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Abstract—Many i nterventions i n upp er-limb reh abilitation 
after cervical spinal cord injury (CSCI) use arm support (grav-
ity compensation); however, its specific effects on kinematics 
and muscle  activation characteris tics in  subjects wi th a CSCI 
are largely unknown. We conducted a cross-sectio nal exp lor-
ative study to study thes e effects. Nine subjects with a CSCI 
performed two goal-directed a rm movements (maximal reach, 
reach and retri eval) wit h and w ithout g ravity co mpensation. 
Angles at elbow and shoulder joints and  muscle act ivation 
were measured and compared. Seven subjects reduced elbow 
extension (range 1.8°–4.5°) duri ng the maximal reaching task 
with gravity compensation. In the reach and retrieval task with 
gravity compensation, all subjects decreased elbow extens ion 
(range 0 .1°–11.0°). Eig ht subjects executed movement closer 
to t he b ody. Regarding m uscle activation, gravit y compensa-
tion did not influence timing; however, the amplitude of activa-
tion decreased, especially in antigravity muscles, namely mean 
change +/– standard d eviation of descending part of trapezius 
(18.2% +/– 37.5%), anterior part of deltoid (37.7% +/– 16.7%), 
posterior part of delt oid (3 2.0% +/–  13.9%), and l ong head 
biceps (49.6% +/– 20.0%). Clin ical implications for the use of 
gravity co mpensation in  rehabil itation (during activities of 
daily living or exercise therapy) should be further investigated 
with a larger population.

Key words: electromyography, goal- directed movements, 
gravity compensation, kinematics, rehabilitation, robot-assisted
therapy, robotics, spinal cord injury, tetraplegia, upper limb.

INTRODUCTION

Damage to the spinal cord causes los s of motor and 
sensory function of the body parts below the level of the 
lesion. In patients with a  cervical spina l cord injury 
(CSCI), the arm and hand function is affected to varying 
degrees acco rding to  the lev el and co mpleteness of th e 
lesion [1]. Compared with other spinal cord i njury-related 
impairments, improvement in upper-limb function is one 
of the highest priorities in patients with a CSCI [2]. Exer-
cise therapy integrated in an intensive rehabilitation pro-
gram to learn o r relearn mot or f unctions i s considered 
very important in optimizin g the remaining upper -limb 
function [1,3]. Even in the chronic stage, intensive exer-
cise therapy positively affects upper-limb motor control 
and functional abilities in patients with a CSCI [4].

Abbreviations: 3-D = t hree dimensional, ADL = activity of 
daily living, CSCI = cervical spinal cord injury, MRC = Medi-
cal Research Council, sEMG = surface electromyography.
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Literature indicates that motor learning or relearning is 
influenced by several key el ements: active movements, 
intensity of practice (frequency, repetitions, and duration), 
use of feedback, task specificity, goal-orientated practice, 
and variation [5–6]. Exercise therapy based on these motor 
learning or relearning principles asks great physical effort 
from patients with a CS CI who have impaired upper-limb 
function. W e presu me that d uring g oal-directed mo ve-
ments, a lar ge pa rt of  the preserved m uscle force  is 
required to hold the arm against gravity; consequently, less 
muscle force is available to perform the actual movements. 
To facil itate goal -directed arm movemen ts d uring activ i-
ties of daily living (ADLs) [7] or exercise therapy, thera-
peutic devices are often used to support the weight of the 
arm (e.g., with the Swedish Help Arm [Kinsman Enter -
prises, In c; West Fran kfort, I llinois]). In the last decade, 
several innovative therapeutic devices, including robotics, 
have been  developed to suppo rt the af fected upp er limb 
during exercise therapy [8–9]. In these robotic devices, dif-
ferent treatment modalities have  been implemented, such 
as passive, active-assisted, and active-resisted movements 
[8]; consequently, gravity compensation is incorporated in 
the design [8–9]. Until now, the effect of gravity compen-
sation on motor control and functional abilities has mainly 
been investig ated in  nondisabled elderly [10] and stro ke 
patients [11–15]. Although many applications in rehab ili-
tation after a spinal cord injury include gravity compensa -
tion during ADLs or exercise therapy, the specific effects 
on kin ematics an d mu scle activation char acteristics 
(amplitude and timing) in patients with a CSCI are largely 
unknown. A cro ss-sectional explorative study that meas-
ured k inematics and surface electromy ography (sEMG) 
during goal-directed movements with and without gravity 
compensation was conducted to study the effects of gravity 
compensation in subjects with a CSCI.

METHODS

Subjects
Nine s ubjects with a C SCI (at leas t 1 year s ince 

injury) were recruited from a local rehabilitation center. 
Inclusion criteria for partic ipation were motor injury 
level C5–C7 (cervical) and age between 18 and 65 years. 
Exclusion criteria were extreme shoulder pain, contrac -
tures of the upper limb, and/or spasticity preventing per -
formance of the required tasks. All subjects were assessed 
according to the standard neurological classification [16].

Apparatus
A mechanical, pa ssive device ca lled Freebal [17] 

(University of Twente, Enschede, the Netherlands; now avail-
able commercially as ArmeoBoom, Hocoma; Volketswil, 
Switzerland) was used to counteract the effect of gravity 
on the up per limb (Figure 1 ). The device has two 
slings—one is applied at the elbow and the other around 

Figure 1.
Freebal device for gravity compensation of upper limb. Source: Stienen 
AH, Hekman EE, Van der Helm FC, Prange GB, Jannink MJ, Aalsma 
AM, Van der Kooij H. Freebal: Dedicated gravity compensation for the 
upper extremities. In: Proceedings of  the 2007 IEEE 10 th International 
Conference on Rehabilitation Robotic s; 2007 Jun 13 –15; Noordwij k 
aan Zee, the Netherlands. Piscataway (NJ): IEEE Press. p. 804–8.
DOI:10.1109/ICORR.2007.4428517

http://dx.doi.org/10.1109/ICORR.2007.4428517
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the wrist. Each sling is co nnected to  an in dependent 
adjustable spring by w ay of an overhead cable and pul-
leys. During the goal -directed movements, this system 
enables a constant amount of support th roughout th e 
three-dimensional (3-D) working volume, irrespective of 
the position and orientation of the arm [17].

Procedures
During the measurements , subjects sat in their own 

wheelchairs (one subjec t was not wheelc hair-dependent 
and sat on a normal chair) in front of a height adjustable 
table. In the starting position, subjects sat with their fore-
arm flat on the tabletop, elbow flexed at 90°, and hand on 
the start ing dot. Subjects performed  two go al-directed 
movements with and without the Freebal:
1. Maximal reaching task. This  task consisted of three  

maximum reac hes in front of the  subjects, without 
gliding the hand and arm along the tabletop.

2. Reach and retrie val tas k. Subjects we re instructed to  
move at their own comfortable spee d between a start-
ing dot and target dot on the table for 30 seconds. Both 
dots were 10 cm in diameter, and the distance between 
the dots was 35 cm (Figure 2(a)).

Measurement and Data Analysis

Kinematics
Kinematics were recorded with a 3-D optical move-

ment tracking system with six cameras (V icon N exus 
1.3.109, Oxford Metrics Ltd; Ox ford, United Kingdom). 
Reflective markers were placed on 10 bony landmarks of 
the arm and trunk: processus spinosus of the seventh cer-
vical and eighth thoracic vertebra, incisura jugularis, pro-
cessus xiphoideus, ac romioclavicular joint, media l and 
lateral ep icondyle, rad ial an d u lnar stylo id, an d d istal 
head third metacarpal ( Figure 2(b) ). Six camera s at
100 Hz recorded the 3-D  marker traje ctories. The ac ro-
mion marker w as used for estimating the glenohumeral 
rotation center. Scapular motion was disregarded because 
scapular motion was not likely to participate in the a nte-
flexion movement if the  angle  of elevation remains 
below 60°.

The marker trajec tories we re visually inspected for 
recording errors and missing  marker data. If one trunk 
marker was missing, we replace d it using the V icon 
BodyBuilder model (Metrics Ltd; Oxford, Unite d King-
dom). This model  estimated the position of the missing 
marker by the position of the other three markers. We 

replaced missing marker traje ctories over a short period 
(less than 10 sa mples) by linear interpolation. If data 
were missing for longer periods or at the end of the reach 
or retrieval movement, the movement cycle was removed.

Marker position data were converted to limb seg-
ments data according to the guidelines of t he Interna -
tional Society of Biomechanics [18]; thereafter , joint 
angles were calculated with Euler rotation. T he elbow 
joint angle (Figure 3 (a)) was specifie d as the angle  
between the longi tudinal axis  o f the up per arm and the 
forearm (full elbow extension was defined as 0°; forearm 
perpendicular to upper arm, 90°). W e calculated two 
angles to describe the position of the upper arm related to 
the thorax: (1) the angle of elevation ( Figure 3(b) ), 

Figure 2.
(a) Tabletop with start and target dots and (b) experimental setup. S = 
starting dot, T = target dot.
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defined as th e angle b etween th e upper arm and  tru nk 
(upper arm parallel with thor ax, 0 °; up per arm parallel 
with horizontal; 90°), and (2) the plane of elevation (Fig-
ure 3(c)), defined as the angle between the thorax and the 
upper arm in the transversal plane (arm extended forward,
0°; arm extended to the lateral, –90°).

For the  maximal re aching task, w e compared the  
maximum elbo w extensio n with an d with out g ravity 
compensation. To qua ntify the dif ferences betw een the  
reach and retrieval ta sk with and without gravity com-
pensation, we derived joint ro tations (in degrees) of the 
angles just mentioned and parameters o f the movement 
cycles (mean duration of one movement cycle, number of 
repetitions within 30 second s). Cycl e par ameters were 
averaged ov er all movement cycles w ithin a  s eries; th e 
first two cycles were excluded for analysis. A movement 
cycle consisted of two parts, namely reach (maximum to 
minimum elbow angle) and retrieval (minimum to maxi-
mum elbow angle).

Electromyography
Bipolar sEMG of eight superficial muscles (descend-

ing parts of the  trapezius, ante rior and posterior parts of 
the deltoid, pectoralis maj or, lo ng h ead of th e biceps, 
long head and lateral head of the triceps, and latissimus  
dorsi) was re corded with c ircular, wet gel, silve r/silver-
chloride electrode s (ARB O, type S93SG , T yco/Health-
care Deutschland; Neustadt/Donau, Germany) at a sam -
ple freque ncy of 1,000 H z. Ele ctrode placement, s kin 

preparation, and re cording pr otocol w ere in a ccordance 
with the SENIAM guidelines [19].

sEMG signals were sync hronized with the marker 
trajectories ( Figure 4 ). The time a xis was normalized 
from 0 to 100 percent: reach 0 to 50 percent and retrieval 
51 to 100 percent.

We converted the band-pass filtered sEMG signals to 
smooth rectified sEMG using a second-order Butterworth 
filter with frequency at 25 Hz. T o visua lize the  differ-
ences in smooth re ctified sEMG, we pl otted mov ement 
trajectories (averaged data over all cycles) for two subjects 
with and without gravity compensation plotted in the same 
graph ( Figure 5 ). Changes in the amplitude of muscl e 
activation during movements with gravity compensation 
were expressed as a percentage of the c hange of the area  
under the curve of the  same movement without grav ity 
compensation. The area under the curve is calculated as 
the integral of the smooth rectified sEMG.

Timing of muscle acti vation was analyzed vi sually. 
The primary investigator assessed the sEMG rec ordings, 
and a coauthor with extensive experience in sEMG analysis
checked it.

Statistical Analysis
This stud y ha d an ex plorative charac ter; therefore, 

the effect of gravity compensation was described separately 
for each individual subject. Because of the  small sample 
size and a heterogeneous population, a Wilcoxon signed 
rank test was performed and the median or rang es were 

Figure 3. 
Representations of calculated angles to express position of elbow and shoulder in accordance with  recommendations of International Society of 
Biomechanics: (a) elbow angle (), (b) angle of elevation (), and (c) plane of elevation ().
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Figure 4.
Elbow and shoulder joint angles (°) during 15 s repetitive reach and retrieval tasks with Freebal, performed by subject with identification number 2,
simultaneously displayed with smooth rectified surface electromyography values (microvolt) of eight measured muscles.
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found. From the Wilcoxon test, the test statistic T (smallest 
of the two sums of ranks), its sign ificance ( p), an d th e 
effect size (r) were reported.

RESULTS

Subjects
A complete data set was available for nine parti ci-

pants. The physical charac teristics of each of the  nine 
subjects are displayed in Table 1 .

Kinematics
Movement parameters are presented in Table 2 . During

the maximal reaching task with and without gravity com-
pensation, th e maximum elb ow angle was  significantly 
lower wi th gravity compensation (median 33.3°) than 
without gravity compensation (median 29.4°), T = 2, p = 
0.021, r = –0.77.

During the reach and retrieval task with gravity com-
pensation, all subjects showed decreased elbow extension 
(range 0.1°–11.0°). At the shoulder joint, se ven subjects 

Figure 5.
Mean muscle activation pattern of reach an d retrieval task with and wi thout Freebal (Fb). Conditions wit h (dotted line) and wit hout (solid line) 
gravity compensation were plotted in same graph. S mooth rectified surface electromyography (sEMG) (microvolt) of eight measured muscles and 
corresponding joint angles (°) was plotted against average movement cycle, divided into reach (1%–50%) and retrieval (51%–100%). (a) Activation 
patterns of subject with identification (ID) number 9. Amplitude of sEMG of antigravity muscles decreased with use of Fb, except descending part of 
trapezius. (b) Activation pat tern of subject with ID numb er 2. Amplitude of sEMG of  antigravity muscles decreased  and ampl itude of sEMG in 
triceps increased with use of Fb.
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had de creased pla ne (0.3°– 6.9°) and six sub jects had 
reduced angle of elev ation (0.1°–15.1°). The movement 
times incre ased in four subjects (range  0.1–0.4 s), 
decreased in two subjects (0.2–0.4 s), a nd remained the 
same in thre e subjects. None of the se parameters differs 
significantly between movements performed with and 
without gravity compensation (elbow extension: T = 2, p =
0.214, r = –0.41; shoulder plane of elevatio n: T = 3, p = 
0.767, r = –0.10; shoulder angle of elevation: T = 4, p = 
0.515, r = –0.22; and cycle duration: T = 2, p = 0.484, r = 
–0.23).

Electromyography
Based on the plotted smooth rectified sEMG (Figure 5)

and calculated differences (in terms of percentage) in the 
areas under the curves (Table 2), we made three observa-
tions:
1. With gravity compensation, the amplitude of t he 

sEMG decreased especially in the antigravity muscles. 
In six subjects, amplitude of the sEMG decreased in  
the desce nding pa rt of the tra pezius (range 17.5%–
60.6%) and increa sed in thre e s ubjects (4.1%, 6.5%,  
and 59.7%). In all subjects, amplitude of the sEMG  
was decreased in the posterior part of delto id (range: 
12.8%–54.1%), the anterior part of deltoid  (17.4%–
73.6%), and the long head of biceps (22.9%–80.0%).

2. In four subjects (identification numbers 1, 3, 7,  and 8) 
without triceps a ctivity (Medical Research C ouncil 
[MRC] score of 0), sEMG activity was rec orded dur-
ing flexion of the elbow.

3. In three of the five subjects with active triceps function 
(MRC score of at l east 2), the amplitude of sEMG in 
the long head of triceps increased (25.2%, 1.2%, and 
16.9%) and decreased in the other two subjects (16.4% 
and 56.6%). On a group level, a significant dif ference 
between the conditions with and without gravity com-
pensation was found for the following muscles: 
descending part of trapezius during reach: T = 1, p = 
0.038, r = –0.69; posterior part of deltoid during reach: T =
1, p = 0.015, r = –0.81, and during retrieval: T = 0, p = 
0.008, r = –0.89; and anterior part of deltoid and long 
head biceps for rea ch as well as  retrieval: T = 0, p = 
0.008, r = –0.89.

Within subjects, the timing of muscle activati on did 
not chang e visibly with  gr avity compensation. W ith 
respect to the patterns of timing be tween subjects , we  
found various different patterns. Some alternating activa-
tion patterns were found between agonists and antagonists.
All subjects with at lea st some  triceps function show ed 
an alternating activation pattern between the long head of 
biceps and trice ps ( Figure 6(a )). We found a simulta -
neous activation pattern in four subjects between the acti-
vation of the anterior and posterior parts of the d eltoid 
muscle (Figure 6(b)) and in six subjects between the ante-
rior part of deltoid and pectoral muscles (Figure 6(c)).

Furthermore, the desce nding pa rt of the  trapezius 
was used in various different patterns. In one s ubject, an 
alternating activation pattern  between th e anterior and 
posterior parts of the deltoid occu rred, and  in an other 
subject, an altern ating activation pattern between the

Table 1.
Physical characteristics of subjects (N = 9).

Variable
Subject ID Number

1 2 3 4 5 6 7 8 9
Sex M M M M F M F M M
Age (yr) 28 55 47 59 39 40 26 53 36
Time Since Injury (mo) 58 29 282 209 66 221 161 170 198
Motor Level of Lesion C5 C6 C6 C6 C5 C5 C6 C6 C7
ASIA Impairment Scale A C B D B C A A A
Measured Arm R L R L R L L L R
ASIA Motor Score of Measured Arm (MRC score)

C5 (elbow flexors) 4 5 5 5 4 5 5 5 5
C6 (wrist extensors) 0 4 4 4 5 2 5 5 5
C7 (elbow extensors) 0 2 0 5 4 4 0 0 3
C8 (finger extensors) 0 0 0 4 1 0 0 0 0
T1 (finger abductors) 0 0 0 4 0 0 0 0 0

ASIA = American Spinal Injury Association, C = cervical (fifth to eighth vertebra), F = female, ID = identification, L = left, M = male, MRC = Medical Research 
Council, R = right, T = thoracic.
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posterior parts of the deltoi d solely. These two combina -
tions were also observed in a simultaneous pattern: in one 
subject, the descending part of the  trapezius and anterior 
and posterior parts of the de ltoid we re simultaneously 
activated, and in another subject, the descending part of the 
trapezius was activated with the posterior deltoid solely.

DISCUSSION

The objective of the present study was to study the  
influence of g ravity compensatio n on  kinematics and 

sEMG characteristics of the  upper limb during goal-
directed movements of subjects with a CSCI.

With gravity compensation, most of the subjects 
showed less  elbow extens ion and move ment execution 
closer to the midline . B ased on pre vious studies with 
stroke patients, one can expect that gravity compensation 
increases range of motion of the upper limb [12,14] because
of t he positive effect on pa thological muscle syner gies 
between sh oulder abdu ction an d elb ow flexio n [1 4]. In 
patients with a CSCI, this pathol ogical coupling does
not occur. However, an ef fect on kinematics is expe cted 
because less muscle force is necessary to overcome

Table 2.
Influence of gravity compensation on  kinematic parameters during maximal reaching task on kinematic and surface electromyography (sEMG) 
parameters during reach and retrieval task of participants (N = 9) with and without Freebal (Fb).

Task Fb
Subject ID Number

1 2 3 4 5 6 7 8 9
Maximal Reach

Elbow Angle (°) No 47.9 19.0 47.5 36.9 22.3 24.3 21.1 46.2 29.4
Yes 52.2 20.8 47.4 36.1 25.3 28.8 23.6 49.4 33.3

Reach and Retrieval
Angles of Elbow and Shoulder at Target Dot (°)

Elbow Angle No 47.5 29.0 47.8 54.9 40.4 25.7 43.1 56.7 36.6
Yes 57.5 29.4 58.8 64.0 47.5 32.9 43.2 65.3 39.6

Plane of Elevation No –71.6 –42.7 –50.0 –66.4 –49.3 –39.8 –43.3 –56.7 –54.0
Yes –64.7 –40.3 –49.7 –66.7 –48.4 –50.5 –41.4 –54.7 –51.2

Angle of Elevation No 30.6 23.0 37.8 51.3 29.1 27.2 44.6 44.7 40.4
Yes 15.5 30.3 34.2 40.5 31.8 32.2 35.3 44.6 39.5

Parameters of Movement Cycles

Cycle Duration (s) No 2.7 2.1 1.4 2.4 1.3 1.6 1.5 2.9 1.3
Yes 3.1 2.2 1.4 2.0 1.3 1.6 1.6 2.7 1.4

Repetitions (n in 30 s) No 11 14 21 13 23 19 20 10 23
Yes 10 14 21 15 23 19 19 11 21

sEMG Parameters: Change of Area Under Curve (%)*

Descending Part of Trapezius — –17.5 –41.2 4.1 –60.6 –46.8 –48.3 59.7 6.5 –19.3
Posterior Part of Deltoid — –43.0 –54.1 –29.5 –16.0 –47.2 –26.1 –32.9 –26.3 –12.8
Anterior Part of Deltoid — –54.5 –31.9 –17.4 –73.6 –27.0 –33.2 –39.8 –30.6 –31.6
Pectoralis Major — –30.4 –51.2 –14.7 –40.6 –38.1 –11.3 –4.2 –39.0 22.2
Long Head Biceps — –57.0 –78.0 –42.9 –80.0 –41.6 –52.7 –44.4 –26.4 –22.9
Lateral Head Triceps — –55.7 46.6 –37.3 –24.8 –10.7 115.5 –43.4 –29.6 –13.8
Long Head Triceps — –47.2 25.2 –37.7 1.2 –16.4 –56.6 12.1 –24.5 16.9
Latissimus Dorsi — –17.5 –6.6 –13.1 –28.6 –23.5 –17.8 –5.5 45.4 –4.8

*Negative value means decrease in area under curve during movement with Fb, compared with same movement without Fb.
ID = identification.



625

KLOOSTERMAN et al. Gravity compensation in cervical SCI
gravity. A larger part of the muscle force could be used to 
perform goal-directed moveme nts, possibly leadi ng to 
increased el bow e xtension du ring max imal reaching  and  
more repetitions during reach and retriev al. However, the 

results of this study showed less elbow extension during 
maximal reac hing with gravity compe nsation in seven 
subjects. During reach and retrieval with gravity compen-
sation, all subjects showed less elbow extension a nd, in 
eight subjects, a decrease in shoulder angle and/or plane 
of elevation.

 Plausible  explanations could be given for these  
results. First, subjects with a CSCI who have a lack of tri-
ceps function use their anterior p art of the d eltoid and 
upper pectoral muscles to produce an isometric extension 
torque in their elbow [20] or make a trick movement with 
their shoulde r muscle s to achieve passive e lbow exten -
sion [21]. They use gravity to maintain the arm in exten-
sion below th e h orizontal plan e [2 2] and  to  perform a 
passive elbow extension with a trick movement. In both 
compensation strategies, gravity is used to maintain 
elbow extensio n. Therefore, mo vement execution with 
gravity c ompensation might decrease elbow  extens ion. 
Second, during goal-directed movements without gravity 
compensation, subjects use a lar ge part of the pre served 
muscle force to hold the arm against gravity . If the pri -
mary ag onists alone are  not capable of generating the 
required anteflexion and ex tension torques, additional 
agonist muscles are recruited [23]. For example, the mid-
dle part of the deltoid mi ght contribute to lift t he arm, if 
the anterior part of the de ltoid cannot generate enough 
force. The middle  part of the deltoid also has an abduc-
tion function that can result in  a reaching movement not 
truly in the  sagitta l plane [23]. Third, because  of a  
decreased plane of ele vation, the h and moves more in a 
direct line to the target dot. If the arm is extended closer 
to the midline, less elbow extension and angle of elev a-
tion are  necessary to reac h the  target dot. Finally, with 
gravity compensation, the pectoral muscles can move the 
arm more easily to a position in front of the patient 
because the weight of the arm is counteracted.

The re sults of the sEMG data during the re ach and 
retrieval task showed a decrease in sEMG activity during 
movements with the use of the Freebal, particularly in 
muscles that counteracted gravity, while timing remained 
unaffected. The results confirmed our presumption based 
on previous stu dies with no ndisabled elderly [1 0] and 
stroke patients [11,13,15] that also showed a dec reased 
sEMG in antigravit y muscles and unaf fected timing. 
Remarkably, despite subjects with an MRC score of 0 in 
the triceps, sEMG activity was seen mainly during elbow 
flexion. A plausible explanation for this sEMG activity is 
stretch or cocontrac tion. In the s EMG s ignal, however , 

Figure 6.
Examples of muscle activation patterns and corresponding elbow 
angle: (a) Altern ating activation pattern  between biceps and  triceps 
(subject ide ntification [ID] number 2), (b) simu ltaneous pa ttern 
between anterior and pos terior part of  deltoid (subject ID number 3) , 
and (c) simultaneous pattern between anterior deltoid  and p ectoralis 
major (subject ID number 11).
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one cannot dif ferentiate be tween activity be cause of 
stretch and voluntary motor activity [24].

A large va riety in musc le activation patterns was 
seen between  subjects becau se of h eterogeneity of  the 
study population. After a CSCI, the fun ctional anatomy 
of the upper limb had to be red efined. Muscle synergies 
as seen in no ndisabled subjects are often inapp ropriate 
for subjects with a CSCI [20]. The central nervous sys -
tem is challenged to use a motor strategy to adjust to the  
new functional anatomy an d bio mechanics, with  a 
reduced repertoire of innervated muscles to deal with the 
mechanics [21], leading to  dif ferent movement patterns 
between subjects with a CSCI [20].

To our knowledge, our study was the first explorative 
study about the  effect of gravity compensation on kine -
matics and sEMG in subjects with a CSCI. Another type 
of arm su pport by subjects with a CSCI was stu died by 
Atkins et al. [7]. They reported about the effect of mobile 
arm support on ADLs. Based o n Delphi questionnaires, 
they concluded that some ADLs were  possible with the  
use of a mo bile arm support, which without the use of 
such a device, patients with very weak biceps and deltoid 
muscles were unable to perform.

Besides being us ed for co mpensating lost functi ons, 
gravity compensation can be used for training purpose s. 
Further studies should be performed with a larger popula-
tion because of the small effect size, especially on kine-
matic parameters, and should be able to test the following 
hypotheses: (1) patients with an MRC score of at least 2 
in the trice ps muscle can train the ir primary agonists of 
the shoulder and elbow in goal-directed movements more 
intensively and, (2) for patients without  active triceps 
function (MRC score of 0 or 1), grav ity co mpensation 
may not  seem useful to train  extension mo vements 
because they perform the se move ments with the  use of 
gravity. However, gravity compensation might be benefi-
cial for training musc les required to cross the midline or 
to perform bimanual tasks. Also, the influence of gravity 
compensation on th e patients’ abi lity to stabilize the 
shoulder in a certain positio n would be an interesting 
parameter.

CONCLUSIONS

This explorative study showe d that gravity compen -
sation i nfluenced the kinematics and amplitude of the 
sEMG of the upper limb during goal-directed movements 

in CS CI. A lar ger study is needed to firmly conclude  
whether training with gravity  compensation i s clinically 
relevent.
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