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Objective: The study objective was to assess the feasibility of stimulating the lower trapezius (LT), the upper
trapezius (UT) and serratus anterior (SA) muscles along with anterior or middle deltoid, using surface
functional electrical stimulation (FES). The secondary aim was to understand the effects of LT, UT, and SA
stimulation on maximum arm reach achieved in shoulder flexion and abduction.
Design: Single arm interventional study.
Setting: Inpatient Rehabilitation Hospital.
Participants: Ten healthy volunteers.
Intervention: Participants completed 10 trials for each of the 3 conditions in flexion and abduction, i.e. (1) Active
voluntary flexion or abduction, (2) FES for anterior deltoid for flexion or middle deltoid for abduction, and (3) FES
for LT, UT, and SA along with anterior deltoid for flexion or middle deltoid for abduction.
OutcomeMeasures:Maximum arm reach and percent angle relative to the voluntary movement were computed
from motion capture data for each condition. Wilcoxon signed-rank test was used to compare the maximum
reach between two FES conditions.
Results: The study results showed that all three interscapular muscles can be stimulated using surface FES.
Maximum reach in abduction was greater for FES of middle deltoid along with the interscapular muscles
(51.77° ± 17.54°) compared to FES for middle deltoid alone (43.76° ± 15.32°; Z = −2.701, P = 0.007).
Maximum reach in flexion for FES of anterior deltoid, along with interscapular muscles, was similar to that
during FES of anterior deltoid alone.
Conclusion: Interscapular muscles can be stimulated using surface FES devices and should be engaged
during rehabilitation as appropriate.
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Introduction
Functional Electrical Stimulation (FES) for the rehabi-
litation of the upper extremity function was first pro-
posed in 1963 by Long and Masciarelli,1 to help
compensate for the lost function. In the last 2–3
decades FES has been revolutionized with a shift of
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focus toward retraining the lost function. Examples of
transcutaneous FES upper extremity systems include
the (a) Neuromuscular Electrical Stimulation System
(NESS) H200 or the NESS Handmaster,2,3 (b) Bionic
Glove,4 (c) Belgrade Grasping-Reaching System,5

(d) Complex Motion Neuroprosthesis,6 and (e)
MyndMove.7 Most of these systems are multi-channel
systems that allow for the stimulation of multiple
muscle groups and typically target grasping move-
ments, while some support additional reaching move-
ments. Target muscles stimulated are deltoid, biceps
brachii, triceps brachii, wrist and finger extensors and
finger flexors.
Interestingly, to date none of the transcutaneous FES

systems have targeted the three key scapular muscles
(lower and upper trapezius and serratus anterior),8–11

even though these muscles play a vital role in producing
scapular upward rotation and preventing superior
translation of the humeral head during shoulder
elevation movements. Decrease in the activity of the
scapular muscles due to any pathology results in
decreased strength and range of arm elevation.12 One
study stimulated the upper limb and one of the key
interscapular muscles in patients with chronic
stroke.13 In that study Cuesta-Gómez et al., used a
four-channel transcutaneous FES system to stimulate
the triceps brachii, anterior deltoid, extensor muscles
of the wrist, and fingers and the lower trapezius and
rhomboid, in two different conditions, i.e. Placebo
(lower amplitudes that did not produce muscle contrac-
tion) and the FES condition (higher amplitudes that
produced a motor contraction).13 The authors found
that participants receiving FES performed the reaching
movements with less trunk flexion, while shoulder
flexion and elbow extension were increased. This
study provides preliminary evidence related to the feasi-
bility and potential benefits of stimulating scapular
muscles using transcutaneous FES.
In our laboratory we have been retraining the upper

extremity function in individuals with stroke and
spinal cord injury,14–17 using a fully programmable
four-channel surface stimulator.6 The FES protocols
have targeted arm, forearm, and hand muscles,14,17

during task-specific movements while manipulating
real-life objects. We have attempted to replicate move-
ments using FES such that they closely follow the
normal physiological pattern. This philosophy of stimu-
lation had to be balanced against the number of stimu-
lation channels available i.e. if the number of channels
was limited, then we would only stimulate the prime
movers pertinent to the movement performed. Now,

with the stimulators having more than four channels7

it allows for the stimulation of multiple muscles/
muscle groups to produce a closer to physiologically
correct movement.
Arm elevation movements in both the frontal and

sagittal planes are complex ones and involve the recruit-
ment of various glenohumeral and scapular muscles.
The deep rotator cuff muscles play an important role
in glenohumeral joint compression and offsetting the
superior translatory force of the deltoid during arm
elevation.12 The scapular muscles are responsible for
optimal scapular positioning during different phases
of arm elevation. The movement of the scapula on the
thorax is essential for normal function of the upper
extremity.18 Among the muscles that surround and
attach to the scapula, the upper trapezius (UT), the
lower trapezius (LT), and the serratus anterior (SA)
muscles are believed to be important for scapulothor-
acic motion.19 Ebaugh et al. found that the LT, UT,
and SA muscles play an important role in producing
scapular upward rotation, especially throughout the
mid-range of arm elevation.20

In the upper extremity rehabilitation, clinicians are
looking for ways to obtain normal shoulder elevation
patterns. Studies looking at the contributions of scapu-
lothoracic joints in performing activities of daily living
(ADLs), such as feeding, reaching overhead, washing
the back, and washing the contralateral axilla, have
found that scapulothoracic upward rotation and
anterior tipping contribute significantly to the com-
pletion of these tasks.21 Hence clinicians working with
patients, who present with difficulty in accomplishing
ADLs, should consider intervening at these joints
specifically. FES can engage the scapular muscles in a
functional manner irrespective of muscle strength and
severity of the condition.
The primary objective of our study was to test the

feasibility of stimulating LT, UT, and SA muscles
along with shoulder muscles using transcutaneous
FES.We specifically assessed the (1) feasibility of stimu-
lating the target muscles using surface electrodes; and
(2) tolerance to stimulation as reported by adverse
events. We also aimed to study the influence of scapular
muscle FES on shoulder complex movement in able-
bodied individuals. Specifically, we explored the effect
of FES of LT, SA, and UT along with FES of the
anterior deltoid, and middle deltoid on maximum
reach during shoulder flexion and abduction, respect-
ively. To the best of our knowledge, this is the first
study that looks at stimulating these muscles using
transcutaneous FES.
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Methods
Ten able-bodied individuals with no history of shoulder
injury and with full active and passive range of shoulder
joint movement, were invited to participate in the study
(Table 1). Participants were 18 years of age or older and
provided written consent for participation. Participants
recruited to the study took part in a single two-hour
session. The set-up for the experiment consisted in:
(a) identifying motor points for all the muscle groups
and securing FES surface self-adhesive electrodes;(b)
determining the sensory, motor, functional and
maximum electrical stimulation threshold for all
muscles22; and (c) placing reflective markers for collect-
ing the kinematic data.
A four-channel FES stimulator (Complex Motion,

Switzerland) was used to stimulate the LT, UT, and SA,
along with the anterior or middle deltoid muscles. Once
the electrodes were secured and amplitude levels for indi-
vidual muscles adjusted, the stimulator was operated
using a push button by the study participant or a research
assistant on cueing by the researcher operating the
motion capture system. The FES parameters were as
follows: stimulation frequency of 40 Hz, pulse duration
of 250 µs, and stimulation intensity was determined by
the strength of the contraction or participant tolerance
to stimulation (range 20–50 mA, see Table 2 for details).
The motor points and electrode positioning for FES

for the various muscles were as follows (Fig. 1(a,b)):
• Serratus Anterior (SA): Electrode between the latissi-

mus dorsi and the pectoralis major, on the muscular
bulk of the serratus between the 4th and 9th ribs.

• Upper Trapezius (UT): On the superior aspect of the
shoulder blade, away from the supero-medial angle of

the scapula to limit stimulation of the levator scapulae
muscle.

• Lower Trapezius (LT): Medially and in line with the
muscle fibers next to the spine of T8-T12 vertebrae
below the inferior tip of the scapula, to limit stimu-
lation of the rhomboids.

• Anterior and middle deltoid: on the bulk of the muscle,
one proximal and one distal.

Three-dimensional kinematic data were recorded
using Motion Analysis System (Motion Analysis™,
USA). The system uses six infra-red cameras connected
to the motion analysis data acquisition system.
Calibration was carried out to define X-Y-Z reference
for all six cameras prior to data collection. The
International Society of Biomechanics’ recommended
marker set for the upper extremity was used.23 The
specific marker locations were as follows (Fig 1(a,b)):

1. C7: Processus Spinosus (spinous process) of the 7th
cervical vertebra

2. T8: Processus Spinosus (spinal process) of the 8th
thoracic vertebra

3. IJ: Deepest point of Incisura Jugularis (suprasternal
notch)

4. PX: Processus Xiphoideus (xiphoid process), most
caudal point on the sternum

5. SC: Most ventral point on the sternoclavicular joint
6. AC: Most dorsal point on the acromioclavicular joint

(shared with the scapula)
7. TS: Trigonum Spinae Scapulae (root of the spine), the

midpoint of the triangular surface on the medial
border of the scapula in line with the scapular spine

8. AI: Angulus Inferior (inferior angle), most caudal
point of the scapula

Figure 1 Functional electrical stimulation electrodes and reflective marker placements. (a) Anterior view and (b) posterior view
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9. AA: Angulus Acromialis (acromial angle), most
laterodorsal point of the scapula

10. PC: Most ventral point of processus coracoideus
11. Anterior GH: Anterior aspect of the head of the

Humerus
12. Posterior GH: Posterior aspect of the head of the

Humerus
13. EL: Most caudal point on lateral epicondyle
14. EM: Most caudal point on medial epicondyle
15. RS: Most caudal–lateral point on the radial styloid
16. US: Most caudal–medial point on the ulnar styloid
*Please note that the glenohumeral rotation center
which was estimated by either regression or motion
recordings,23 was determined using the anterior and
posterior aspects of the head of the Humerus
(markers 11 and 12)
Experimental Conditions: Participants were seated on

a wooden stool with the feet resting on the floor and
arm hanging by the side of the body off the edge of
the stool. Ten trials for each of the below conditions
were performed by each study participant using their
dominant arm in the order described under experimen-
tal conditions. For the FES conditions (experimental
conditions: 2, 3, 5, and 6), the participants were
instructed specifically not to exert any voluntary
effort. FES was turned on with the arm in resting pos-
ition on a count of 3 by operating a push button. Once
maximum range was reached for each of the below con-
ditions, the position was held for about 10 sec, until
FES was turned off (experimental conditions: 2, 3, 5,
and 6) or until the researcher asked the participant to
lower their arm.
The experimental conditions were as follows:

1. No FES active flexion (i.e. full range forward flexion
movement produced by the participant’s voluntary
muscle contraction).

2. FES for anterior deltoid muscle only.
3. FES for anterior deltoid and scapular muscles (LT,

UT, and SA) simultaneously.
4. No FES active abduction (i.e. full range abduction

movement produced by the participant’s voluntary
muscle contraction).

5. FES for middle deltoid muscle only.
6. FES for middle deltoid and scapular muscles (LT, UT,

and SA) simultaneously.
Participants were given a 5-minute break between the
flexion and abduction trials or in between trials only
if they reported fatigue or requested a break.
The motion capture datawere processed using Cortex

software (Motion Analysis™, USA). Once the motion
capture data were visually inspected and correct move-
ment verified, then a template with a marker set was
created. Each marker set was labeled using a frame in

which all the markers were clearly visible and in the
correct position. The template was used to rectify by
extrapolating it into the remaining frames in the record-
ing. This process was repeated for the first file of every
data set for each participant. Markers in the remaining
files were then identified using the template created.
Once all markers were labeled for the entire data set,
each individual file was reviewed to identify gaps
which were then corrected using a linear, or cubic
interpolation or a virtual joint function. Selection of
the specific technique used to correct the gap was
based on the size of the gap (i.e. number of missing
samples) and the expected trajectory of the maker.
Other elements that were corrected manually included
mislabeled or swapped markers, as well as those dis-
playing an unexpected movement.
Data analysis was performed using MATLAB

(MathWorks®, USA). Marker positions (X, Y, and Z)
for the anterior and posterior shoulder, the medial and
lateral humeral epicondyle, the suprasternal notch, the
xiphoid process, T8, and C7 were extracted. Two vectors
were defined: one for the upper arm and one for the
thorax. The upper arm vector was defined by the mid-
point between the shoulder’s anterior and posterior
markers, and the midpoint between the elbow’s medial
and lateral epicondyle markers. The thorax vector was
defined by the midpoint between the xiphoid process
and T8, and the midpoint between the suprasternal
notch and C7. The angle between the upper arm and
thorax vectors was calculated for each frame as the
inverse cosine of the dot product of both vectors divided
by the product of the magnitude of both vectors:
arcos(θ) = a·b

∥a∥∥b∥. The maximum reach of the arm was
defined as the maximum angle achieved. This analysis
was performed for all trials of all study participants.
Statistical Analysis: Means for maximum reach

across all ten trials for all ten participants for all con-
ditions were computed. Wilcoxon signed-rank test was
used to compare the scores between anterior deltoid
and anterior deltoid+ LT + UT + SA as well as
between middle deltoid and middle deltoid + LT +
UT + SA conditions. We also calculated the percentage
of movement achieved during all FES conditions rela-
tive to the study participants’ voluntary range of
motion in both abduction and flexion. Wilcoxon
signed-rank test was used to compare the mean
percent range of motion between middle deltoid and
middle deltoid + LT + UT + SA as well as anterior
deltoid and anterior deltoid + LT + UT + SA.
All analyses were done using SPSS version 26 and an

α of 0.05 was considered statistically significant.
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Results
Ten able-bodied participants (Male = 9 and Female =
1) completed the study. The participants age ranged
from 21 to 31 yrs. (Mean = 25.1, SD = 3.47). Their
height ranged from 165 to 182 cm (Mean = 174.9,
SD = 6.22). Their weight ranged from 67.58 to
102.05 kg (Mean = 79.15, SD = 9.92). Nine out of ten
participants were right-arm dominant (please refer to
Table 1 for individual participant demographics). For
all the study participants we were successfully able to
stimulate LT, UT, SA, anterior deltoid and middle
deltoid using surface FES as established by muscle pal-
pation and visual movement inspection (for FES ampli-
tudes for each participant’s individual muscles, please
refer to Table 2). No adverse events were reported for
any of the study participants.

The mean and standard deviation of maximum reach
in flexion during FES of anterior deltoid and FES of
anterior deltoid along with LT, UT and SA condition
was 66.17° ± 28.85° (Range: 16°–110°) and 63.32° ±
26.45° (Range: 22°–104°), respectively (Fig. 2).
Similarly, the mean and standard deviation in abduc-
tion during FES of middle deltoid and FES of middle
deltoid along with LT, UT and SA condition was
43.76° ± 15.32° (Range: 33°–84°) and 51.78° ± 17.54°
(Range: 31°–96°), respectively. For individual mean
values across ten trials in all four FES conditions,
please refer to Table 3. The maximum reach in abduc-
tion achieved with FES of middle deltoid along with
LT, UT and SA was greater than that achieved with
FES of middle deltoid alone in 9 out of 10 participants
(Table 3). A Wilcoxon signed-rank test indicated that
the FES of middle deltoid along with LT, UT and SA

Table 1 Participant demographics.

Participant
ID Sex Age

Hand
dominance

Weight
(kg)

Height
(cm)

SCA12 M 30 R 79.37 179
SCA14 M 26 R 102.05 182
SCA15 M 25 R 87.08 182
SCA16 M 25 R 74.84 178
SCA17 M 21 R 80.73 166
SCA18 M 24 L 79.37 170
SCA19 M 20 R 68.03 175
SCA20 M 23 R 77.56 173
SCA21 M 31 R 74.84 179
SCA22 F 26 R 67.58 165

M =Male; F = Female; R = Right; L = Left; kg = kilograms;
cm = centimeters

Table 2 FES intensity in milliamperes (mA) for individual
muscles for each study participant.

Participant
ID

Anterior
deltoid

Middle
deltoid

Lower
trapezius

Upper
trapezius

Serratus
anterior

SCA12 31 24 33 32 30
SCA14 37 33 40 33 34
SCA15 35 30 31 22 24
SCA16 33 33 28 29 23
SCA17 43 45 33 27 25
SCA18 50 50 50 30 41
SCA19 36 23 22 22 19
SCA20 50 42 46 33 49
SCA21 40 34 35 30 30
SCA22 35 36 33 28 21

Figure 2 Means of the maximum arm reach across all experimental conditions. AFF – Active forward flexion; AD – FES of anterior
deltoid; ADALL – FES of anterior deltoid along with LT, UTand SA; AB – Active abduction; MD – FES of middle deltoid; ABALL – FES
of middle deltoid along with LT, UT, and SA
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(mean rank = 6) produced a higher maximum reach in
abduction than FES of middle deltoid alone (mean
rank = 1; Z = −2.701, P = 0.007). There was no sig-
nificant difference in maximum reach between FES of
anterior deltoid and FES of anterior deltoid along
with LT, UT and SA; however, six out of ten partici-
pants achieved a higher maximum reach in flexion
with scapular muscle stimulation (Table 3).
Displacement of the arm in flexion and abduction for
a single participant (SCA18) across all experimental
conditions is presented in Fig. 3.
The mean percent range of motion achieved during

flexion for the anterior deltoid condition was 48.09%
and for anterior deltoid along with LT, UT and SA
was 50.31%. The mean percent range of motion

achieved during abduction for middle deltoid condition
was 31.70% and for middle deltoid along with LT, UT
and SA condition was 37.57%. The percent range
achieved with the scapular stimulation was greater for
both flexion and abduction; however, this difference
was statistically significant only in abduction
(Z = −2.701, P = 0.007).

Discussion
Researchers have tried to stimulate certain scapular
muscles noting the significance of these muscles in
normal glenohumeral movement.24,25 The first evidence
of successful stimulation of SA muscle to treat winged
scapula was reported back in 1953.24 To the best of
our knowledge, this is the first study looking at the
feasibility of stimulating all three key scapular
muscles, i.e. the lower trapezius (LT), the upper trape-
zius (UT), and serratus anterior (SA) using transcu-
taneous FES during shoulder elevation movements.
It is widely noted in the literature that scapular

muscles play a vital role in glenohumeral movement,
specifically the LT, UT, and SA. These are critical in
the production and control of scapulothoracic motion
which is important for the normal function of the
upper extremity.19,20 For the upper extremity to move
through its greatest range of motion, the shoulder
complex must work in a synchronized manner.12

There have been several studies that have examined
three-dimensional (3D) shoulder complex motion,
while performing ADLs.26–29 Triffitt et al., determined
the relationship between active humerothoracic range

Table 3 Maximum reach in degrees across ten trials for each
experimental condition for individual study participant.

Participant ID AFF AD ADALL AB MD ABALL

SCA12 127.47 46.70 55.85 139.20 34.96 41.97
SCA14 137.23 21.71 16.34 141.37 32.94 30.67
SCA15 125.28 52.02 61.99 136.23 39.49 48.11
SCA16 136.54 79.49 90.86 145.51 84.37 96.09
SCA17 141.04 44.32 46.38 146.02 36.22 41.20
SCA18 134.44 37.70 33.28 131.70 41.97 47.70
SCA19 140.46 76.03 74.04 136.31 33.60 45.95
SCA20 132.12 79.72 83.66 135.34 37.17 50.45
SCA21 122.96 91.33 89.78 137.93 49.33 55.09
SCA22 129.33 104.16 109.54 128.24 47.52 60.459

AFF-active forward flexion; AD-FES of anterior deltoid; ADALL-
FES of anterior deltoid along with LT, UT, and SA; AB-active
abduction; MD-FES of middle deltoid; ABALL-FES of middle
deltoid along with LT, UT, and SA.

Figure 3 Displacement of the arm in flexion and abduction for one study participant (SCA18) across all experimental conditions.
X-axis is the time in seconds and Y-axis is the displacement of the upper arm in degrees. AFF – Active forward flexion; AD – FES of
anterior deltoid; ADALL – FES of anterior deltoid along with LT, UT, and SA; AB – Active abduction; MD – FES of middle deltoid;
ABALL – FES of middle deltoid along with LT, UT, and SA
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of motion (ROM) and completion of 14 ADLs (e.g.
combing hair, reaching overhead, and feeding) in 125
pathologic participants28, and concluded that humer-
othoracic ROM correlates with the ability to perform
ADLs.28 Magermans et al., examined ADLs in 24
healthy, female subjects and found that washing the
axilla required the most glenohumeral flexion (99.6°),
reaching overhead required the most glenohumeral
abduction (121°) and external rotation (60.6°), and
combing hair required the most scapulothoracic
upward rotation (34.4°).27 Despite this evidence, in
neuro-rehabilitation there are limited techniques that
functionally recruit the scapular muscles during the
task-specific training of ADLs, especially in low func-
tioning stroke and cervical spinal cord injury patients
who have minimal voluntary movement.
The current study results showed that while there was

a wide variation in the range of shoulder movements
across all able-bodied participants, stimulating the
scapular muscles resulted in higher arm reach in abduc-
tion. However, it did not have any significant impact on
the range of arm reach in flexion. Overall, irrespective
of the muscles being stimulated, the maximum reach
as well as percent of voluntary movement achieved in
flexion was greater than that in abduction. It is impor-
tant to note that in able-bodied individuals the contri-
bution of scapular movement to total arm elevation
varies widely across individuals30; and this could have
potentially resulted in the wide variations in the range
of motion recorded across participants and across
various experimental conditions. Since the movement
of the arm started with the shoulder in neutral rotation,
it allowed for clearance of the greater tubercle under the
acromion during forward flexion. However, it may have
restricted its clearance during abduction,12 resulting in
decreased range. Secondly, we found that for abduction
the maximum reach achieved with FES of scapular
muscles along with middle deltoid was greater com-
pared to the stimulation of middle deltoid alone. In
abduction, the force of the trapezius is more critical
to produce upward rotation of the scapula than the
force of the SA.12 Given the superficial location and
size of the trapezius, and the fact that there were total
four electrodes (two channels) dedicated to the trape-
zius muscle, this might have resulted in increased contri-
bution of the muscle toward the movement produced.
This is important for patients with high cervical spine
injury for two reasons. First, the shoulder complex bio-
mechanics is altered in these patients secondary to
paralysis/weakness of the deltoid and second, shoulder
abduction and scapulothoracic upward rotation are
critical for the execution of ADLs.21

In contrast, for the flexion trials, the maximum range
did not change with additional stimulation of scapular
muscles. During flexion, the anterior orientation of the
scapula is important12 and can be produced only by
SA.12 The SA has a relatively smaller muscle bulk and
can be stimulated in isolation along the narrow strip
where it is nestled between the latissimus dorsi and pec-
toralis major. In our study, it was stimulated using one
channel and lower current amplitudes to prevent the
radiation of current to the neighboring larger abdomi-
nal muscles and hence might not have been recruited
most optimally to observe its effect in flexion.
Nonetheless, trapezius and SA, besides contributing
to an increase in range, serve an equally important func-
tion as stabilizing synergists for the deltoid acting at the
glenohumeral joint and should be actively engaged
during shoulder complex movements.
There are certain limitations to the current study.

Given the preliminary nature of the study and its
primary objective of assessing feasibility, we used a con-
venience sample of healthy volunteers. Second, given
the wide variation of scapular contributions to gleno-
humeral movement, the results of the study should be
interpreted with caution; that is during clinical appli-
cation of FES emphasis should be placed on optimal
shoulder complex biomechanics rather than individu-
ally focusing on the degree of scapular rotation only.
Third, it was not possible to confirm with any certainty
that no voluntary effort was used during FES trials.
Future studies may use EMG to ensure total muscle
relaxation prior to and upon cessation of FES.
Nonetheless, in this study we demonstrated that we
can successfully recruit scapular muscles using surface
FES. This provides an avenue for rehabilitation special-
ists to engage these muscles during the upper extremity
rehabilitation.
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