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Abstract: Transcutaneous nerve stimulation has several neuromodulatory applications, including pain
management, sensory restoration, and motor recovery. Transcutaneous stimulation delivered via electrode
arrays offers ease of use and reconfigurability through non-invasive means. Also, employing electrode arrays
allows regulation of the permeated electric fields for greater control over the stimulation performance. Field
shaping involves the regulation of permeated electric fields and is a well-established practice for deep brain
stimulation; however, its applicability to peripheral nerve stimulation still needs exploration. Adopting such
techniques can help to overcome current limitations with transcutaneous stimulation, like poor targetability,
early onset of fatigue, and perceived discomfort. This article provides a perspective on the applicability of field-
shaping techniques in improving the overall stimulation outcome.
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Background

Transcutaneous stimulation via electrode arrays is becoming prevalent for personalized and
home-based rehabilitation as they offer non-invasiveness, ease of use, reusability, and
reconfigurability [1-3]. They facilitate the modulation of nerve activity by activating or inhibiting
nerve function for motor recovery, pain management, and sensory restoration. The field is also seeing
advances with wearable neuroprostheses utilizing electrode arrays for assistive and therapeutic
interventions [4-6]. Electrodes within an array have innate electric field interactions that permeate
through tissue layers to excite the target region. For highly selective stimulation, these electric fields
must be confined to the target areas [7]; however, regulating these fields can be arduous with
transcutaneous delivery. The resulting charge spillage can activate the neighboring regions. Due to
poor control, applications of electrical stimulation to motor function [2,8,9] still face challenges,
including co-contraction of neighboring muscles due to poor targetability, discomfort, and rapid
onset of fatigue due to synchronous activation. Often, sophisticated stimulation techniques are
explored to improve the overall outcome.

Field shaping is a technique that involves the regulation of complex electric fields to facilitate
targeted stimulation [10]. This is achieved through control over the shape, size, and location of active
electrodes in an array, and the stimulation waveform. Ultimately, generating complex spatial
stimulation patterns allows targeting narrower regions than those stimulated using traditional
monopolar strategies. This technique is widely used for near-field stimulation, applied to deep brain
stimulation (DBS), visual and auditory prostheses. These applications deploy segmented electrodes
or electrodes with multi-contact designs to facilitate the formation of complex stimulation patterns
[11]. Applications involving near-field stimulation embed electrodes directly in the neural tissue.
However, for transcutaneous stimulation, the electric field permeation is also influenced by the
properties of tissue layers in addition to electrode properties.

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202401.1267.v1
http://creativecommons.org/licenses/by/4.0/

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 January 2024 doi:10.20944/preprints202401.1267.v1

Integrating field shaping into clinical DBS systems facilitated customized stimulation delivery
for improved therapeutic efficacy [10,12]. For spinal cord stimulation (SCS), cathodal steering enabled
the targeting of neural tissues for pain relief [13,14]. Modeling and analyzing these electric fields help
optimize stimulation protocols, tailoring electrode configurations, intensities, and duration to
improve the clinical outcome of SCS [15]. Similarly, utilizing electrode arrays and optimizing
separatrices avoided crosstalk and facilitated the electric field into target volumes for ophthalmology
applications [16]. Also, optimal electrode settings and stimulus parameters modulated the retina
observation surface electric field distribution [17]. Theoretical and physical modeling studies indicate
that field-shaping strategies effectively stimulate narrow regions of the auditory nerve [18]. Current
steering also improved the spectral resolution and pitch perception with cochlear implants [19].
Advances in high-density electrode arrays may provide a low-power, high-resolution alternative to
current steering with contemporary cochlear arrays [20].

As mentioned above, field-shaping and electrode design advances have improved the status quo
of near-field stimulation. Similarly, complex stimulation patterns from shaping the electric fields can
be leveraged for transcutaneous stimulation. Specifically, for applications involving motor function,
these novel stimulation strategies can be explored to improve spatial selectivity, targetability,
comfort, regulation of stimulation-induced fatigue, and compensation of electrode displacement.
With this aim, this article provides a perspective on the applicability of field-shaping to
transcutaneous stimulation delivered via electrode arrays.

Computational modeling to study field shaping

Computational models are often relied upon to study electric field distribution, as assessing
them is arduous in an experimental setting. These models have helped with characterizing electrodes
for DBS, retinal and auditory prostheses [12,15,17]. Similarly, such models are widely used to study
transcutaneous stimulation, including the prediction of sensory and motor thresholds [21,22],
assessment of stimulation protocols [23] and improvements to electrode designs [24,25].
Furthermore, single-stage models that simultaneously capture field distributions in a volume of
tissue layers and the resulting neuronal response can further advance the applicability of field
shaping to transcutaneous stimulation [26]. The model predicted current density and electric field
distributions help derive metrics for stimulation selectivity, comfort, and safety. As in Table 1, these
metrics can quantify the overall stimulation performance when assessing several field-shaping

strategies.
Table 1. Metrics to evaluate the stimulation performance.
Surface area
. Surface eccentricit
Selectivity of . y
. . Activation volume¥ Depth

stimulation
Volume
Surface-to-volume ratio

Non-uniformity coefficient Non-uniformity of current density
Safety of stimulation Non-uniformity of electric field

Stimulation intensity Stimulation amplitude

Sensory threshold

Stimulation comfort ~ Stimulation intensity Stimulati litad
imulation amplitude

¥ Assuming a hemiellipsoid topology represents a highly selective activation volume when targeting deep nerve fibers

Most studies report the topology of the electric field as activation volume (AV). The AV has been strongly

coupled with clinical benefits for neurostimulation applications [27]. It represents a lobe of tissues under the
active electrode with the same electric field potential (iso-surfaces) that signifies potential areas of neuronal

excitability. Each AV is unique to fiber diameter, stimulus duration, and electrode configuration (shape, size,

and inter-electrode distance) [28,29]. To quantify the electrode’s selectivity, the surface area, surface

eccentricity, depth, and topological volume of the iso-surface are derived. An AV with a lower surface-to-
volume ratio (SA:V) tends to avoid charge spillage and is highly selective. Additionally, the current density
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profiles must be analyzed to estimate the stimulation safety. During transcutaneous stimulation, regions of
high current density with high voltage gradients must be avoided. Thus, the non-uniformity coefficient of the
current density and electric field can be used to quantify stimulation safety [30]. Lastly, as complemented by
experimental values, metrics like stimulation amplitude and sensory threshold can qualitatively assess
simulation comfort [30].

Field shaping by modifying electrode properties

Electric field modulation can be facilitated by electrode morphology or configuration pattern.
Field shaping is commonly done using several return configurations and current steering methods.
Activation of several electrodes simultaneously modifies the shape of the electric field. This is due to
the summation effect from two or more simultaneous electric fields. Such multipolar configurations
improve upon traditional monopolar stimulation [31-33]. These electric fields can be further
modified by altering the parameters of the stimulation waveform. Furthermore, the geometric,
chemical, mechanical, and physical configuration of electrodes also influences the stimulation
performance [34]. While several parameters provide leverage over the modulation of electric fields,
studies that apply field-shaping strategies to transcutaneous stimulation are still scarce.

Figure 1 depicts the framework for implementing and assessing field-shaping techniques for
transcutaneous stimulation. The stimulation outcome is evaluated for selectivity, comfort, and safety
by varying the electrode properties, configuration, and stimulation parameters. Existing studies that
modify these input parameters to improve stimulation outcomes are discussed in the following

sections.
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Figure 1. A computational modeling framework to evaluate field-shaping strategies for
transcutaneous stimulation.

Several studies have assessed the influence of electrode size for transcutaneous stimulation
using computational models. Smaller electrodes tend to be more selective but are prone to discomfort.
However, the choice of electrode size also comes down to muscle targets. A study by [35]
recommended larger electrodes for more comfortable stimulation. It required a lower amplitude to
simulate larger muscles like quadriceps, hamstrings, and gluteal muscles. Since forearm muscles are
tightly packed, the use of smaller surface area electrodes is preferred for selective activation [2,36,37].
Nevertheless, small surface area electrodes are discomforting due to their high current density
profiles [9,21]. Small electrodes are comfortable for thin fat layers and superficial nerves, and larger
electrodes are more comfortable for thicker fat layers and deeper nerves [38]. Also, small electrodes
give more granularity with electrode arrays, and their shapes can be altered dynamically.

Each electrode geometry can have a unique current density and field distribution profile [39].
Thus, by customizing the electrode geometry, the AV can be regulated. Commercial multi-layered
electrodes are bulky and have a large form factor. Hence, they tend to constrain most forearm
movements and can be far from desirable. Achieving comfortable stimulation by changing the surface
geometry emphasizes the potential for simple, single-layered electrodes. Also, for transcranial
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stimulation, concentric and ring-like geometries performed better than conventional electrodes
[40,41]. Studies assessing the influence of electrode geometries for cardiac pacing and
neurostimulation have reported several advances using high-perimeter electrodes. The study by [30]
used model-based analysis and experimentation to demonstrate that electrode geometries and their
underlying current distribution are important for selectivity and comfort. And have identified
suitable electrode geometries that offered better stimulation performance than conventional circular
electrodes.

The electrode-skin impedance and the electrode properties primarily steer the current density
distributions on the electrode surface [42,43]. Stimulation electrodes have regions of high current
density along their periphery. These regions can cause inefficient stimulation and mild inflammatory
responses [9,44]. Also, the penetration of high-density current into the dermo-epidermal regions
induces pain sensation [21]. The electrode surface has to be modified to achieve optimal current
distribution [9,37,45] or by adding current redistribution layers [46—48]. Notably, electrode arrays are
also influenced by the presence of hydrogel [49]. The performance of conductive hydrogels that are
used to redistribute the currents is highly non-linear, subjective, and deteriorates over time [50]
[51,52]. As the stimulation efficacy and focus are affected by hydrogel resistivity, a modeling study
suggests using a high-resistivity hydrogel interface layer only for short periods [50]. Alternatively,
wet textile electrodes have also shown similar stimulation performance to conventional electrodes
[53].

Dry carbon-based electrodes that are conformable also have good stimulation performance and
are suitable for wearable electrode arrays [6]. The study computationally assessed different materials
and how their conductivities affected the electric field distribution.

Controlling the magnitude, polarity, and number of active contacts introduces additional control
over the shape of the electric field. Several studies have assessed the influence of electrode size, shape,
and configuration on the permeated electric field [30,39,54].

An ideal electrode configuration must confine the charges to targeted regions and elicit a
submaximal response. Also, when considering optimal electrode configurations, in addition to
leveraging overlapping electric fields for larger areas of activation, their effect on muscle fatigue must
be considered. When considering multiple electrodes, there is a slight increase in fatigue conditions
compared to single electrodes [55]. Still, this can be mitigated with multi-array electrode
configurations through asynchronous stimulation. Using multiple current sources is an effective
means of stimulation [56]. Similarly, stimulation delivered via multi-pad electrodes delayed the
occurrence of fatigue [57]. Additionally, the use of multipolar configuration can help to compensate
for shifts in electrode displacement [7,58,59].

If the two stimulation electrodes have the same surface area, the electric field generated between
them and its consequent effect on the excitability of a target motor point is influenced by the inter-
electrode distance (IED). A consensus is that selectivity and muscle recruitment increase with a
decrease in IED. However, for large muscles such as the quadriceps or tibialis anterior, muscle
recruitment increased with IED due to the availability of multiple motor points along the path of the
charge flow. Many fibers can be activated by choosing optimal inter-electrode distances[55]. For
larger electrodes, [60] demonstrated that a large volume of tissues was active with a small inter-
electrode distance. However, the inter-electrode distance must be larger for small electrodes to
activate large volumes of tissues. Another study indicated that smaller inter-electrode distances
would result in more focal stimulation when applied to areas with low subcutaneous fat [61].
Nevertheless, guidelines in choosing appropriate electrode configurations for a specific muscle to
elicit desired contraction levels are limited. Despite the inter-subject variability due to nerve depth
and fat thickness, studies have achieved the desired muscle response with suitable electrode
configurations that facilitated selective field generation. Optimization algorithms can help to identify
suitable electrode locations and configurations to evoke the target response [59,62,63].

Electrode arrays have inherent challenges with setup time, strategies to identify suitable virtual
electrode configurations, reducing discomfort, and user integration. Also, the inter-subject variability
due to never depth, fat thickness, and other intrinsic factors influence the overall stimulation
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outcome. Hence, it remains an optimization problem to identify suitable electrode combinations and
stimulation parameters to customize stimulation delivery. Still, advances in electronics and switching
circuits are improving the control of electrode arrays with multiple current sources. Also, the
calibration time with electrode arrays can be simplified by automated algorithms [59]. Moreover,
field-shaping strategies can improve transcutaneous stimulation when combined with advances in
stimulation techniques, electrode configurations, material properties, and interface layers.

Conclusion

Field shaping allows for regulating permeated electric fields and is a well-established practice
for deep brain stimulation; however, its applicability to peripheral nerve stimulation still needs
exploration. Adopting such techniques can help to overcome current limitations with transcutaneous
stimulation, like poor targetability, early onset of fatigue, and perceived discomfort.
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