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Increased preferential activation of small cutaneous nerve fibers by 

optimization of electrode design parameters.  

Authors: Aida Hejlskov Poulsen*, Jenny Tigerholm*, Ole Kæseler Andersen*, Carsten Dahl 

Mørch* 

 

*Center for Neuroplasticity and Pain (CNAP), Department of Health Science and Technology, Aalborg University, 

Aalborg, Denmark 

 

Abstract 

Objective. Electrical preferential activation of small nociceptive fibers may be achieved with 

the use of specialized small area electrodes, however, the existing electrodes are limited to 

low stimulation intensities. As existing electrodes have been developed empirically, the 

present study aimed to use computational modeling and optimization techniques to investigate 

if changes in electrode design parameters could improve the preferential activation of small 

fibers.   

Approach. Two finite element models; one of a planar concentric and one of an intra-

epidermal electrode were combined with two multi-compartmental nerve fiber models of an 

Aδ-fiber and an Aβ-fiber. These two-step hybrid models were used for the optimization of 

four electrode parameters; anode area, anode-cathode distance, cathode area, and cathode 

protrusion. Optimization was performed using a gradient-free bounded Nelder-Mead 

algorithm, to maximize the current activation threshold ratio between the Aβ-fiber model and 

the Aδ-fiber model. 

Main results. All electrode parameters were optimal at their lower bound, except the cathode 

protrusion, which was optimal a few micrometers above the location of the Aδ-fiber model. 

A small cathode area is essential for producing a high current density in the epidermal skin 

layer enabling activation of small fibers, while a small anode area and anode-cathode distance 

are important for the minimization of the current spread to deeper tissues, making it less likely 

to activate large fibers. Combining each of the optimized electrode parameters improved the 

preferential activation of small fibers in comparison to existing electrodes, by increasing the 

activation threshold ratio between the two nerve fiber types. The maximum increase in the 
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activation threshold ratio was 289% and 595% for the intra-epidermal and planar concentric 

design, respectively.  

Significance. The present study showed that electrical preferential small fiber activation can 

be improved by electrode design. Additionally, the results may be used for the production of 

an electrode that could potentially be used for clinical assessment of small fiber neuropathy.  

 

1. Introduction 

Electrical stimulation is often used to probe and evaluate the status of the somatosensory system, 

as it is a reproducible, easy to control, and safe method. However, conventional electrical 

stimulation performed with large area patch electrodes lacks specificity of fiber type activation 

and provides a mixed afferent input to the central nervous system. Consequently, it becomes 

difficult to interpret and distinguish the contributions from different sensory subsystems such as 

the touch and pain systems. The electrical activation threshold for large tactile Aβ-fibers is lower 

than that of small nociceptive Aδ- and C-fibers, which makes it possible to preferentially activate 

large fibers and thereby primarily activate the touch system, provided that non-painful stimulation 

intensities are used.  Preferential activation of the pain pathways is not feasible by the conventional 

electrical stimulation setup, as even painful stimulation intensities would co-activate a large 

proportion of non-nociceptive fibers. To overcome this limitation, specialized concentric, small 

area, electrodes have been developed [1]–[4]. These electrode designs take advantage of the 

difference in the termination depth of small and large cutaneous nerve fibers. The small fibers 

terminate in the epidermal skin layer [5] and the large fibers deeper in the dermis [6]. Accordingly, 

the specialized electrodes produce a higher electrical field in the epidermis and limit the current 

spread to deeper skin structures [1], [7], [8]. The suggestion that these electrodes preferentially 

activate small fibers has been supported by experimental observations of delayed reaction times 

[9],[10], and cortical responses [11]–[13], in addition to the electrodes eliciting pinprick-like 

sensations [1]–[4]. Furthermore, computational studies have confirmed the ability of the electrodes 

to preferentially activate small cutaneous nerve fibers [10] and demonstrated the importance of a 

small cathode area [7]. A small cathode area produces a higher current density in the proximity of 

the electrode and thus a higher current density in the more superficial skin layers, enabling the 

electrode to activate small fibers at a lower intensity than large fibers. Consequently, such 

electrodes have been suggested as a tool for the assessment of small fiber function in neuropathic 
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pain patients [14]–[16]. However, co-activation of large non-nociceptive fibers has been observed 

in healthy subjects [11], [17] and the application of the electrodes are limited to low stimulation 

intensities, as the amount of co-activation increases with intensity and becomes especially 

prominent at intensities above approximately two times perception threshold [11], [17], [18]. The 

co-activation of large fibers would likely be even greater in patients suffering from small fiber 

neuropathy, as patients have been shown to express decreased intra-epidermal nerve fiber density 

[19]. Degeneration of the nerve fibers results in a retraction of nerve fiber terminals and would 

make it more difficult to activate small fibers. The electrode's ability to achieve preferential 

activation of small fibers would, thereby, be lost in patients with small fiber neuropathy, as higher 

intensities would be needed to activate the retracting fibers. This indicates the need for an electrode 

that still produces a high current density in the epidermis but has a more restricted current spread 

to deeper skin structures, to enable a preferential small fiber activation throughout the epidermal 

skin layer. Given that existing electrodes have been developed empirically and as only a few 

studies exist on the influence of different electrode parameters, with particular focus on the cathode 

design [7], [8], it is believed that the cathode, as well as the anode dimensions of the electrode 

design, can be further developed to improve the preferential activation of small fibers. Thus, the 

present study aimed at optimizing electrode design parameters to increase preferential activation 

of small cutaneous nerve fibers and to investigate the influence that different electrode design 

parameters have on the distribution of the electrical potential in the skin and the consequent nerve 

fiber activation.  

 

2. Methods 

A planar and an intra-epidermal electrode design were investigated. The models were similar 

except that the planar electrode did not protrude into the epidermal skin layer, whereas the intra-

epidermal design did. A two-step hybrid in silico model, developed and validated by Poulsen et al 

[10], was used to investigate and optimize four electrode design parameters; the anode area, anode-

cathode distance, cathode protrusion, and cathode area (see figure 1). The first part of the hybrid 

model was a finite element model of the electrode and skin [10], from which the electrical potential 

produced in the skin was calculated and extracted. The electrical potential was subsequently 

introduced in the second part of the model, containing two multi-compartmental axon models of 

an Aδ- and an Aβ-fiber axon, describing the nerve fiber activation [20].  
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The two steps of the model will be briefly described here and the reader is referred to Poulsen et 

al [10] and Tigerholm et al [20] for detailed descriptions of the skin and nerve fiber models, 

respectively.  

 

 

Figure 1: Sketch of a concentric and intra-epidermal electrode design and the investigated electrode design 

parameters. The anode area (A), the cathode area (C) and the anode-cathode distance (A-C dist) were 

investigated for both a purely planar design and an intra-epidermal design, for which the cathode penetrated 

the stratum corneum. The cathode area was investigated for the intra-epidermal design by changing the angle 

of the needle, and thereby also the diameter. Additionally, the cathode protrusion was investigated for the 

intra-epidermal design. 

 

 

2.1 Finite element model of the skin and electrodes 

The electrical potentials produced in the skin by electrical stimulations were estimated through 

finite element models, implemented in COMSOL Multiphysics (5.3, Stockholm, Sweden) as 2D-

axisymmetrical models. The models represented a section of the volar forearm and included the 

electrode-skin interface, the stratum corneum, epidermis, dermis, and hypodermis (see figure 2). 

All layers were implemented as homogeneous cylindrical skin layers and with a purely horizontal 

interface between the layers. The electrode-skin interface was implemented as a 10 µm thick layer 

and was  included to accurately model electrode impedance [10]. The electrical conductivity of 

Page 4 of 37AUTHOR SUBMITTED MANUSCRIPT - JNE-103771.R2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



the electrode-skin interface was deduced from resistance and capacitance values for dry electrode 

contacts reported by Chi et al [21]. The epidermis and dermis were considered electrically 

anisotropic, while the remaining layers were considered isotropic. The electrical properties of the 

different layers are listed in figure 2.  

A quasi-static approximation was used to calculate the extracellular electrical potential, expressed 

by Laplace formulation: 

−∇ ∙ (𝜎∇𝑉𝐹𝐸 − 𝑱𝑒) = 0 

 

Where σ is the conductivity, 𝑉𝐹𝐸  is the electrical potential, and 𝑱𝑒 is the external current density, 

which was applied to the electrode surface by a distributed normal current density condition. An 

evenly distributed current of 1 mA and -1 mA was applied to the cathode and anode interfaces, 

respectively. The bottom of the hypodermal skin layer was grounded, and all other external 

boundaries were considered electrically insulated. Electrical continuity conditions were applied to 

all inner boundaries. The finite element mesh consisted of free triangular elements. The density of 

the mesh was highest around the edge of the electrode, where the electrical potential is expected 

to exhibit a steep decrease. A convergence study of the mesh density and model radius was 

performed to ensure that these were large enough to get a reliable estimation of the electrical 

potential. The model radius was increased by 1 cm, and the mesh density was increased by 

decreasing the maximum and minimum element sizes  by 1e-6 m, until the change in electrical 

potential, at the nerve fiber location, from the previous increment was less than 0.1 mV, which is 

below the accuracy of the nerve fiber model.  The convergence study was conducted for both the 

minimum and maximum electrode design parameter values used in the optimization (see table 1). 

Based on the convergence study of the mesh, the maximum and minimum element size for the 

models were set to 9e-6 m and 0.0016 m, respectively. The maximum growth rate was set to 10% 

and the average number of elements used were 52,675 for the intra-epidermal electrode design and 

46,102 for the planar concentric electrode design. The average volume versus circumradius quality 

of the mesh elements were 0.825 and all elements had a quality above the acceptance limit of 0.1.  

The final radius of the models was 11 cm.  
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Figure 2: A representation of the 2D axisymmetric model (not drawn in scale). The models consisted of an 

electrode-skin interface layer and four skin layers; the stratum corneum, epidermis, dermis, and hypodermis, 

with the specific properties listed to the right [10]. f is the frequency of the applied current in Hz, which in the 

present study was 1000 Hz, corresponding to a 1 ms stimulation pulse. The electrodes were modeled by the 

electrode-skin interface on the surface of which an evenly distributed current of 1 mA was applied to the 

cathode, and a total current of -1 mA was applied to the anode. The bottom of the hypodermal layer was 

grounded and the radius of the axisymmetric models was 11 cm. The nerve fiber models were located directly 

under the cathode. The Aδ-fiber model ran horizontally in the middle of the hypodermal layer, made a 45-

degree bend [20], and branched to the epidermal layer where it branched further, terminating in three free 

nerve endings in the middle of the epidermis. The Aδ-fiber model lost its myelin sheets as it crossed the dermal-

epidermal junction [5]. The Aβ-fiber model ran horizontally in the middle of the hypodermal layer before 

branching in a 45-degree angle [20] and eventually terminating in the superficial part of the dermis. 

[10] 

[31] 

[32]-[37] 

[39] 

[39] 

[40] 

[39] 

[39] 

[41],[42] 

[10] 

[38] 

[33],[35],[36] 
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2.2 Axon nerve fiber models 

The axon models of an Aδ-fiber and an Aβ-fiber were developed by Tigerholm et al [20] and was 

implemented in the NEURON environment (6.7 NEURON Yale, USA [22]). The Aδ-fiber model 

was 5.472 cm long with 2 compartments per µm (total: 26,088 compartments). The diameter of 

the Aδ-fiber model was 3.5 µm. The Aβ-fiber model was 4.994 cm long and had 1.8 compartments 

per µm, corresponding to a total of 27,120 compartments. The diameter of the Aβ-fiber model was 

9 µm.  

Both nerve fiber models ran horizontally in the middle of the hypodermal layer, from where a 

single branch of 45-degrees [20] ascended through the skin layers before terminating as a free 

nerve ending in the superficial part of the dermis (z= -112 µm) and the middle of the epidermis 

(z= -61 µm), for the Aβ-fiber model and Aδ-fiber model, respectively (see figure 2). The 

termination points of the models were located directly under the cathode, where the electrical 

potential was highest. The Aβ-fiber model location, was quite conservative, considering only a 

few fibers terminate in the superficial part of the dermis [6].This position was chosen as a 

consequence of the nerve fiber termination points in the peak of the electrical potential and to 

enable investigations of small fiber selectivity.  The Aδ-fiber model lost its myelination as it 

crossed the dermal-epidermal junction [5] and branched two additional times (90 degrees) in the 

epidermis. The Aδ-fiber model, thereby, terminated with three nerve fiber endings with an 

equispaced distance, corresponding to a nerve fiber density of 0.58 nerve fiber endings per 

millimeter [23]. All implemented ion channels were Hodgkin-Huxley-type ion channels; Nav1.6, 

Nav1.7, Nav1.8, Nav1.9, Kdr, KM, KA, and the hyperpolarization-activated and cyclic nucleotide-

gated (HCN) channels. 

The electrical potential produced by the electrode was extracted from the finite element model, at the 

nerve fiber location, and added as the extracellular potential to the axon models. A 1 ms monophasic 

rectangular step function, corresponding to the cathodic stimulation pulse, was multiplied to the 

extracellular potential and linearly increased to estimate the activation threshold. The activation 

threshold was defined as the smallest stimulation current sufficient to generate an action potential that 

propagated to the end of the axon. The model was solved by the variable time step method. For both 

electrode models, the nerve fiber models were activated at the tip. 

2.4 Optimization 

Page 7 of 37 AUTHOR SUBMITTED MANUSCRIPT - JNE-103771.R2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



The planar design was optimized for anode area, anode-cathode distance, and cathode area, while 

the intra-epidermal design was optimized for anode area, anode-cathode distance, cathode area (by 

changing needle angle), and cathode protrusion. To investigate if the optimal protrusion depends 

on the nerve fiber termination depth, the optimization of the cathode protrusion was performed for 

three different nerve fiber termination depths of the Aδ-fiber model (z= -31 µm, z= -61 µm, and 

z= -101 µm, measured from the skin surface, z=0). The entire nerve fiber model was moved in the 

vertical direction, hence leaving the overall nerve fiber morphology intact (see figure 3).  

 

 

Figure 3: Illustration of how the nerve fiber was moved within the skin (not drawn to scale). The entire nerve fiber was moved, when 

changing the termination depth of the fiber, keeping the nerve fiber morphology intact. 

 

Optimization was performed a total of three times for each of the individual design parameters 

while the rest of the parameters were kept constant at the dimensions of the existing planar 

concentric electrode introduced by Kaube et al [1] and the intra-epidermal electrode introduced by 

Inui et al [2] (see dimensions in table 1). For the intra-epidermal electrode the penetration depth 

was, however, changed to 30 µm, as the electrode is expected to only just penetrate the stratum 

corneum.  

 

The optimization problem was to maximize the activation threshold ratio between the Aβ-fiber 

model and Aδ-fiber model. Only the function values were known, and a Globalized Bounded 

Nelder-Mead (GBNM) algorithm presented by Luersen et al [24] was applied to optimize the 
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electrode parameters (see supplementary material for a more detailed description of the algorithm). 

This method is gradient-free and does not depend on derivatives of the objective function, but only 

on the simulation values (the Aβ/Aδ-fiber model activation ratio) of the hybrid model. The GBNM 

algorithm introduced restarts to enable the Nelder-Mead algorithm to escape from a collapsed 

simplex, where the optimization is stuck in a subspace of the search space. Additionally, the 

restarts minimized the effect that premature termination could have on the results. A second type 

of restarts, probabilistic restarts using spatial probability  [24], where the algorithm was restarted 

whenever the previous run had converged, was introduced to increase the likelihood of finding the 

global optimum rather than a local optimum. Convergence was assumed, when one of the three 

convergence tests; small, flat, or degenerated, were below their respective convergence 

coefficients (see table 2). The GBMN algorithm terminated when a total of 20 restarts had been 

performed or the maximum number of function evaluations was reached. Parameter values of the 

GBMN algorithm are listed in table 2. 

 

 

The initial step of the GBMN algorithm was to arbitrarily select solutions in the feasible solution 

space and make up the initial simplex containing n+1 vertices, with n denoting the dimensions. 

The initial simplex consisted of two randomly sampled points between the upper and lower 

boundary (see supplementary table S1). 

. The lower bounds for each of the electrode design parameters were based on fabrication 

feasibility, and the upper bounds were set to the dimensional values for a regular 1.5x2 cm patch 

electrode (Ambu® neuroline 700). The bounds are specified in table 1. The original Nelder-Mead 

algorithm searches for the minimum value [25], however, the negative functional values were used 

for evaluations in the present study to enable a maximization search (see iterations counts in 

supplementary table S1).  

 

Table 1: The electrode parameters for which optimization was performed and for which electrode designs 

(planar or intra-epidermal). The lower and upper bounds that were set as restrictions for the optimization 

are listed. The bound for the cathode area deviated between the two designs due to restrictions of the 

possible needle angle. For the needle protrusion optimization was performed for three locations of the Aδ-
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fiber model (z= -31 µm,  z= -61 µm, and z= -101 µm), and in each case the upper bound for the protrusion 

was set to 1 µm less than the location of the nerve fiber tip. 

 Intra-epidermal design 

 

 

Planar Concentric design 

 

Parameter  Dime

nsion

s of 

origin

al 

desig

n [2] 

Lo

we

r 

bo

un

d 

Up

per 

bo

un

d 

Dime

nsion

s of 

origin

al 

desig

n [1] 

Low

er 

bou

nd 

Upp

er 

bou

nd 

Anode area 0.56 

mm2 

6e-

4 

m

m2 

3 

cm

2 

8.64 

mm2 

6e-4 

mm2 

3 

cm2 

Anode-

cathode 

distance 

0.5 

mm 

100 

µm 

4 

cm 

2.25 

mm 

100 

µm 
4 cm 

Cathode 

area 

1.45e-

3 mm2 

6.5

9e-

4 

m

m2 

9.2

8 

m

m2 

0.20 

mm2 

2.83

e-3 

mm2 

3 

cm2 

Cathode 

protrusion 

 

100 

µm  

(30 

µm 

used 

for 

simul

ation 

10 

µm 

30 

µm 

60 

µm 

100 

µm  
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purpo

ses) 

 

                                    Table 2: Values of the parameters of the GBMN algorithm 

 

 

 

 

 

 

 

 

 

 

 

2.4 Sensitivity analysis 

To further evaluate the robustness of the model and its sensitivity to changes in tissue properties, 

a sensitivity analysis of tissue conductivities was performed for the original electrode dimensions. 

The investigated ranges of conductivities are listed in table 3, together with the change in the peak 

electrical potential observed at the locations of the nerve fiber models. The peak potential at the 

location of the Aδ-fiber model changed the most when conductivities of the epidermis were 

altered. It was clear that an increase in the horizontal conductivity increased the horizontal current 

spread, which lad to a decrease in the potential in the middle of the epidermal layer, where the Aδ-

fiber model was located. The opposite was true for the vertical direction, where an increase in 

conductivity also increased the peak potential at the nerve fiber model location. The maximum 

difference in peak potential when changing the conductivity of the epidermis was observed for the 

lowest conductivity value. Altering the conductivity of the dermal skin layer resulted in changes 

for both the peak potential at the Aδ-fiber model and the Aβ-fiber model location. However, the 

Parameter description Parameter 

value 

Number of allowed restarts 20 

Maximum function evaluations 3000 

Reflex coefficient (r) 1 

Contraction coefficient (β) 0.5 

Expansion coefficient (γ) 2 

Small simplex test convergence 

coefficient (𝜀𝑠1) 

1e-06 

Flat simplex convergence coefficient 

(𝜀𝑠2) 

1e-08 

Degenerated simplex convergence 

coefficient (𝜀𝑠3 & 𝜀𝑠4 ) 

1e-06 
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Aβ-fiber model location was affected to a larger degree and the changes were largest for alterations 

of the horizontal conductivity. Changes in stratum corneum conductivity did not affect the intra-

epidermal electrode design. This is likely due to the fact that the intra-epidermal electrode 

penetrates the stratum corneum layer. The planar concentric electrode design was more affected 

by changes in stratum corneum conductivity, and the peak potential increased with increasing 

conductivity. Altering the conductivity of the hypodermis, did not result in any differences in the 

peak potential at any of the nerve fiber locations. 

 

Table 3: The peak potential and activation threshold ratio change for the range of investigated conductivities for the different skin 
layers in the model. The conductivity values used in the model are reported in parenthesis. 
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2.5 Area of selective activation of small fibers 

The optimized electrode design parameters were combined for both the planar and intra-epidermal 

electrodes. The optimized electrodes were subsequently analyzed and compared to the original 

electrode design of an existing planar concentric electrode introduced by Kaube et al [1], and intra-

epidermal electrode introduced by Inui et al [2]. The area of selectivity and the ratio between the 

activation thresholds for the Aβ-fiber model and the Aδ-fiber model were calculated for both the 

original and optimized designs. The area of selectivity was defined as the area within which the 

electrical potential produced by the electrode resulted in a lower activation threshold for the Aδ-

fiber model than the Aβ-fiber model. An iterative search was performed to estimate the area of 

selectivity at different termination depths of the Aδ-fiber model. Termination depths of 21 µm, 41 

µm, 61 µm, 81 µm, and 101 µm were investigated. The Aδ-fiber model was for each iteration 

moved further away or closer to the center of the electrode based on the activation thresholds of 

the two nerve fiber models. When the activation threshold of the Aδ-fiber model was lower than 

that of the Aβ-fiber model, the Aδ-fiber model was moved further away from the electrode center. 

When the threshold of the Aδ-fiber model was higher than that of the Aβ-fiber model, the Aδ-fiber 

model was moved closer to the center of the electrode. The step size with which the Aδ-fiber model 

was moved was halved when the evaluation of the activation thresholds of the previous iteration 

was opposite to the evaluation of the present iteration. The search was terminated when the 

difference in activation threshold between the two fiber models were less than 10 µA. The initial 

step size was 50 µm, and the initial location of the nerve fiber models were directly under the 

cathode. For the intra-epidermal design the statum corneum was penetrated by a needle cathode 
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and, therefore, the initial location of the Aδ-fiber model at the 21 µm depth was shifted by 10 µm 

in the horizontal direction away from the cathode edge. 

 

 

3. Results 

3.1 Cathode area 

The optimal value of the cathode area was at the lower bound; 2.83e-3 mm2 and 6.59e-4 mm2 for 

the planar and intra-epidermal design, respectively. With decreasing cathode area, the potential in 

the epidermis increased, leading to a decrease in the activation threshold of the Aδ-fiber model 

(see figures 4 and 5). The activation threshold of the Aβ-fiber likewise decreased, however, the 

slope was not as steep. Changing the cathode area affected the potential in both the epidermis and 

dermis, however, the effect on the peak electrical potential in the epidermis was substantially larger 

than the effect on the peak potential in the dermis. From the largest to the smallest cathode area 

the peak potential increased by approximately 20 V in the epidermal skin layer compared to 

approximately 0.4 V in the dermal skin layer. 

For the planar design, the optimal cathode area corresponded to a cathode diameter of 

approximately 60 µm and gave rise to a threshold activation ratio of 1.77 between the Aδ-fiber 

and the Aβ-fiber model. In comparison, the ratio for the dimensions of the existing planar 

concentric electrode [1] was 1.02. For the planar concentric design to be able to activate the small 

Aδ-fiber model at a lower intensity than the large Aβ-fiber model, the area of the cathode had to 

be less than 0.085 mm2, corresponding to a cathode diameter of approximately 0.33 mm. 

For the intra-epidermal design, the optimal cathode area corresponded to an angle of 

approximately 26 degrees, which gave rise to an activation threshold ratio of 2.4 between the two 

nerve fiber models. However, the gain in the activation threshold ratio was very limited for cathode 

areas below 0.01 mm2 corresponding approximately to an angle of 124 degrees. This is also clear 

when comparing the optimized activation threshold ratio with the dimensions of the existing intra-

epidermal electrode, which had a cathode area of 1.45e-3 mm2, and produced an activation 

threshold ratio between the two nerve fiber models of 2.3. For the intra-epidermal design, the 

cathode area had to be less than 0.13 mm2 for the electrode design to preferentially activate the 

Aδ-fiber model, corresponding to a needle angle of approximately 162 degrees. 
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Figure 4: The electrical potential down a straight line directly under the cathode, for the planar concentric 

(A) and intra-epidermal design (B), at multiple cathode areas. 
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Figure 5: Activation threshold of the two nerve fiber models as a function of cathode area for the planar 

concentric (A) and intra-epidermal (B) design. 

 

3.2 Cathode Protrusion 

The activation threshold ratio was optimized at a cathode protrusion depth of 30 µm (activation 

threshold ratio was 32.1), 60 µm (activation threshold ratio was 13.6), or 100 µm (activation threshold 

ratio was 2.2), depending on the nerve fiber location. However, a limited change was seen in the 

activation threshold ratio, as the Aβ-fiber model was not affected by cathode protrusion and the Aδ-

fiber activation was mostly affected for the deep fiber location (z = -100 µm) (see figure 6A). 

Likewise, for the electrical potential in a straight vertical line under the cathode, the relative change 

in the potential was larger in the deep parts of the dermal skin layer (5-65 %) than in the superficial 

epidermis (0.1-40%) (see figure 6B).  
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Figure 6: (A) Activation threshold of the two nerve fiber models as a function of cathode protrusion. Three 

termination depths of the Aδ-fiber is presented, and the upper limit for the protrusion was 1 µm above the 

location of the nerve fiber tip, explaining the difference in protrusion length between nerve fiber locations.  

(B) The electrical potential down a straight line directly under the cathode, for multiple cathode protrusion 

depths.  

 

3.3 Anode-cathode distance 

The activation threshold ratio between the two nerve fiber models was maximized at an anode-

cathode distance of 100 µm. The maximized ratio was 3.08 and 1.22 for the intra-epidermal and 

planar concentric design, respectively. The electrical potential was mainly affected in the dermal 

skin layer (see figure 7), where the peak potential dropped by 59% for the intra-epidermal design 

and 34% for the planar concentric design. The difference in dermal potential from the smallest to 

the largest anode-cathode distance, continued to increase throughout the dermis. The low potential 

generated in the dermis resulted in an increase in the activation threshold of the Aβ-fiber model 

and consequently an increase in the activation threshold ratio between the two nerve fiber models 

(see figure 8). For the planar concentric design, the Aδ-fiber model was only activated at a lower 

intensity than the Aβ-fiber model when the anode-cathode distance was less than 2.9 mm.  
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Figure 7: The electrical potential down a straight line directly under the cathode, for the planar concentric 

(A) and intra-epidermal design (B), at multiple anode-cathode distances. 

 

Figure 8: Activation threshold of the two nerve fiber models as a function of anode-cathode distance for the 

planar concentric (A) and intra-epidermal (B) design. 

 

3.4 Anode area 
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The maximum activation threshold ratio achieved when optimizing the anode area was 2.3 and 

1.03 for the intra-epidermal and planar concentric design, respectively. The maximum ratio was 

obtained with an anode area of 0.06 mm2 for both electrode designs. From figure 9 (most 

pronounced for the intra-epidermal design), it is evident that with a smaller anode area, the current 

spread to the dermal layer was decreased but the current in the epidermis was relatively unchanged. 

The decreased electrical potential produced in the dermis caused an increase in the activation 

threshold of the Aβ-fiber model and thereby an increase in the activation threshold ratio between 

the two nerve fiber models (see figure 10). For the planar concentric design, the small Aδ-fiber 

model was only activated at a lower intensity than the large Aβ-fiber model when the anode area 

was less than 14 mm2. The increase in activation threshold ratio was very limited when the anode 

area became lower than approximately 9.6 mm2 and 0.2 mm2, for the planar concentric and intra-

epidermal design, respectively. 

 

 

Figure 9: The electrical potential down a straight line directly under the cathode, for different anode areas, 

for the planar concentric (A) and intra-epidermal design (B). 
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Figure 10: Activation threshold of the two nerve fiber models as a function of anode area for the planar 

concentric (A) and intra-epidermal (B) design. 

 

3.5 Optimized electrode dimensions 

The optimal electrode design parameters were all equal to the respective lower bounds of the 

optimization algorithm. Indicating that minimizing electrode dimensions improves the electrodes’ 

ability to activate small nociceptive fibers without concomitant activation of large non-nociceptive 

fibers. The dimensions corresponding to the optimization values of the electrode design parameters 

and the original dimension of the existing planar concentric [1] and intra-epidermal [2] electrodes 

are shown in figure 11. 
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Figure 11: The optimized electrode dimensions and dimensions of the existing planar concentric [1] and intra-

epidermal [2] electrodes. The electrode sketches were adapted from the electrode illustrations of  [10] . 

 

Comparing the original electrode dimensions to the optimized dimensions for each of the different parameters 

it was clear that the most gain in preferential small fiber activation was achieved from optimization of cathode 

area and anode-cathode distance (see figure 12). By optimization of the anode-cathode distance, the percentage 

increase in nerve fiber activation threshold ratio was 31.32% for the intra-epidermal electrode and 19.61% for 

the planar concentric electrode. For the cathode area, the activation threshold ratio between the two nerve fiber 

models increased by 4.84% and 77.79% for the intra-epidermal and planar concentric design, respectively. 

Optimization of the anode area on its own had the smallest effect with only 0.002 % increase in activation 

threshold ratio for the intra-epidermal electrode and a 0.83% increase for the planar concentric electrode. 

Combining the optimized parameters gave rise to a larger increase than for the individual parameters. For the 

intra-epidermal electrode, the combination of the optimized dimensions increased the activation threshold ratio 

by 94.69% from the original dimensions. The planar concentric electrode design had the largest potential for 

improvement, which was seen by the 321.90% increase in the activation threshold ratio for the combination of 

the optimized parameters compared to the original electrode dimensions. 
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Figure 12: Comparison of the original and optimized electrode design dimensions. The bar plot shows the relative increase in the 
activation threshold ratio between the two nerve fiber models for each of the optimized parameters. 

 

3.6 Area of selectivity  

The area of selectivity decreased from the original electrode dimensions to the optimized 

dimensions (see figure 13). The maximum selective area in the superficial epidermis decreased 

from 0.20 mm2 to 0.01 mm2 and from 0.12 mm2 to 0.007 mm2 for the planar concentric and intra-

epidermal design, respectively. However, the maximum activation threshold ratio between the 

nerve fiber models increased from the dimensions of the existing electrodes to the optimized 

design dimensions. For the superficial location of the Aβ-fiber model, and the location of the Aδ-

fiber model in the middle of the epidermis the activation threshold ratio increased from 2.3 to 4.6 

for the intra-epidermal and from 1.02 to 4.3 for the planar concentric design. The increase in the 

activation threshold ratio for the optimized dimensions was larger when the Aδ-fiber was located 

closer to the skin surface. At the deepest Aδ-fiber location (z = -101 µm) the activation threshold 

ratio between the two nerve fiber models was 0.36 for both the optimized intra-epidermal and 

planar concentric design. This corresponded to an increase from the original dimensions of 25 % 

for the intra-epidermal design and 92 % for the planar concentric design. The maximum achieved 

increase in activation threshold ratio was 289 % and 595 % for the intra-epidermal and planar 

concentric design, respectively. This was observed a few micrometers below the junction of the 

viable epidermis and the stratum corneum  (z = -25 µm) where the activation threshold ratio 
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between the two nerve fiber models was 14 for the optimized intra-epidermal design and 13.2 for 

the optimized planar concentric design.  

Additionally, the termination depth of the Aδ-fiber model, for which the electrodes could achieve 

selective stimulation directly under the cathode was increased for the optimized electrode 

dimensions. This was most pronounced for the planar concentric design as the depth of preferential 

activation directly under the cathode increased from 61 µm to 84 µm, corresponding to one-half 

and approximately two-thirds of the epidermal thickness, respectively. For the intra-epidermal 

design, the increase was from 82 µm to 90 µm in the model, corresponding to a preferential depth 

down to approximately two-thirds and four-fifths of the epidermis, respectively. 
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Figure 13: Interpolated plot of the radius for which the original and optimized electrode dimensions generated 

an electrical field that resulted in a lower activation threshold for the Aδ-fiber model than the Aβ-fiber model. 

The plot shows only the epidermis and was interpolated between calculations of the area of selectivity for Aδ-

fiber model depths of z = -21 µm, -41 µm, -61 µm, -81 µm, and -101 µm, all within the epidermal skin layer.  

Colors indicate the current activation threshold ratio between the two nerve fiber models and the black area 

indicates the protruding needle of the intra-epidermal design.   
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4. Discussion 

All the electrode parameters, except the needle protrusion, were optimized at their respective lower 

bound, which was set according to fabrication possibilities. The needle protrusion was optimal at 

a few micrometers above the location of the Aδ-fiber model. The combined optimized electrode 

parameters produced a smaller area of selective Aδ-fiber activation, but substantially increased the 

activation threshold ratio between the nerve fiber models and the depth within the epidermis for 

which preferential activation of small fibers could be achieved.  

 

4.1 Cathode dimensions 

. 

Small area electrodes limit the current spread and produce a more superficial current density [7]. 

The electrodes developed for small fiber activation have taken advantage of this relationship 

between electrode size and current density distributions and thus all have small cathode areas. 

These electrodes have been shown to elicit pinprick-like sensations, related to Aδ-fiber activation 

[1]–[4], [30]. This corresponds well with the findings of the present study for which it was likewise 

observed that smaller cathode areas produced higher electrical potentials in the epidermal skin 

layers and resulted in lower activation thresholds of the Aδ-fiber model. The cathode area of the 

planar concentric design was estimated only to be small fiber preferential when the cathode area 

was less than 0.085 mm2, corresponding to a cathode diameter of 0.33 mm. This is smaller than 

the findings of Mørch et al [7], who found that the cathode diameter should be less than 4 mm to 

achieve preferential activation of small Aδ-fibers. The difference could be due to differences in 

the discretization of the measurement points. The termination depth of the nerve fiber models may 

also account for some of the differences between the two studies. Mørch et al [7] included a random 

but uniform distribution of nerve fiber termination depths, however, to reduce the computational 

load and runtime of the optimization, the termination depth in the present study was fixed. 

Including more locations of the nerve fibers would likely increase the diameter of the cathode for 

which preferential small fiber activation can be achieved, due to the continuous drop in the 

electrical potential throughout the dermal layer. However, the optimized value of the dimension 

of electrode parameters would not be expected to differ, as the models’ termination depths were 

very conservative. 
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For the intra-epidermal design, the cathode area had to be less than 0.13 mm2 for this design to be 

small fiber preferential, which corresponds to an angle of the cathode needle of 162 degrees. At 

this point, the electrode is close to planar, and would not likely penetrate the skin. Therefore, an 

intra-epidermal electrode design is expected to be preferential for small fibers but it requires that 

it penetrates the stratum corneum. With pointier needles, the electrode may be slightly more 

preferential for small fibers, however, the smaller the electrode the more local the stimulation area, 

which may make the electrode less clinically relevant. The optimal protrusion of the cathode did 

as expected, depend on the termination depth of the target fiber, and was estimated to be optimal 

a few micrometers above the nerve fiber termination point. This is in line with the findings of 

Motogi et al [8], who additionally found a shallower protrusion depth to produce a higher in situ 

electrical field in the superficial skin layers than did a deeper penetrating cathode. They, therefore, 

suggested that a minor penetration depth would be beneficial when targeting C-fibers in the skin. 

The value of using protruding cathodes may thus depend on the intentional use of the electrode 

and the depth of the target nerve fibers, as the benefits of a protruding cathode increases for deeper 

lying nerve fibers. Additionally, having an electrode that penetrates the most resistive layer of the 

skin, the stratum corneum, may improve the impedance. 

 

 

4.2 Anode dimensions 

The dimensions of the anode had very little to no effect on the activation threshold of the Aδ-fiber 

model (maximum 4 µA change), however, it was of high importance for the activation threshold 

of the Aβ-fiber model. Especially the anode-cathode distance is of  high impact. A short distance 

between the anode and cathode resulted in a limited amount of current reaching the Aβ-fiber model 

in the dermal skin layer, making it more difficult to activate and thereby increasing the activation 

threshold ratio between the nerve fiber models. This is in line with the general understanding of 

current spread in the skin. Motogi et al [8], likewise investigated the anode-cathode distance for 

the intra-epidermal electrode, but opposite to the findings of the present study, they found little 

effect on the peak electrical field through the skin layers. They only investigated three distances, 

and no distances less than 1.3 mm, which may explain why they did not find any differences in 

the electrical field in the dermal layer. From figure 7 and 8, it is clear that the electrical potential 

within the dermis is greatly decreased for short anode-cathode distances and that the slope of the 
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activation threshold of the Aβ-fiber model becomes very steep when the anode-cathode distance 

decreases to less than 1.5 mm, and thereby increase the preferential activation of the Aδ-fiber 

model. The same tendency was observed for the planar concentric electrode, for which the anode-

cathode distance needed to be less than 2.9 mm for the electrode to be preferential for the Aδ-fiber 

model. 

 

The size of the anode likewise contributed to an increased activation threshold of the Aβ-fiber 

model, however, to a much lesser degree than the anode-cathode distance. Verhoeven and Van 

Dijk, 2006 [31], investigated the H-reflex in relation to the anode size and the pain experienced 

during stimulations. They found that with a small anode area (36 mm2) subjects tended to describe 

the sensation of the stimulation as sharp and cutting, whereas they for the large anode area (1,296 

mm2) chose words like pressing and gnawing to describe the sensation [31]. Furthermore, 

participants rated the pain higher for the small anode area, suggesting that the small anode area 

activated more cutaneous nociceptors [31]. This may be explained by the findings of the present 

study as a smaller anode area reduced the current spread to deeper tissues, thereby increasing the 

electrical potential difference between the superficial and deeper skin structures, leading to more 

preferential activation of pain mediating Aδ-fibers. 

 

4.3 Optimized electrode dimensions 

Combining the individually optimized electrode design parameters in an optimized electrode 

design increased the activation threshold ratio between the Aβ-fiber model and the Aδ-fiber model 

by 94.69 % and 321.90 % for the intra-epidermal and planar concentric design, respectively. The 

difference in activation threshold ratio was mainly due to a large increase in the activation 

threshold of the Aβ-fiber model, indicating the large influence of the anode on the depth of the 

current spread and thereby nerve fiber activation. It is thus clear that it is important to optimize 

both the cathode as well as the anode in order to improve preferential small fiber activation.  For 

the existing intra-epidermal electrode, Mouraux et al [11] concluded that stimulation intensities 

should be below two times the perception threshold to ensure preferential activation of small fibers. 

The model predicted a maximum activation threshold ratio between the two nerve fiber models of 

1.9 and 3.6 for the existing planar concentric and intra-epidermal electrode dimensions, 
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respectively. Considering the model estimates of the activation threshold as a rough approximation 

of perception thresholds, calculated from an average representation of the nerve fiber population 

[10], [20] the model predictions correspond well with the findings of Mouraux et al [11]. For the 

optimized electrode design parameters, the model predicted a maximum activation threshold ratio 

of 14 and 13.2 for the intra-epidermal and planar concentric design, respectively. Indicating, that 

by electrode optimization it might be possible to increase the feasible intensity range of preferential 

small fiber activation to around 10 times perception threshold.  

The small area of the optimized electrode design, however, may impose other issues, as the 

impedance increases with a smaller electrode area. Higher impedances increase the requirements 

for stimulator compliance. This could potentially mean that clinically available stimulators would 

not be able to deliver the necessary voltages or that only low intensities can be applied. 

Additionally, as the electrode area decreases the area of selectivity decreases. Having small 

electrodes makes the stimulation area more localized and is thereby able to activate fever nerve 

fibers. This very localized stimulation makes the use of the electrode, less clinically feasible as the 

electrode needs to be located very close to the nerve fiber and may have to be moved multiple 

times to achieve perception [9], [32]. To overcome this issue Inui and Kakigi et al [32] suggested 

the use of multiple electrodes or electrodes with multiple cathodes. Poulsen et al [10] compared 

the planar concentric electrode and the intra-epidermal electrode with a pin and planar array 

electrode, with 15 and 12 small cathodes, respectively. It was found that the use of multiple 

cathodes obtained a similar preferential activation as the other single cathode electrodes, but 

increased the area of selectivity, which would be beneficial in a clinical setting. Additionally, 

adding multiple cathodes or electrode pairs would increase the total electrode area and thereby 

decrease the impedance and the demands on stimulator compliance. This is, however, provided 

that all interfaces between the cathodes and the skin has equal impedance, which would not be the 

case if one of the cathodes have a poor skin contact or is located in close proximity to a low-

impedance skin appendage.  

 

4.4 Preferential activation of small fibers and nerve fiber location 

The original dimensions of the planar concentric electrode activated the Aδ-fiber model at 

approximately the same intensity as the Aβ-fiber model (activation threshold ratio 1.02). Poulsen 

et al [10] displayed an activation threshold ratio between the two nerve fiber models of 1.5 and 5.9 
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with a rectangular stimulation pulse of 0.1 and 10 ms, respectively. This is a higher ratio than in 

the present study, which is due to the location of the Aβ-fiber model. Poulsen et al [10] had the 

Aβ-fiber model located in the middle of the dermis instead of the superficial location in the present 

study. For the optimization and simulations in the present study, the Aβ-fiber model was located 

in the superficial dermis, to investigate if selective activation of small epidermal nerve fibers could 

be achieved. However, in hairy skin, the myelinated nerve fibers are most abundant around hair 

follicles and only a few fibers terminate in the superficial dermis [6]. Since single fiber activation 

is not enough to produce perception [33] and the electrode area of the planar concentric electrode 

is small it could be argued that superficial Aβ-fibers are not activated to a detectable degree. This 

may be the reason why pinprick like sensations and late EEG responses have been observed [12], 

[13] even for the original dimensions of the planar concentric electrode. However, the performance 

of the electrode is still highly debated as La Cesa et al [18] found the pricking sensation to be 

abolished after application of topical capsaicin, but no changes were evident in the EEG response, 

indicating that concomitant activation of large Aβ-fibers does occur even at low stimulation 

intensities. Suggesting, that activation of the superficially located Aβ-fibers does occur.  

For the optimized electrode dimensions, the model predicted that coactivation of Aβ-fibers will no 

longer occur as the planar concentric electrode design became selective for small fibers down to 

approximately two-thirds of the epidermal thickness. This increase in the depth for which small 

fibers may be activated at a lower intensity than large fibers is especially important if the electrode 

is to be used to assess small fiber neuropathy. In small fiber neuropathy loss and retraction of intra-

epidermal nerve fibers have been observed [19], [34]. The retraction of the nerve fibers means that 

their termination depth becomes greater and they thereby lie further from the skin surface. With 

existing electrodes, it would thus be difficult to activate the small fibers without co-activating a 

large number of large fibers, and thereby lose the information of small fiber function and integrity, 

when the small fibers start to retract due to small fiber neuropathy. However, with the optimized 

electrode design parameters, the model predicted that it will be possible to achieve preferential 

small fiber activation deep in the epidermal layer and thereby enable the possibility to assess small 

fiber function in patients with small fiber neuropathy and perhaps even diagnose and follow the 

progression of the disease. 

 

4.5 Study limitations 
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Several simplifications of the model were implemented to reduce computational complexity. To 

reduce complexity and computational time the electrode materials were not modelled, instead a 

normal current density was applied to the contact surface of the skin to simulate the electrode. 

Adding the electrode material would have enabled the modelling of the differences in current 

density that may arise across the electrode, however, due to the small size of the simulated 

electrodes, these differences were expected to be small and should not affect the results of the 

nerve fiber models. The junctions between skin layers were modeled as horizontal planes and skin 

appendages were omitted from the model. However, appendage structures such as sweat ducts 

have a large influence on the current spread as they establish a low resistance pathway for the 

current to reach deeper tissues [35]. Consequently, if the electrode is positioned upon a sweat duct 

the possibility of activating the deeper lying Aβ-fibers increases. However, as the dimensions in 

the optimized electrodes are small, the likelihood of placing the electrode at an appendage is 

minimal. Blood vessels may also affect the current spread in their close proximity via a shunting 

effect [36]. However, including the vessels in the present model is not expected to have an effect 

due to the location of the nerve fibers and the size of blood vessels within these areas. The Aδ-

fiber model was activated at the tip, which is located in the avascular epidermis. The Aβ-fiber 

model was likewise activated at the tip, which was located in the superficial dermis, where only 

small capillaries are located and therefore not expected to have significant effects on the potential. 

 

Hydrated skin has a higher conductivity than dry skin and hence the moisture content of the skin 

will affect the current spread. This was also evident in the sensitivity analysis of the tissue 

conductivities, which revealed the potential to change by up to approximately 1.5 V when 

increasing the conductivity of the different skin layers. The moisture content of the stratum 

corneum has a high impact on impedance values and may change over the time course of 

stimulation as the transepidermal water loss increases when applying electrical stimulation [37]. 

Apart from hydrating the stratum corneum, the increase in transepidermal water loss may introduce 

more moisture to the electrode-skin interface. This increased moisture content in the electrode-

skin interface may, due to the small electrode size of the optimized design, pose a risk of 

shortcutting the cathode and anode. This has, however, not been reported as an issue for other 

electrodes of similar sizes [4], and is therefore not expected for the proposed design dimensions in 

the present study. Furthermore, the steady-state solution was used for calculating the electrical 

potentials in the skin, disregarding the capacitive properties [10], [20] (supplementary materials).  
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The nerve fiber models were simplified to single fibers representing the average of the respective 

nerve fiber populations. The spatial distribution of nerve fibers in the skin was only partly 

considered for the Aδ-fiber nerve in the calculation of the area of selectivity, where locations for 

which an Aδ-fiber could be activated selectively was estimated. Previous validation of the model 

have shown that even with the specified simplifications, the model is able to predict experimental 

perception thresholds [10], [20]. It is likely that the average representation of the nerve fiber 

population is able to predict perception thresholds because the action potential is generated either 

at the tip or at the first node of ranvier.   

 

 

5. Conclusion 

There are two important aspects to consider when designing electrodes for small fiber activation. 

First of all to enable preferential activation of small fibers a high current density in the superficial 

skin layer, where these fibers terminate, is crucial. This can be achieved by small area cathodes. 

Secondly, the current spread to deeper tissue layers need to be limited to prevent large fiber 

activation. To this end, the anode dimensions are important as a small anode area and a small 

distance between the anode and cathode will cause the current to be concentrated superficially. 

 

The area of selectivity was decreased for the optimized electrode designs. However, the epidermal 

depth for which they could achieve preferential activation was increased and the optimized design 

increased the preferential activation of small fibers substantially, by increasing the activation 

threshold ratio between the two nerve fiber models by 92-595 % for the planar concentric electrode 

design and 25-289 % for intra-epidermal electrode design, depending on the termination depth of 

the activated Aδ-fiber. 
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