in strain, stress distribution and 

neural activity are investigated for myelinated and unmyelinated 

nerve fibres, by considering the cases of an intact and of a 

traumatized nerve membrane. Results show greater changes in 

transmitting action potential in the myelinated fibre. 

I. INTRODUCTION 

 

Traumatic brain injury (TBI) is caused by mechanical 

loading to the head (such as sudden acceleration or a blast 

wave), causing pathologies which range from focal damage 

of brain tissue to widespread axonal injury [1], [2].  

Axonal damage is one of the most common pathological 

features of traumatic brain injury. It is classified as diffuse 

axonal injury (DAI), part of the mild and severe cases of TBI 

[1], [3] and it is thought to be responsible for long-lasting 

neurological impairments following TBI [3], [4]. 

Experimental studies conducted on a single axon [5] and 

nerve fibres [6] aim to induce axonal injury by applying 

pressure [7], [8], displacement [1], [6], strain [5], [9], shear 

strain [10] and electroporation [11]. Although different types 

of loads seem to initiate DAI, recent studies have shown that 

the degree of electrophysiological impairment and 

morphological damage of neural cells is directly related to the 

magnitude and rate of axonal stretch [1], [5], [6], [12]. 

Deformation beyond a critical threshold [6] can damage the 

axonal cytoskeleton, resulting in a loss of membrane integrity 

and impairment of axoplasmic transport, leading to changes 

in electrical signal propagation [5], [13].  

Multi-scale computational models of traumatic brain 

injury are used to better understand the impact of  macroscale 

head injury on DAI [1], [2]. Previous modelling efforts have 

simulated one-dimensional damage of a nerve fibre [2] and 

two-dimensional axonal  injury of brain tissue [1]. However, 

advanced three-dimensional (3D) models for explaining 
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injury and changes in propagation at the axonal and bundle 

levels are still lacking. 

This work presents a novel approach for evaluating and 

quantifying the changes in neural activity due to axonal 

injury. To address the existing limitations in understanding of 

the link between TBI and DAI at the microscale level [1], [2], 

here, a 3D finite element (FE) model of a nerve bundle 

includes an accurate representation of a nerve cell made of 

extracellular media (ECM), a membrane and intracellular 

media (ICM). A series of mechanical loads (such as pressure 

[7] and displacement [6]) are applied on the bundle to induce 

a certain level of damage at the nerve membrane of a fibre, 

altering the fibre activation dynamics and transmission [12], 

[13].  

This model presents a unique framework for investigating 

the changes of strain and stress distributions on myelinated 

and unmyelinated nerve fibres and bundles. Here, the neural 

electrical activity (including piezoelectricity [14] and 

electrostriction [15]) is directly coupled to its mechanical 

deformation by using electro-thermal equivalences in FE 

analysis [16]. Electro-thermal equivalences and equivalent 

material properties have been shown to provide an efficient 

approach to resolve 3D electrical problems in a coupled 

electro-mechanical analysis using  the commercial FE code 

Abaqus CAE 6.13-3 [16]. 

The electro-mechanical coupling is validated based on the 

strain-based damage criterion, simulating a shift in the 

stretch-damaged transient ionic currents of the nerve 

membrane [2], [12]. Then, the injury threshold takes into 

account axonal strain along the nerve fibre length only. The 

strain, in this direction, has been shown to be a 

physiologically relevant injury criterion for multiscale TBI 

models [1], [2]. This approach might prove crucial to study 

the mechanics behind neuro-physiology as observed 

experimentally in damaged nerve membranes of clinical cases 

(such as multiple sclerosis) [5], [17], [18]. 

II. METHODS 

A.   Electro-Mechanical Coupling 

Building on the equivalent electro-thermal modelling 

approach for nerve cells described in [16], coupling of the 

electro-mechanical effects of the action potential [19] is 

achieved through modelling of the nerve membrane as a 

piezoelectric material [14], [15].  
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The thermo-elastic strain-stress relation is given in (1), 

where {𝜀} is the total strain vector, [𝛽] the compliance matrix, 

{𝜎} the mechanical stress, {𝛼}  is the thermal expansion 

coefficient vector and 𝛥𝑇 is the temperature difference [20], 

[21],  

 {𝜀} = [𝛽]{𝜎} + {𝛼}∆𝑇 (1) 

Based on this relation, the piezo-elastic relation is given 

in Equation (2) where {𝛿} is the piezoelectric strain 

coefficient vector, ℎ is the thickness of the piezoelectric layer 

and ∆𝑉 is the voltage difference [20], [21], 

 {𝜀} = [𝛽]{𝜎} + {𝛿}(∆𝑉/ℎ) (2) 

By the electro-thermal analogy [20], [21], the electric field 
(given by ∆𝑉/ℎ in (2)) is equivalent to a thermal load, while 
the piezoelectric constants are equivalent to the thermal 
expansion coefficients, see (1) and (2). For the case of a nerve 
membrane, it is assumed that the piezoelectric effect is only 
relevant in the through-thickness direction, and we thus take 
only one non-zero component for 𝛿, approximately 1 𝑛𝑚 per 
100 𝑚𝑉 in that direction [14]. 

B. Model 

The nerve bundle model simulates the exchange of 

charges in four identical neurites. Each neurite consists of a 

cylindrical region of ICM, see Fig. 1 (e), enclosed by a thin 

membrane and surrounded by ECM, see Fig. 1 (c) [16]. Two 

fibre bundle models are used in this study: a fully 

unmyelinated bundle (UN-FB) and a fully myelinated bundle 

(MY-FB). The neurite radii are: 𝑎𝐼𝐶𝑀 = 0.477 µ𝑚, 𝑎𝑀 =
0.480 µ𝑚 and 𝑎𝐸𝐶𝑀 = 0.500 µ𝑚 [16]. As a first step, this 

analysis is focussed on the radial distribution of charges rather 

than on the longitudinal variations, hence the length of the 

bundle is 5 𝜇𝑚 for a diameter equal to 2.41 𝜇𝑚 in both cases, 

see Fig. 1 (a) and (b). The diameter is within the range of the 

measured diameters of the human optic nerve [22].  

Modelling a myelinated fibre, we assume an ICM encased 

by a single layer, which is periodically-partitioned (axially 

along the fibre length) similarly to the histologic section of a 

myelinated fibre, see Fig (d.1) and (d.2). The insulation sheath 

of myelin around the nerve fibre is modelled as an insulating 

layer, which replaces the membrane layer at regular intervals 

along the fibre [23], see Fig.1 (d.1). Different conductivity 

values are assigned to denote the myelin and membrane 

sections [23], see Fig. (d.2). The width of the piecewise 

conductive membrane regions (or Ranvier’s nodes) is 

0.002 𝜇𝑚 and the internode distance is 1 𝜇𝑚 (refers to [23]), 

see Fig.1 (d.2). The finite element mesh designs were 

motivated by computational efficiency. Incompressible 

isotropic mechanical properties [24] are assumed in both 

models while the electrical model parameters for predicting 

the basic action potential are taken from [19], with those 

accounting for dependence on strain taken from [2]. 

C.  Damage evaluation 

 The strain-based damage affects the sodium and 

potassium reversal potentials (𝐸𝑁𝑎(𝜀𝑚) and 𝐸𝐾(𝜀𝑚)), 
simulating the changes of the ionic concentration across the 

nerve membrane depending on the membrane strain (𝜀𝑚) [2]. 

If a maximum value of strain, 𝜀̃, is exceeded, then the reversal 

potentials are zero, otherwise the changes follow in (3) if  

𝜀𝑚 < 𝜀̃ [2]: 
 

 {
𝐸𝑁𝑎(𝜀𝑚) = 𝐸𝑁𝑎0(1 − (𝜀𝑚 𝜀̃⁄ )𝛾)

𝐸𝐾(𝜀𝑚) = 𝐸𝐾0(1 − (𝜀𝑚 𝜀̃⁄ )𝛾)
 (3) 

Here, the strain threshold is set at 0.21 as an indicator of the 

onset of functional damage [6]. The parameter 𝛾 is an index 

referring to the sensitivity of the damage for small versus 

large deformation, see [2]. Additionally, the reversal potential 

of the leak ions 𝐸𝑙− is not influenced by the strain but varies 

based on changes in gradient concentrations of potassium and 

sodium across the membrane [2]. 
 

 
Fig. 1.  In (a), frontal view and, in (b), isometric view of the four-fibre nerve 

bundle, with each fibre made of 3 layers. The model consists of 53,240 

nodes, 50,166 coupled thermal-structural (Abaqus C3D8T) elements. Fibre 
#3 is the active fibre, i.e. the fibre activated by a voltage Gaussian distribution 

[24]. Fibre #1, #2 and #4 are activated by the charges diffusing from Fibre 
#3. In (c), the ECM; in (d), the membrane and, in (e), the ICM. In the case of 

myelinated fibres, the membrane layer is periodically-partitioned (axially 

along the fibre length) to model the insulation sheath of myelin layer, see 

(d.1), and the Ranvier’s node, see (d.2). The myelin layer length is 1 𝜇𝑚 and 

the Ranvier’s node length is 2 𝑛𝑚, while the radial thickness of the layer is 

equal to 3 𝑛𝑚 [16], [23]. 

D.  Implementation 

The implementation of the coupled Hodgkin and Huxley 
(HH) model (on the right) is shown in Fig. 2, in contrast to the 
uncoupled HH model (on the left). By using the electro-
thermal equivalence implementation of the neural activity, the 
distribution of voltage and currents can be seen in 3D by using 
well established coupled thermo-mechanical software 
simulation tools. In the coupled model, the membrane 
electrical conductivity changes in response to the membrane 
voltage and strain [2], [19], while the electrical capacitance per 
unit area changes with the square of the voltage [25]. The HH 
resting voltage potentials are changing due to the strain at the 
membrane [2], [12], hence the threshold of spike initiation 
changes as in [19]. The model  is implemented as a coupled 
thermo-mechanical model in Abaqus CAE by using user-
defined subroutines to assign thermal equivalent electrical 
properties to the membrane of each fibre, independently, based 
on the spike initiation [26], strain [2], [12] and voltage [25] 
generated at the same membrane.  

E.  Boundary Conditions 

A voltage Gaussian distribution activates Fibre #3 
generating a flow of ionic currents across its membrane [19], 
see Fig. 2, while the other fibres are activated only if the 
diffused charges from Fibre #3 generate an input voltage 
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higher than the modulated threshold [26]. The 3D distribution 
of charges on Fibre #3 modulates the activation of the other 
fibres. In the first case, an instantaneous uniform compression 
is applied to the bundle to simulate injury conditions due to 
mild (less than 55𝑘𝑃𝑎), moderate (55 − 95 𝑘𝑃𝑎) and severe 
(higher than 95 𝑘𝑃𝑎) pressure [7]. The case of extreme 
pressure (1𝐺𝑃𝑎) is also considered. In the second case, three 
values of instantaneous uniform stretch have been applied as 
displacement boundary conditions to simulate 14%, 21% and 
34% of total deformation [6]. 

 

 
Fig. 2.  Flowchart of the code describing the active behaviour of the nerve’s 
membrane: on the left the HH dynamics [19] and on the right the fully 

coupled HH dynamics. By using electro-thermal equivalences, the HH 

dynamics is implemented as an equivalent thermal process, in which the 

membrane’s conductivity changes as in [19] and the capacitance, 𝐶𝑚, changes 

as in [25]. The HH parameters are changing based on the temperature, 𝑇,  and 

strain, 𝜀, at the membrane [2]. The strains generated in the model are a 

function of temperature and thermal expansion coefficients, {𝛼}, see (1) and 
(2). Voltage, current, strain and stresses distribution are only a few of the 3D 

results released by Abaqus. 

F. Validation 

As in [2], [12], the strain-based damage evaluation 

criterion refers to a traumatic mechanically-induced damage 

on a nerve fibre (refer to [2], [12]). This is validated by 

shifting up the resting ionic potentials of the HH model by 

20 𝑚 𝑉, simulating experimental evidence of damaged nerve 

fibres [12], [13], as in [2]. This is called the coupled left-shift 

(𝐿𝑆) model of the HH model [12]. Only a fraction of nodal 

channels affected (𝐴𝐶) by the damage undergoes a 𝐿𝑆, while 

the rest of the membrane’s channel, (1 − 𝐴𝐶), remains intact 

[12]. Here, only the extreme cases of entire membrane 

traumatized (𝐴𝐶 = 1) or intact membrane (𝐴𝐶 = 0) are 

shown.  

III. RESULTS 

In Fig. 3 the hyperpolarization of an unmyelinated bundle 

due to applied pressure levels, 𝑃, simulating mild to severe 

pressure inducing DAI [7], are shown. Similarly, Fig. 4 (a) 

and Fig. 4 (b) show the radial displacement at Fibre #3 of an 

unmyelinated and myelinated bundle for the same pressure 

values [7]. In contrast to the reference case of an intact nerve 

cell (𝑃 = 0 𝑘𝑃𝑎 and 𝐴𝐶 = 0), see Fig. 3, the action potential, 

in both unmyelinated and myelinated bundles, is delayed by 

about 4.70 𝑚𝑠𝑒𝑐 and 16.2 𝑚𝑠𝑒𝑐 for the extreme pressure 

case and the mild-severe case [7], respectively, although the 

fibre are activated at the same time in all the cases. In a first 

investigation, the resting voltage potentials are changed due 

to the induced-deformation in the bundle and the magnitude 

of the action potential is, hence, reduced [2], see Fig. 3. 

Higher reduction is found in a compressed unmyelinated 

bundle than in a myelinated one. Differences between intact 

and traumatized nerve membranes (𝐴𝐶 = 0 versus 𝐴𝐶 = 1) 
are very small when mild-severe pressures are applied. 

Hence, only the case of an intact nerve membrane is shown in 

Fig. 3. An extreme pressure leads to both a reduction in 

magnitude and an increase of the voltage baseline up to 

−24 𝑚𝑉 for an intact membrane and up to −7𝑚𝑉 for a 

traumatized membrane, see Fig. 3, with 𝐶 = 0 and AC = 1 .  

This model shows greater radial displacement of the 

membrane in an unmyelinated fibre than in a myelinated fibre 

for pressure levels up to 65 kPa, see Fig. 4. The myelin layer 

constrains the deformation of the Ranvier’s nodes, which are 

the only regions throughout the fibre to show voltage-induce 

membrane displacement [14], see Fig. 4 (b). However, in the 

case of severe pressure (192 kPa), the magnitude of 

displacement is greater over the length of a myelinated fibre 

than an unmyelinated one, see Fig. 4. An unmyelinated layer 

displaces according to the charges exchanged across the nerve 

membrane, see Fig. 4 (a). For the cases of mild to severe 

pressure, the displacement peak varies from −0.504 𝜇𝑚 to 

−1.22 𝜇𝑚, respectively, see Fig. 4 (a). Because of the myelin 

layer, the charge-induced displacement of a myelinated fibre 

is less than in the previous case (see Fig. 4 (b)) and it displaces 

according to the loading condition, see Fig. 4 (b). The myelin 

layer does not have the same piezoelectric properties of the 

membrane, hence, it constrains the membrane deformations. 

In Fig. 4, the displacement at the membrane under an extreme 

pressure follows the loading condition applied, here it is not 

shown. 

 
Fig. 3.  Voltage [𝑚𝑉] of an unmyelinated  bundle under mild (25𝑘𝑃𝑎), 

moderate (68𝑘𝑃𝑎) and severe (192𝑘𝑃𝑎) pressure [7]. Similar results are 
found for the Ranvier’s node regions of the myelinated fibres.AC is the 

fraction of affected ionic channels by the strain: 𝐴𝐶 = 0 is for an intact 

membrane and 𝐴𝐶 = 1 for a traumatized membrane [12]. Data are the 
maximum radial displacement of a node on Fibre #3. Similar membrane 

voltage changes are found for 25 − 192 𝑘𝑃𝑎 with 𝐴𝐶 = 1 
 

 
Fig. 4.  Displacement [𝑛𝑚] of an unmyelinated,(a), and myelinated bundle,(b), 

under mild (25𝑘𝑃𝑎), moderate (68𝑘𝑃𝑎) and severe (192𝑘𝑃𝑎) pressure [7]. 

AC is the fraction of affected ionic channels by the strain: 𝐴𝐶 = 0 is for an 

intact membrane and 𝐴𝐶 = 1 for a traumatized membrane [12]. Data are the 
maximum radial displacement of a node on Fibre #3. 
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The second investigation of tension  conditions reproduce 

the uni-axial test in [6]. An elongation 𝐿 equal to 0.7 𝜇𝑚, 

1.05 𝜇𝑚 and 1.7 𝜇𝑚 simulates  5 %, 14% and 34% of 

stretch, respectively [7]. A 34% deformation simulates the 

case of anode break excitation [19] in both types of fibre (not 

shown here). In an unmyelinated bundle, the voltage baseline 

is shifted up to −24 𝑚𝑉 for 14% stretch, while the peak is 

approximately −2 𝑚𝑉, see Fig. 5 (a). If the membrane is 

traumatized, the action potential is a signal with constant 

magnitude of approximately −2𝑚𝑉, respectively, see Fig. 5 

(a). A 14 % stretch shift the voltage baseline up to 

−61 𝑚𝑉. However, the peak is approximately reduced to 

−10 𝑚𝑉 and −20 𝑚𝑉 with 𝐴𝐶 = 0 and 𝐴𝐶 = 1,  

respectively, see Fig. 5(a).  In contrast, in a myelinated 

bundle, see Fig. 5(b), slight differences have been found 

between intact and traumatized membranes. Here, the peak of 

the action potential is approx. −34 𝑚𝑉 and −53 𝑚𝑉, for 5 % 

and 14 % of applied stretch, see Fig. 5(b). Lower current 

density at the Ranvier’s nodes is mainly due to the higher 

localized strain. 

IV. CONCLUSION 

Electrophysiological impairments of axonal injury due to 

sudden DAI-induced pressures reduce the peak of the action 

potential by approximately 50 𝑚𝑉, while elongation tests 

reduce it by approximately 30 𝑚𝑉 in unmyelinated bundles 

and by approximately 80 𝑚𝑉 in myelinated bundles. In 

general, the signal seems to be affected more in myelinated 

fibres due to the myelin layer around the fibre. Future 

investigations will clarify the impact of different rates of 

deformation in mechanical loadings [1], [2], and will 

investigate the interaction between neighbouring fibres within 

a 3D nerve bundle.   

 
Fig. 5.  The 5𝜇𝑚 bundle is elongated by 0.7𝜇𝑚 and 1.05 𝜇𝑚 [6]. In (a) and 
in (b) the membrane’s potential of an unmyelinated and myelinated bundle 
respectively. Data are the maximum radial displacement of a node on Fibre #3. 
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