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Multichannel Nerve Stimulation for Diverse
Activation of Finger Flexors

Henry Shin and Xiaogang Hu

Abstract— Objective: Neuromuscular electrical stimula-
tion (NMES) is a common approach to restore muscle
strength of individuals with a neurological injury but restor-
ing hand dexterity is still a challenge. This study sought
to quantify the diversity of finger movements elicited
by a multichannel nerve stimulation technique. Methods:
A 2 × 8 stimulation grid, placed on the upper arm along the
ulnar and median nerves, was used to activate different fin-
ger flexors by automatically switching between randomized
bipolar electrodes. The forces from each individual finger
as well as the high-density electromyogram (HDEMG) of the
intrinsic and extrinsic flexors were recorded. The elicited
finger forces were categorizedusing hierarchicalclustering,
and the 2D correlation of the spatial patterns of muscle
activation was also calculated. Results: A wide range of
movement patterns were identified, including multi-finger
and single-digit movements. Additionally, a number of elec-
trode pairs elicited similar finger movements. The muscle
activation patterns showed similar and distinct spatial pat-
terns, signifying activation redundancy. Conclusion: These
results revealed the diversity of elicitable finger movements
and muscle activations. The system redundancy can be
explored to compensate for system instability due to fatigue
or electrode shift. The outcomes can also enable the devel-
opment of an automatic calibration of the stimulation.

Index Terms— Neuromuscular electrical stimulation,
neuroprosthesis, finger dexterity, hand function, finger
flexion.

I. INTRODUCTION

WEAKNESS of the hand is a major contributor to the
loss of self-sufficiency and independence following a

neurological injury such as a stroke [1]–[3] or a spinal cord
injury [4], [5]. The loss of the descending drive to the muscles
is typically the main initial cause of the paresis [6], but paresis
associated complications, including disuse and further atrophy,
can aggravate the loss of strength. Neuromuscular electrical
stimulation (NMES) is a commonly utilized tool to augment
muscle activation and to restore functions of the hand [7]–[10].
Although conventional electrical stimulation methods have
shown benefits in increased grip strength and object manipula-
tion [11]–[13], NMES techniques still face various limitations
in their specificity and selectivity of different finger movement
patterns.
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Conventional NMES uses large electrodes placed on the
skin near the motor points of the targeted muscles to deliver
electrical stimulation and induce muscle-specific movements.
For finger flexion NMES, these electrodes are typically placed
on the anterior compartments of the forearm and are often only
able to elicit gross grasp patterns involving all the fingers.
Recent developments to improve the specificity and range of
motions in the hand have focused on using multi-electrode
grids to distribute the stimulation across different muscles
or muscle regions [14]–[16]. For example, a wearable hand
NMES system developed by Crema et al. utilizes electrode
arrays across the hand and forearm to selectively control the
hand [17].

An alternative method for NMES is the stimulation of the
more proximal nerve bundles. Several studies have demon-
strated that proximal nerve stimulation in the lower limb can
better involve central pathways, which can also delay fatigue
onset [18]–[20]. For finger flexion, the ulnar and median nerve
bundles are superficially accessible near the biceps brachii.
Previous studies have shown that stimulation in this region
is able to elicit a variety of finger movement patterns which
include both single finger and multi-finger activation [21],
and some preliminary studies on the use of a multi-electrode
array to select movement patterns have demonstrated the
selective capabilities of this method [22]–[24]. Stimulation of
the proximal nerve bundle has also shown the ability to delay
muscle fatigue onset [25]–[27].

However, the multi-electrode array either targeting the mus-
cle belly or the nerve bundle typically relay on manual search
for a single electrode pair which elicits a desirable motion.
As a result, the determination of which set of electrodes is
best to use for a desired motion is non-trivial, and inter-session
replication still requires extensive stimulation and motion
identification every time the electrode arrays are replaced.
This electrode array characterization is therefore a common
feature of multi-electrode systems and necessitates automated
calibration methods for streamlined usage [28]. A broader
characterization of the stimulation method and the available
movement patterns as well as its repeatability across subjects
has not been investigated.

Accordingly, the objective of the current study was to
quantify the types of finger flexion patterns elicited through
the multi-electrode array by utilizing an automated electrode
search procedure. The forces from individual fingers were
obtained to quantify the movement patterns. High-density
electromyogram (HDEMG) on the palm and on the anterior
forearm were recorded to capture both intrinsic and extrinsic
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Fig. 1. Overview of Experimental Setup. A stimulation grid of electrodes
(right) along the ulnar and median nerves was used to selectively activate
unique patterns of finger flexion forces. The motor activity from each pair
of electrodes was recorded using individual force transducers (left) and
an array of high-density EMG electrodes (middle). Samples of data are
also shown. Each stimulation through an electrode pair elicits a unique
force profile and set of HDEMG activity which can also be simplified as
a heat map (top).

muscle activities. The 2D correlation of the spatial patterns of
muscle activation was calculated to assess the redundancy of
the system. Our results revealed a diverse set of finger flexion
patterns. This catalogue and automatic detection of available
finger forces can establish a basis for further development of
an NMES system for rehabilitation and functional assistance.

II. METHODS

Eight neurologically intact subjects (6 males, 2 females,
20-34 years of age) without any known neurological condi-
tions were recruited. All subjects gave informed consent with
protocols approved by the Institutional Review Board of the
University of North Carolina at Chapel Hill.

A. Electrical Stimulation Generation

A 2×8 grid of individual round electrodes (1 cm diameter)
was placed near the biceps brachii on the medial side of
the arm where the ulnar and median nerves are located just
below the skin (Figure 1). The grid of electrodes was aligned
parallel to the nerve bundles, and each electrode was placed
on average ∼1.5 cm apart from each other. Each electrode
was routed through a switch matrix (34904A, Agilent Tech-
nologies), and all stimulation was delivered using an 8-channel
programmable stimulator (STG4008, Multichannel Systems).
Stimulation trains could be generated and routed through any
pair of electrodes. All stimulation was delivered in biphasic
pulses with a 500 µs pulse width, and a pulse frequency
of 30 Hz.

B. Automated Stimulation and Motor Activity Recording

The resultant EMG and force elicited by the electrical stim-
ulation was recorded as a measure of motor activity (Figure 1).
An 8×16 HDEMG array (ELSCH064NM3, OT Bioelettron-
ica) was placed over the extrinsic flexor muscles of the hand.
An 8×4 HDEMG array was also placed on the palm over
the intrinsic hand muscles. Ground and subject reference

electrode bands were placed around the wrist and elbow,
respectively. All 160 monopolar EMG channels were amplified
at a gain of 200, filtered at 2-900 Hz, and sampled at 5120 Hz
(EMG-USB2+, OT Bioelettronica). The force of each individ-
ual finger was also recorded through four separate 100 N force
transducers (SM-100N, Interface Inc.), which were individu-
ally fixed to each finger using custom 3D printed cradles. The
force signal was sampled at 1000 Hz. The EMG and force
was recorded synchronously with the electrical stimulation.
To improve the efficiency of searching through the stimulation
electrode grid, the electrical stimulation generation, switch
matrix control, and EMG/force acquisition were all fully
automated via a custom-made MATLAB user interface. This
overall procedure is illustrated in Figure 2A. The stimulator
was connected to a randomly selected pair of stimulation
electrodes. Bipolar, charge-balanced electrical stimulation was
generated across the electrode pair, and the EMG and force
signals were simultaneously triggered to sample for the dura-
tion of the electrical stimulation. A 0.5 second of electrical
stimulation was delivered per electrode pair to allow force
accumulation, which was repeated 3 times with 1 second
of rest between stimulation. From each set (0.5 second) of
stimulation pulse trains, the elicited compound muscle action
potential (CMAP) could be isolated from the EMG signal
between stimulus times. For each stimulation, the individual
finger forces were also obtained during the total 1.5 second
duration of the stimulation and rest time. This set of CMAP
EMG activity, four finger forces, and stimulation parameters
was recorded for every available combination of stimulation
electrode pairs in the 2×8 stimulation grid (a maximum
of 120 combinations).

C. Procedure

Subjects were seated in front of the force transducers.
An initial current stimulation (4 mA) was used to deter-
mine and disable any individual electrode which elicited a
strong noxious sensation local to the stimulation site. Of the
16 stimulation electrode sites, one subject had three electrodes
removed, two subjects had one electrode removed, and the
remaining 5 had no electrodes that induced noxious sensation.
The HDEMG electrode arrays were then placed on the forearm
and hand. The wrist was prevented from applying force to the
transducers by holding the palm and forearm in a neutral posi-
tion between Styrofoam-covered U-shaped wooden blocks,
secured to the table. Once the fingers and wrist were all secure,
the subject was requested to produce maximum voluntary
contractions (MVCs) of each individual finger. Following the
MVCs, the automated switch-stimulator system was initiated
to cycle through every available combination of stimulator
electrode pairs at an initial current of 3 or 4 mA. The default
current of 4 mA was used in most cases. If there were
pronounced flexion forces of all the fingers above 50% MVC,
which resulted in a single strong force pattern from all of the
fingers, an initial current of 3 mA was used in 3 of 8 subjects.

Upon completion of the initial search, the pair of electrodes
which produced the strongest average peak force was selected
as a representative electrode pair for further testing. This
pair was used to estimate the current-force relation of the
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Fig. 2. Search Procedure Diagram. A) Depiction of the automated
search procedure. Each stimulation electrode pair is repeated 3 times
while recording the resultant EMG and force. B) After the initial search,
a current-force relation is obtained at the electrode pair which elicited
the maximum force. Each current-force data point is plotted live for the
experimenter, and the sigmoidal fit (black line) is calculated and overlaid
on the data. Two current values were identified which matched 5% (blue)
and 20% (red) activation levels for further automated grid searching.

whole grid, and to obtain the current value which corre-
sponded to ∼5% and ∼20% of the averaged MVC (Figure 2B).
These two levels were selected as a general estimate of low and
medium finger forces which could be expected during daily
usage of the hand [29]. To obtain the current values needed
to stimulate these force levels, the switch matrix was first
manually set to the strongest electrode pair. Then, the electrode
pair was stimulated at manually selected current levels to
determine both the minimum motor threshold current and a
maximum current level which corresponded to a stable plateau
force above 50% of MVC. But if the high current intensity
caused skin discomfort, a range from 0 to 50% MVC force
output was still obtained. Once these two boundary levels
were determined, another automated stimulation protocol was
initiated to stimulate at 50 pseudo-random current amplitudes
between the upper and lower current levels. In order to

prevent fatigue, the electrodes were stimulated for 0.5 seconds,
and 3 seconds of rest was provided between stimulations.
The averaged peak forces of each stimulation were recorded
and displayed to construct the current-force function seen in
Figure 2B. Once completed, the experimenter used the current-
force function to estimate the current levels which can elicit
the desired 5% and 20% MVC. These two current levels
represented the low and medium activation levels.

The final sets of automated electrode pair searching were
then initiated at the 5% and 20% MVC current levels. The
order of the low and medium current was randomized between
subjects. Each electrode pair was stimulated 3 times (0.5 sec-
ond active, 1 second rest) before switching to the next pair, and
all EMG and forces were recorded simultaneously. Each set of
stimulation at each current level was separated by a minimum
of 1 minute of rest, and none of the subjects reported any
fatigue or muscle strain upon completion.

D. Data Processing

For every stimulated electrode pair at each current level, the
corresponding forces and EMG data were segmented for the
duration of every half second of stimulation. The forces and
EMG obtained from each electrode pair were hereby referred
to as a stimulation set. The force of each stimulation set
was averaged across the 3 repetitions to obtain a single force
activity profile of the 4 fingers. The force profile was then
smoothed using a 100 ms moving window (1 ms step).

Additionally, the EMG data following each stimulation
pulse were extracted for every EMG channel, and then aver-
aged across the entire stimulation set. The first 2 ms post
stimulation was excluded to remove the stimulus artifact, and
the subsequent 30 ms of EMG were extract. These isolated
CMAPs included both the characteristic M-wave and H-reflex.
To quantify the overall level of activation, the Area-under-the-
Curve (AUC) was calculated from the average of the absolute
value of each post-stimulation EMG to represent the overall
activity of a single channel (units: mV-ms). These values
from all the EMG channels were combined to form activation
heat maps (Figure 1). Each heat map represents the overall
HDEMG activity for a given electrode pair and current level.

In summary, the data acquisition and processing resulted
in every electrode pair (120 maximum) and current level
(Initial, 5%, 20%) to have its own corresponding force and
EMG activity profile per subject. Any stimulation sets which
produced less than 1% MVC force on all four fingers were
excluded from subsequent analyses. The percentage (Mean ±
SD) of excluded electrode combinations was 30.1 ± 11.5%

E. Data Clustering and Analysis

To quantify the available activity across the stimulation
grid, hierarchical clustering was used to categorize the force
profiles. Clustering of the force data was selected over the
EMG data as the force data produced more visually intuitive
clusters that could be directly related to the movements of
the hand. Specifically, all the force profiles from a single
subject were pooled together, regardless of the current level.
Each set of force data can be considered a 2D array of
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the 4 finger forces sampled at 1000 Hz over each 0.5 s of
stimulation. Rather than reducing the forces to a single value,
the 2D correlation coefficient was calculated between every
force profile to compare the overall shape of the force gen-
erated over time. This correlation value represented the force
profile distance between electrode pairs, and the complement
(1 – Distance) was calculated to obtain the dissimilarity matrix
needed for clustering. The MATLAB hierarchical clustering
function cluster() was used with the standard inconsistency
cutoff of 1.1 to form initial force clusters. For further opti-
mization, the silhouette (SIL) coefficient was first calculated
for every cluster member. The SIL is a measure of cluster
validity which compares the average within-cluster distance of
a data point with that of its closest neighboring cluster [30].
A SIL value close to +1 indicates an appropriately clustered
data point, whereas a SIL value close to -1 indicates that the
data point is a better fit in a different cluster. The cluster
groupings were optimized to maximize the SIL score of each
group by reassigning any force profile with a negative SIL
to a better (higher SIL) cluster group. If no non-negative SIL
group was possible, the force profile was used to form its own
new cluster, and the SIL was recalculated for all other data
points. This process was repeated iteratively until the cluster
members converged to a stable grouping. Lastly, once these
final cluster groups were found, the averaged force profile of
each cluster was calculated to represent the force of the cluster.
The ratio of finger activation of each force profile was used to
determine which fingers were most active within the cluster
(e.g. Index-Middle), and these were then used as movement
labels (e.g. IM) to categorize each force cluster.

The HDEMG AUC maps were also obtained from each
cluster. As a measure of the similarity of the EMG activity
within each cluster, the 2D correlation between each AUC
map was first calculated, and the average correlation within
each cluster was used to represent the overall similarity of
the EMG activation pattern of each cluster. Separate correla-
tions were calculated for the hand and arm HDEMG arrays.
To compare the AUC correlations between the hand and arm
across all subjects, the average correlation coefficient values
were variance-stabilized using the Fisher z-transformation
(z=arctanh(c)). A paired t-test was performed to test whether
the two EMG locations had similar correlation across subjects.

III. RESULTS

For each subject, the force data were summarized by
extracting the normalized peak force of each force profile.
The index and middle finger forces were combined and the
ring and little finger forces were combined, which represented
an average of the activations corresponding to the radial and
ulnar sides of the hand (Index-Middle vs Ring-Pinky). Figure 3
shows the finger force patterns of a sample subject at the low
(5% MVC) and medium (20% MVC) activation levels across
the entire stimulation grid. Each data point represents the force
from a single stimulation electrode pair, and the polar angle
of each point represents the ratio of the activation between
the Index-Middle and the Ring-Pinky finger forces. A more
spread or distributed set of data points signified that the elicited

Fig. 3. Sample Force Distribution between the Two Current Levels in a
Sample Subject. The peak force from every electrode pair was plotted
against the %MVC average of the Index and Middle fingers vs the Ring
and Pinky fingers. The spread of the data points illustrates the distribution
of activation between each half of the hand, and the best fit line through
the origin (black line) was plotted to estimate the overall activation trend
of all the fingers.

Fig. 4. Sample Force Clusters of a Single Subject. Sample force profiles
representing each movement label was chosen from a single subject.
Thin lines represent the force profile of individual electrode pair, and the
thicker line is the averaged force profile. Movement labels show which
fingers were determined to be most active relative to the other fingers.

forces had more varying ratios of activation, indicating one
set of fingers could be selectively activated over the other
set of fingers. On the other hand, a linear set of points with
small deviation from the regression line suggested that the
elicited data points had more similar ratios of activation,
indicting similar proportions of finger co-activation across
all the electrode pairs. The low activation level showed a
more distributed range of force levels, which varied from
primarily Index-Middle forces to combinations of Ring-Pinky
forces with comparable low-medium force levels. The medium
activation level showed a more linear range of force activation.
Across all subjects, the low activation showed a similar trend
of more distributed forces with a median R2 of 0.65 and an
interquartile range of 0.26 while the medium activation levels
had a median R2 of 0.95 and an interquartile range of 0.12.

Samples of force clusters obtained from a representative
subject are shown in Figure 4 with the movement labels above
each clustered set of electrode pairs. Many of the force clusters
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Fig. 5. All Subject Cluster Activity. Each colored circle represents a
force cluster obtained from a single subject. The cluster movement label
represents which fingers are most active relative to the others within a
force cluster. The y-axis location shows the number of electrode pair
activations which contribute to the movement cluster.

from this subject involved the Index and Middle fingers, while
a smaller proportion additionally activated the Ring and/or
Pinky fingers. Although not as common, there are also several
candidate clusters which induce only single Index or Middle
finger forces. The finger activation patterns based on the force
clusters across all the subjects are summarized in Figure 5.
Each colored circle represents a single force cluster from a
single subject. The movement label of the cluster was used
to group each force cluster. Each cluster was then organized
from left to right based on the total number of clusters within
each movement label group. For each movement pattern, both
small and large clusters were observed, which indicated that
some sets of electrode pairs produced similar force patterns.

Figure 6A and 6B shows samples of arm AUC maps
with either a low or high 2D correlation from a cluster.
Each AUC cluster had a variable range of AUC correlation.
A high average correlation value suggested that the electrode
pairs within the cluster activated similar portions of muscle.
In contrast, a low average correlation value suggested that
the cluster of electrodes produced similar force outcomes, but
through dissimilar muscle activation. The average correlation
of all the arm and hand AUC clusters from a single subject are
shown in Figure 6C, and the overall interquartile range of AUC
correlations for each subject are shown in Figure 6D. A paired
t-test between the AUC correlation coefficients showed that
the arm and hand correlations are significantly different [t(7)
= 5.88, p < 0.05]. The arm AUC correlations were higher
than the hand AUC correlations, suggesting that, within a force
cluster, the EMG activity in the arm was usually more similar
than the EMG activity in the hand.

IV. DISCUSSION

In the current study, transcutaneous electrical stimula-
tion was delivered to the proximal nerve bundles using a
multi-electrode grid system. An automated method was used
to record all available activity in the electrode grid at multiple

current amplitudes. This activity was then grouped using
hierarchical clustering to form intuitively discernable force
patterns. Overall, our results demonstrate the capabilities of
the current methodology in eliciting a variety of finger acti-
vation patterns, but also being able to find different electrode
pairs that produced similar force patterns. Understanding the
available range of finger activation patterns elicitable through
the electrode grid is a necessary step for future automated
calibration and selection of stimulation locations.

A. Finger Activation Patterns

Our results show that the proximal nerve electrode grid
can target a wide variety of finger forces. Across all sub-
jects, the two most common movement patterns observed
in Figure 5 are the Index-Middle-Ring and Index-Middle-
Ring-Pinky movements. Both of these multi-finger movements
indicate a strong activation of the median nerve with the
latter movement suggesting the additional activation of the
ulnar nerve to recruit the Ring and Pinky fingers. These two
movements are functionally related to whole hand grasping
and other similar power grasps necessary for holding or
moving objects. These results are also similar to grasp patterns
elicited in our previous kinematic study [21]. After those
two patterns, the next common movements of double or
single fingers represent a selective activation of nerve fibers
within the nerve bundle. The electrode pairs which elicit these
movements are selective to a specific set of fingers which
functionally represent fine movements and pinch grasps [31].

Comparatively, the hand NMES system developed by
Crema et al. represents the current state-of-the-art of multi-
electrode array for motor point stimulation. This system could
selectively control various sets of fingers for functional grasps,
by stimulating at different sets of electrodes across the hand
and forearm [17]. This study utilizes an initial searching pro-
cedure to map the kinematic responses of different electrodes.
A combination of specific fingers was then stimulated in
sequence to initiate and control various movement patterns,
such as pinching, power grasps, and object-specific hand
shaping. Although Crema et al. reported that single finger
movement could not be achieved with motor point stimulation,
the overall success of the method illustrates that coupled
movements can still be functionally useful.

Although motor point stimulation has unitary selectivity of
function, which is directly related to the underlying muscle,
the selectivity of an electrode pair in the current study to a
specific set of desired finger forces is both a function of the
electrode location relative to the nerve bundles as well as the
stimulation intensity. Figure 3 and the median R2 values lends
insight into the effects of the current level on grasp selectivity.
At lower current-force levels, the distribution of generated
forces is less linear (lower R2) than at higher current levels.
These values suggest that the individual electrode pairs can
elicit more varied or flexible activation of different fingers.
Physiologically, the lower current-force level may activate
a smaller number of nerve fibers, leading to finger-specific
movements. As the current is increased, more nerve fibers
are recruited, which leads to a more similar activation of
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Fig. 6. AUC Correlation Samples and Distribution. A) Sample cluster with low EMG AUC correlation. B) Sample cluster with high EMG AUC
correlation. C) AUC correlation average (and Standard Error Bars, gray)) from all arm and hand clusters from a single subject. D) AUC correlation of
each subject for both arm and hand. The box represents the interquartile range, and the whiskers indicate ±2.7 σ of the cluster correlation values.
Additional points indicate outliers.

multiple fingers. This behavior is functionally comparable to
the natural coactivations of fingers related to grasp. Even for
single finger tasks increased force inevitably recruits previ-
ously inactive finger muscles due to enslaving effects [32].

Another key point of the proximal nerve stimulation is the
ability to activate both the intrinsic muscles in the hand and the
extrinsic muscles in the forearm. For finger flexion, the intrin-
sic muscles in the hand controls the metacarpophalangeal
joints, while the extrinsic muscles control the proximal and
distal interphalangeal joints. For conventional NMES, muscle
activation is specific to the site of the stimulation, and therefore
a full prehension of the hand requires stimulation electrodes
over both the intrinsic and extrinsic muscles [33], [34], but
intrinsic muscles are not routinely targeted in clinical prac-
tice. In contrast, activation of the intrinsic muscles with the
proximal electrode grid location is beneficial as one electrode
location can elicit a full grasp motion. This is functionally
significant as it enables the refinement of electrode selection
to potentially target specific muscles for either a distal finger
grasp or a palmar grasp depending on the task.

It is important to note that a higher AUC correlations in
the arm was observed compared with the hand. This finding
suggests that the EMG of the intrinsic hand muscles for a
specific movement has more variation than its extrinsic arm
counterparts. One contributing factor may be that, for a given
force pattern, the stimulated nerve fibers may not elicit activity
in the intrinsic muscles as regularly. Additionally, the smaller
hand pad and smaller muscles may produce larger relative
variations in the EMG output and AUC correlations. Further
isolation and repetition of intrinsic finger specific activation
patterns are necessary to better understand this behavior.

B. Activation Redundancy

The nerve stimulation grid also demonstrates a certain level
of system redundancy in both the different electrode pairs
available for a specific movement as well as the variation
in muscle fiber activation that produces the same force. The
redundancy of the stimulation system can be seen in the
various set of similar forces that are generated from different
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electrode pairs. Following the hierarchical clustering, force
pattern clusters are formed from a set of electrode pairs and
these clusters have a varying number of pairs (Figure 5).
Each cluster represents a relatively distinct force profile that
can be generated with multiple different stimulation locations.
Functionally, these different electrode pairs could then be used
as alternative options to produce the same desired force.

This redundancy in the stimulation system is valuable as
it can enable different electrode pairs to be used during
stimulation to produce the same force pattern. This can poten-
tially reduce/delay the fatigue impact of the stimulation by
interleaving the activation of different sets of nerve axons and
muscle fibers. Additionally, these redundant electrode pairs
are valuable in compensating for inherent system instability
that can arise from underlying electrode-nerve movement or
changes in electrode-skin contact. In addition to the variety
of similar electrode pairs and forces, each cluster of forces
also has varying EMG activations. The EMG AUC correlation
was calculated as a measure of similarity or dissimilarity of
the EMG activity elicited by the electrode locations within
a cluster. As seen in Figure 6D, some subjects have force
clusters with high AUC correlations, while others have a much
wider range of correlation values. Both high and low AUC cor-
relations suggest different physiological scenarios in muscle
recruitment. A force cluster with high EMG AUC correlation
suggests that the specific nerve fibers being activated by the
electrode pairs innervate similar sets of muscle fibers recorded
from the skin surface, although deep muscle fibers, outside of
the recording range of our skin-surface electrode, can also
be recruited. Alternatively, a force cluster with lower EMG
AUC correlation suggests that the nerve fibers being activated
innervate a more diffuse, non-overlapping set of muscle fibers.
Functionally, since these sets of electrodes have similar force
outputs, a desired force pattern could be generated by different
sets of muscle fibers. However, the recorded finger forces only
represent one dimensional force (normal force), the actual
generated forces may be in different directions, which means
the similar forces in a cluster can be directed to different direc-
tions. Therefore, the degree of redundancy may be limited.

C. Limitations

A limitation of the current methodology is the inter-session
stability of the electrode placement and force output results.
Although anatomical landmarks are used to ensure similar
setup and grid placement, the same sets of movements and
electrode pairs may not be exactly reproduced once the elec-
trode grid is removed. Although the latent redundancy of the
system suggests that similar force patterns are likely repeatable
between grid placements, this still has the prerequisite of
searching through all the electrode pairs for the available sets
of forces. This procedure can be minimized down to quickly
search for different active pairs for automated re-calibration.
Future studies will also be completed to better quantify the
difference of electrode placement and force patterns between
sessions.

The current study was focused on the elicitable finger
force patterns, another limitation is the potentially changing

proportions of force at each finger that could occur with
higher current levels, as seen in Figure 3. Even at the same
electrode pair, it is possible that an increase in the stimulation
current could result in the recruitment of nerve fibers which
innervate different muscles, thereby leading to varying degrees
of finger selectivity at different current levels. Although a
single current-force relation was used to estimate the overall
grid activity each electrode pair likely has its own current
range and force stability. Further testing is necessary to better
evaluate the stability of single electrode pairs in eliciting
similar finger forces at different current levels.

Although this methodology is intended to help restore finger
forces in individuals with muscle weakness, such as after
stroke or spinal cord injury, it is important to note that control
subjects tested in this study may have different muscle and
body composition from that of the intended population. Sec-
ondly, motor impairment in SCI or stroke populations are not
only characterized by paretic muscles, but also with spasticity
or high muscle tone [35], [36]. In the current study, subjects
were asked to relax while stimulation was delivered. In real
application, subjects may not be able to relax the muscles
voluntarily. Simultaneous stimulation for finger extension is
necessary to counteract spasticity or to help with weakness
in the finger extensors (more prevalent in stroke survivors)
[37], [38]. A parallel exploration of radial nerve stimulation
for finger and wrist extension has been performed using a
similar technique [39]. Lastly, another important aspect in
creating a functional grasp is the positioning and flexion of the
thumb, which was not evaluated in this study. The practical
concerns of obtaining all the necessary degrees of freedom
with the existing finger force setup was the main barrier to
this experimental decision. These aspects need to be integrated
with the finger flexion stimulation for further evaluation of
functional grasp patterns.

V. CONCLUSIONS

The current study utilized a grid of stimulation electrodes to
stimulate the ulnar and median nerves, which produced a wide
variety of finger flexion patterns. Our results showed that the
system can elicit a number of multi-finger and single-finger
activation patterns with a high level of redundancy to allow
for multiple electrode pairs to be used for similar output
forces. Moving forward, this automated stimulation system
can be used as a foundation for a neuroprosthetic device
for rehabilitation and functional assistance of individuals with
hand weakness.
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