
FEASIBILITY OF RESTORING SHOULDER FUNCTION IN 
INDIVIDUALS WITH C3-C4 SPINAL CORD INJURY 

 
Ana Maria Acosta, Robert F. Kirsch and Frans C. T. van der Helm *  

Cleveland VA FES Center and Case Western Reserve University, Cleveland, OH 44109 
* Delft University of Technology, Delft, The Netherlands 

 
ABSTRACT 

Individuals with high level spinal cord injury (SCI) 
retain little or no voluntary control over their arm 
musculature, limiting their ability to perform activities 
of daily living. Three subjects with C3 and C4 
tetraplegia were implanted with percutaneous 
stimulating electrodes in a set of shoulder and elbow 
muscles. Muscle strength was characterized through 
measurements of the shoulder and elbow moments 
elicited by maximal stimulation of the implanted 
muscles. A musculoskeletal model of the shoulder and 
elbow was modified to reflect stimulated muscle 
strength, and inverse static simulations were performed 
to evaluate the feasibility of restoring shoulder function 
in these individuals using functional neuromuscular 
stimulation (FNS). 
 
INTRODUCTION 

Individuals with high level SCI retain little 
voluntary control over arm function, limited to shoulder 
shrugging and retraction-protraction through the use of 
the levator scapulae and upper trapezius muscles. These 
individuals depend on attendant care for all activities of 
daily living. Most rehabilitation interventions designed 
for this population use assistive technology to allow 
some interaction with the environment. However, it 
would be desirable to provide these persons with arm 
movements that allow them to independently perform 
daily activities such as feeding or grooming. 

The use of FNS combined with orthoses for 
restoring elbow and hand function has been investigated 
by several research groups [1-3]. They all reported 
limitations in the performance of their systems mainly 
due to lack of shoulder control. Shoulder muscles 
receiving innervation from the C5 level of the spinal 
cord may be denervated in persons with high level SCI, 
especially those with C4 tetraplegia. However, the 
extent of denervation will depend on the level and type 
of injury, and is likely to vary across individuals.  

0

15

-5

0

5

-5

0

5

0 10

Flexion
moment

(Nm)

Adduction
moment

(Nm)

Internal
rotation
moment

(Nm)

AD PD PM1 PM2 IF LD1 LD2
AD
PD

PM1
PM2

LD1
LD2

AD
PM1
PM2

AD
PD
IF

PM1
PM2

IF

LD1
LD2

IF

AD
PM1
PM2

IF

PM1
PM2
LD1
LD2

PM1
PM2
LD1
LD2
IF

Figure 1. Measured
elevation in the cor

Maximum 
Force (N)

Anterior Deltoid 132.98
Posterior Deltoid 113.50
Pectoralis Major 1985.60
Latissimus Dorsi 318.74
Infraspinatus 71.86
Biceps 39.93
Triceps 147.54

Muscle
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Time (sec)  

 shoulder moments with the arm at 90° 
onal plane. 

% of able- 
bodied
16.47
6.85
>100
39.01
8.43
11.41
9.57  

 
Table 2. Estimated maximum muscle forces for Subject 1 
expressed in Newtons and as a percentage of able-bodied 
maximum muscle force (as obtained from the model). 

The shoulder system is mechanically complex, 
consisting of several articulations that provide the arm 
with the greatest range of motion of any other limb in 
the human body. The coordinated action of several 
muscles is required to provide arm movement and 
shoulder stability. Due to this complexity, restoring 
shoulder function in individuals with high level SCI 

becomes a challenging task. Further understanding of 
shoulder biomechanics is needed in order to design 
reliable systems that restore shoulder movement and 
stability. Musculoskeletal models may be a useful tool 
to gain more insight into shoulder biomechanics and to 
aid in the design of rehabilitation interventions such as 
FNS.  

The goal of this study was to evaluate the feasibility 
of restoring particular arm postures in three individuals 
with C3 and C4 tetraplegia. This paper presents the 
results from this study, and the use of musculoskeletal 
modeling in the evaluation of FNS as a rehabilitation 
intervention to restore lost shoulder and elbow function 
in individuals with high level tetraplegia. 
 
METHODS  

Three subjects participated in the study. One subject 
with C3 tetraplegia (Subject 1) and two with C4 
tetraplegia (Subjects 2 and 3). Percutaneous stimulating 
electrodes [4] were implanted into the Anterior Deltoid 
(AD), Posterior Deltoid (PD), Infraspinatus (I), 
Pectoralis Major (PM) - clavicular (PMC) and thoracic 
(PMT) heads, Latissimus Dorsi (LD), Biceps (BIC) and 
Triceps (TRI) muscles in the right arm of Subject 1 and 
bilaterally in the other two subjects. After a period of 
two weeks to allow stabilization of the electrodes, a 
stimulation exercise paradigm was initiated to restore 
muscle strength and increase the muscle resistance to 
fatigue. Measurements of stimulated shoulder strength 
were obtained at least 9 weeks after implant. 

Maximum contractions of the implanted muscles 
were elicited by applying a biphasic, charge balanced 
stimulus to each electrode. The current pulses were set 
to 20 mA, 12 Hz, with a maximum pulse width of 200 
µsec to prevent any tissue damage. The subject's arm 
was attached to a 6-axis force transducer mounted on a 
frame that allows free positioning of the limb. The 
isometric forces and moments elicited by stimulation of 
the individual shoulder muscles and combinations of 



muscles were recorded and transformed off-line to 
reflect the moments produced at the shoulder joint 
(Figure 1). The elicited elbow moments were recorded 
using a separate device instrumented with strain gauges 
to measure the torque produced in flexion or extension. 

Maximum muscle forces (muscle strength) were 
calculated for Subject 1 based on the measured shoulder 
and elbow moments and the muscle moment arms from 
the musculoskeletal model of the shoulder and elbow 
[5]. These maximum muscle forces were used to modify 
the corresponding parameters in the musculoskeletal 
model. Inverse static simulations were performed with 
the modified model in the coronal plane to assess the 
shoulder and elbow capabilities with the implanted set 
of muscles. Muscles that were not voluntary or were not 
implanted were effectively removed from the model by 
setting their maximum muscle force to zero. 
Simulations were also performed with augmented sets 
of muscles and "stronger" muscles. Successful 
maintenance of posture was determined by convergence 
of the muscle force distribution problem within the 
model to a solution. 

 
RESULTS 

Stimulation of all the implanted muscles in all three 
subjects (5 arms) elicited contractions of varying 
magnitude (Table 1). The large variation in shoulder 
moment capacity across subjects and within a subject 
across limbs is mainly due to differences in the level 
and extent of the injury and to a lesser degree to 
variations in the muscle recruitment obtained from the 
percutaneous stimulating electrodes. Overall, the 
elicited shoulder moments in Subject 1 (C3 level SCI) 
were greater than in the other two subjects (C4 level 
SCI) as may be expected from the level of injury and 
the accompanying extent of denervation in the subjects 
with C4 SCI. Subjects 2 and 3 had weak Deltoid 
muscles, which could not be stimulated to produce 
abduction moments sufficient to hold the arm against 
gravity. The strongest muscles for all subjects and all 
arms were the Pectoralis Major, Latissimus Dorsi and 
Triceps muscles, which receive innervation from C6 
and lower levels of the spinal cord. The weakest 
muscles were the Deltoids and Biceps, which receive 
C5 and C6 level innervation. 

 
Subject A
Right Arm Left Arm Right Arm Left Arm Right Arm

Flexion 12.35 0.65 1.61 7.19 2.96
Extension 0.16 0.30 0.41 1.06 1.80
Abduction 5.24 0.72 0.22 1.28 1.37
Adduction 3.09 1.08 1.83 5.99 2.80
Int. Rotation 2.25 0.67 0.89 1.95 1.25
Ext. Rotation 1.97 0.40 0.38 0.60 0.44

Flexion 2.62 0.24 1.51 0.41 0.93
Extension 5.25 9.76 1.79 2.14 2.07EL
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Table 1. Shoulder and elbow moments resulting from 
electrical stimulation with the shoulder elevated to 90° in the 
coronal plane and the elbow flexed to 90°. 
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Muscle sets

and muscle strength 10° 30° 60° 90° 115° 140° 160°
Voluntary + Implanted Set X X X X X X X
+ Rot.Cuff (50%) + S.A.(50%) X X X X X X
+ ↑ AD, PD and BIC by 10% X X X X X

↑ AD, PD and BIC by 20% X X X

↑ AD, PD by 20%, BIC by 40%

Elevation Angle

 
 
Table 3.  Model simulation results: required muscle set and 
muscle strength to maintain the arm ( ) at particular 
elevation angles in the coronal plane. 

Table 2 shows muscle force estimates obtained for 
the strongest subject (Subject 1), based on the 
experimental measurements and the moment arms from 
the musculoskeletal model. The estimated muscle forces 

were between 
approximately 
7% (Posterior 

Deltoid) and greater than 100% (Pectoralis Major) of 
able-bodied maximum muscle strength (as obtained 
from the model). Table 3 summarizes the results from 
the inverse static simulations performed with the 
modified model. The model predicted the inability of 
the subject to hold the arm against gravity in the coronal 
plane as indicated by the X marks. "Adding" the other 
rotator cuff muscles (Supraspinatus, Subscapularis and 
Teres Minor) and the Serratus Anterior muscle with a 
maximum muscle force equal to 50% of able-bodied, 
allowed convergence of the model only at the maximum 
elevation angle (160°).  By additionally increasing the 
strength of the Deltoids and Biceps muscles by 20% the 
model predicted the ability to hold the arm at 10, 30, 
140 and 160° elevation in the coronal plane. Note that 
in the positions where the model failed to converge, the 
gravity force vector is maximized. Finally, if the 
maximum muscle forces allowed in the Biceps muscles 
were increased by 40%, the simulation results predicted 
the ability to hold the arm against gravity through its 
range of motion in the coronal plane. 

 
DISCUSSION 

The simulation results indicate that restoring 
shoulder function in individuals with high level 
tetraplegia requires a minimum set of muscles that must 
be included in a FNS system. Such muscles not only act 
to provide movement (e.g. Deltoids) but also stability 
(e.g. rotator cuff) to the shoulder. Also, these muscles 
must be capable of producing adequate muscle forces as 
seen in the results from the model simulations. 

Based on comparison with contractions resulting 
from stimulation with surface electrodes, we believe 
that some of the muscles (e.g. Biceps) were not being 
recruited completely by the stimuli delivered to the 
percutaneous electrodes. Improved stimulation methods 
that provide more complete muscle recruitment, such as 
nerve cuff electrodes, should be examined.  

Denervation is likely a significant obstacle when 
implementing FNS systems to restore shoulder function 
in subjects with high level SCI. Alternative procedures 
that restore or replace the denervated muscles key in 
restoring function must also be examined. Such 
procedures include external mechanical devices and 
surgical procedures such as muscle tendon transfers.  

In this study we only examined one functional task 
(reaching in the coronal plane). The muscle set and the 
individual muscle forces required to complete a task 
will vary depending on the task and the conditions (i.e. 
load, position) of the task. Future work is aimed at 
obtaining the minimum muscle set and muscle forces 
required to achieve a set of specific tasks (i.e. reaching 

in the coronal 
and scapular 
planes and hand 



to mouth motion) simultaneously. 
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