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Abstract. An important consideration in the design of any electrical stimulation paradigm is the 
stimulus current waveform. In this paper we have investigated, through numerical modeling, a stimulus
current waveform designed ad hoc to control the neural fibers temporal activation according to their 
different diameter. The stimulus consists of a series of depolarized pre-pulses, both over- and sub-
threshold, and designed based on the nonlinear conductance properties of neuronal cell sodium 
channels, followed by a stimulus pulse. The simulations of the fiber response to such stimulus were 
performed on an unmyelinated fiber with a computational approach, based on the use of a single cell 
model, i.e. the Hodgkin and Huxley model, and are compared to the response to commonly used single 
monophasic stimulus current waveform. Our results show how the ad-hoc designed stimulus current 
waveform ensures the control of fiber activation in time and the activation/ inactivation of fibers with 
different diameters. This sheds new light on the possibility to develop a new paradigm for selective and 
controlled neural stimulation.
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1. Introduction
Since L. Galvani has discovered the electric induced activation of neural fibers (Galvani, 1791), 

little has changed in the stimulation paradigm used to control the electric stimulation. During the years, 
many efforts to improve mathematical modeling of neural response to stimulation (Frankenhauser and 
Huxley, 1964) (Chiu et al., 1979) (Schwarz and Eikhof, 1987) (Smit et al., 2009) and to develop 
micro/nano electrodes for a more focused stimulation, such as the transverse intrafascicular 
multichannel electrode, and the multi-contact cuff electrode, (Polasek et al., 2007) (Boretius et al., 
2010) (Page et al., 2018) have been performed. However, the nowadays application of the techniques 
and stimulation paradigms cannot fully account for a total controlled stimulation in time and space of 
the electrical signal. Thus, what generally is done is to provide to a bundle nervous fibers an 
overpowering monophasic stimulus to elicit an action potential (AP) to maximize the probability of 
success, affecting a huge number of fibers without any control, with the disadvantages to produce a
coarse stimulation in the patient, and possible damages to the biological tissue around the electrode in 
the long-term. In the last years many techniques, using extracellular stimulation, were investigated for 
the design of stimulus waveforms allowing a better selective stimulation (Grill and Mortimer, 1995) 
(Hennings et al., 2005) (Deurloo et al., 2001) (Grill and Mortimer, 1997). Based on these studies, this 
work aims to test the possibility to drive a controlled stimulation in time, applying a stimulus current 
waveform made of depolarizing pre-pulses (DPPs), both sub- and over-threshold, followed by a 
stimulus pulse. The DPP is a cathodic current stimulus that acts differently according to the fiber 
dimension; moreover, if the DPP duration is long enough it decreases the cell excitability, while short 
duration DPP increases the cell excitation (Grill and Mortimer, 1997). In this study, we adjusted the
DPP timing based on the nonlinear conductance properties of the neural sodium channel, as suggested
by Grill and Mortimer (1997). Moreover, we exploited the concept of the temporal summation, which 
usually refer to the possibility to sum up the sub-threshold postsynaptic potentials, until the sum 
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exceeds the excitation threshold and an AP occurs (Brown, 2000); here we considered as input the
current stimulus injected into a single cell model. The outcomes of this investigation have allowed 
demonstrating that ad-hoc designed current waveform stimuli, in comparison to uncontrolled and 
unselective activation of monophasic stimuli, could be used to selectively activate at different times the 
fibers according to their geometry.

2. Material and methods

2.1 HH model
A computational approach, based on the use of a single cell model, i.e. the Hodgkin and Huxley 

model (HH model), was used in this study. The HH model is a mathematical model that describes how 
APs are initiated and propagated in neuronal cells, based on non-linear differential equations that 
approximate the electrical characteristic of excitable cells (Hodgkin and Huxley, 1952). The HH model 
was developed with the programming language MATLAB (The MathWorks Inc., Natick, 
Massachusetts). The stimulation has been performed on an unmyelinated fiber with a monopolar 
intracellular electrode positioned in a cell membrane point, considering a local impulse and not its 
conduction. Thus, we focus on how the response to local stimulus evolves in time. 

2.2 Diameter fibers
To simulate the behavior of different fibers with the single-cell HH model we changed the specific 

membrane capacitance value Cm., which is linked to the fiber dimension. From literature, it is well 
known that as the fiber diameter increases, the conduction velocity increases as well, and vice versa 
(Debanne et al., 2011). More precisely, for an unmyelinated fiber holds (Pumphrey and 
Young, 1938) (Hodgkin and Huxley, 1952). Moreover, Muler and Markin (1977) found that the 

velocity of the propagating nerve impulse in an unmyelinated fiber is equal to where z is a 

constant and cm is the membrane capacitance per unit length [μF/cm]. Consequently, a quadratic 
inverse proportionality between the membrane capacitance per unit length and the fiber diameter exists.
This way, changing the cm, directed proportional to the Cm (Plonsey & Barr, 2007), we varied the fiber 
diameter. Specifically, we considered three different diameter fibers: the bigger one with Cm=0.5
μF/cm2, the medium one with Cm=1 μF/cm2 (Hodgkin and Huxley, 1952), and the smaller one with 
Cm=1.3 μF/cm2.

2.3 Stimulus design and temporal summation
The ad hoc stimulus current 

waveform is composed of a series 
of DPPs with constant current 
amplitude (ΔI between one DPP 
and the next one equals 1 mA or 2 
mA) and duration as described 
below, followed by a stimulus 
pulse with different values of 
maximum current amplitude Imax
= 4, 6 and 8 mA, and pulse width
tpulse. To set the DPP width, we 
exploited the passive membrane 
behavior and the non-linear 
conductance properties of sodium 
channels, and we applied the 
concept of temporal summation 
using a series of DPPs (Fig. 1). In 
particular, the DPPs duration, here 
calibrated on the medium fiber 
with Cm=1 μF/cm2, has to provide 
a maximum cell membrane 
capacitance charge, and almost 
null discharge. To do that, we 
have considered an initially DPP 
random duration t, and through 

Figure 1. (a) First DPP width set as tDPP1max charge=4.34 
ms and second DPP with tDPP2max charge=3.06 ms. (b) 
Example of temporal summation of membrane potential
on a fiber with Cm= 1 μF/cm2.
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the analysis of the activation sodium parameter m, derived from the HH model MATLAB function, we 
derived the time at which corresponds to the maximum values of m, which in turn, corresponds to the 
maximum cell membrane charge time, defined as tmax charge. Similarly, we found the corresponding tmax 

charge of the second DPP, following the first DPP, and so on. This preliminary analysis allowed us to 
establish that using ΔI=1 mA between all the DPP cannot lead to an AP, regardless of the Imax reached. 
That is due to the accommodation effect which prevents the potential to reach the threshold (Grill and 
Mortimer, 1995) (Lin et al., 2000). To overcome this constraint, we increased the last DPP stimulus 
pulse amplitude by 2 mA.

Consequently, in the next section, the ad-hoc stimulus current waveform was applied to the 
differently-sized fibers and compared with a monophasic stimulus current waveform with amplitude 
and pulse width equals to Imax and tpulse, respectively.

3. Results
Figure 2 shows the response of the three fibers (Fig. 2C and 2D) when a classical monophasic (Fig.

2A, Imax= 6 mA, tpulse =3 ms) and an example of an ad hoc designed stimulus waveform (Fig. 2B) are
provided. In particular, when the single monophasic stimulus is applied all the fibers are activated in 
about less than 2 ms (Fig. 2C). On the contrary, with the ad-hoc designed stimulus, the fibers are 
activated in a longer temporal range of about 7 ms (Fig. 2D). 

Figure 2. A) Monophasic single stimulus pulse (Imax=6 mA, tpulse=3-ms). (C) Membrane potentials response
after the monophasic stimulus was applied. (B) Ad hoc designed stimulus current waveform consisting of 
two DPPs of 5.27-ms with 2 mA and 3.2-ms with 4 mA, followed by the monophasic single stimulus 
pulse. The dashed red line defines the monophasic single stimulus on the left. (D) Membrane potentials
response after the ad-hoc stimulus current waveform was applied.

Figures 3 and 4 show an example of activation and inactivation of different sized fibers, 
respectively, obtained by reducing the stimulus pulse duration tpulse.
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Figure 3. (A) Monophasic single stimulus pulse (Imax= 6 mA, tpulse=1-ms). (C) Membrane potentials response
after the monophasic stimulus was applied. (B) Ad hoc designed stimulus current waveform (same 
stimulus current waveform of figure 2B with tpulse=1-ms). The dashed red line defines the monophasic 
single stimulus on the left. (D) Membrane potentials response after the ad-hoc stimulus current 
waveform was applied.

Figure 4. (A) Monophasic single stimulus pulse (Imax=6 mA, tpulse=3.25-ms). (C) Membrane potentials
response after the monophasic stimulus was applied. (B) Ad hoc stimulus current waveform consisting of 
four DPPs of 4.34-ms of amplitude 1 mA, 3.06-ms with 2 mA, 2.48-ms with 3 mA, and 2.13-ms with 4 
mA, followed by the monophasic single stimulus pulse. The dasher red line defines the monophasic 
single stimulus on the left. (D) Membrane potentials response after the ad-hoc stimulus current 
waveform was applied.

From figure 3 and 4, is clear how our model can activate or inactivate fibers in a group, but not 
specifically. Thus, for example, in Fig. 4D only the fibers with Cm≤1 μF/cm2 are activated, or rather, 
fibers with a diameter higher than the diameter at which corresponds Cm=1 μF/cm2. The fibers with 
Cm>1 μF/cm2 are all non-activated.

4. Discussion and conclusions
This paper conducts a preliminary study to assess the capability of an ad-hoc designed stimulus 

current waveform to activate fibers at different times and to control their activation/inactivation. The 
results show how the implemented strategy allows differentiating the fibers activation time based on
their dimension (Fig. 2). This could pave the way for a more controlled AP timing and fibers firing rate
that, in turn, impact the transmission of information (Averbeck and Lee, 2004). Indeed, by repeating
over time the same stimulus current waveform, each fiber generates an AP spike train with different 
frequencies, sending different information to the post-synaptic neuron. Furthermore, the implemented 
strategy permits, by changing the stimulus pulse width, to activate or inactive a target of fibers. As 
shown in Fig. 3, in comparison with Fig. 2, smaller fibers can’t be activated by a short monophasic 
pulse. On the contrary, using ad hoc designed DPPs before the same stimulus results in the medium-
sized fiber activation. Similarly (Fig. 4) a supra-threshold monophasic stimulus, when preceded by 
DPPs could allow inactivating the smaller fiber.

In conclusion, this strategy achieves two main advantages in the field of electrical stimulation.
First, it is demonstrated the possibility to change the activation fibers time, allowing in perspective the 
control of the AP timing of differently sized fibers. Similarly, by decreasing the stimulus pulse width, it 
is possible to inactivate smaller fibers. Therefore, it would be interesting to investigate the 
implementation of such ad-hoc designed stimulus current waveform with the transverse intrafascicular 
multichannel electrode (TIME) (Boretius et al., 2010), which is a neural interface specific for fiber,
which provides an higher spatial selectivity. Therefore, with this implementation complete control of 
the electrical stimulation both in time and space could be possible.

Future investigations are also required to evaluate a different balance charge to prevent electrode 
corrosion (Pudenz et al., 1975), and the effect of the extracellular stimulation in which also the distance 
electrode-fiber is considered to inversely (i.e. small-before-large) recruit the fibers (Grill and Mortimer, 
1997) (Deurloo et al., 2001) (McIntyre and Grill, 2002).
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