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ABSTRACT 

 

The aim of this investigation was to determine how the CNS controlled seven 

segments of the human deltoid muscle during a change in the direction of shoulder 

joint motion.  Specifically, we wished to determine how the prime mover, synergist 

and antagonist muscle segments of this muscle were manipulated to assume new 

functional roles as the direction of shoulder motion was rapidly changed from 

shoulder abduction to shoulder adduction.  Seven bipolar surface electrodes (7 mm 

inter-electrode distance) were placed over the seven segments (D1-D7) of the right 

deltoid, in seven young (19yrs-24yrs) male subjects, to detect changes in muscle 

segment activation as the subjects transitioned from a rapid shoulder -abduction to a 

rapid -adduction force impulse (MT=1000ms).  For each subject, fifteen trials were 

recorded at an inter-trial interval of 30 seconds.   Comparisons of muscle segment 

timing and intensity of activation were made across 6 equal time intervals between 

just before the peak of the abduction force impulse and the subsequent peak of the 

adduction force impulse.  The results of this study have shown that segments of the 

deltoid were activated during both the shoulder abduction and shoulder adduction 

motor task.  In addition, the pattern of muscle segment activation (timing and 

intensity), during the transition from shoulder abduction to shoulder adduction, was 

dependent upon the muscle’s moment arm and line of pull in relation to the axis of 

shoulder joint rotation.  Three distinct patterns of neuromotor activation were noted 

within the segments of the deltoid muscle.  During abduction the agonist prime mover 

and synergist segments (D1-D5) were totally deactivated (<10% MVC) as they 

became antagonist segments during adduction.  The antagonist segment (D7), during 

abduction, was deactivated and then reactivated as it became a synergist segment 
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during adduction.  Finally segment D6 was shown to have a nearly continuous period 

of activation.   The study has shown that during a transition to a new movement 

direction, a muscle segment’s line of pull and future function in the next phase of the 

movement appears to determine its period and intensity of activation.   

 

Key Words: 

functional differentiation; electromyography; muscle segment; deltoid; motor 

control. 
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INTRODUCTION 

 

Skilled human movement involves the production of alternating joint movements 

which may vary in their direction, speed and amplitude (4, 1).  Of importance in 

producing skilled movement is the ability of the CNS to control muscle activity to 

produce smooth transitions from one movement phase to the next.  From existing 

evidence (3) it could be inferred that during movement transitions entire muscles are 

simply activated or deactivated on mass as movement direction changes (2).  

However, this assumption does not account for evidence that muscles are composed 

of multiple muscle segments which can be individually activated according to their 

function (prime mover, antagonist, synergist) during skilled movement (5,25).  This 

phenomenon, sometimes referred to as functional differentiation (18), suggests that 

the CNS has the capacity to “fine tune” the activation of motor unit sub-populations 

within single skeletal muscles to maximise the efficiency of force production across 

the joint (19,20,21).  This finding is supported by observations that motor units within 

single muscles form “task groups” for specific joint movements (17), that single 

skeletal muscles are subdivided into neuromuscular compartments with discrete motor 

unit sub-populations (8) and that fast and slow twitch muscle fibres are non-uniformly 

distributed throughout a muscle’s belly (16). 

 

More recent evidence has shown that muscle segments within a single skeletal muscle 

may be functionally classified based upon their lines of pull (10) in relation to the 

direction of joint motion (5,25).  Using functional classifications previously utilised to 

describe whole muscle function (3,15), these authors were able to determine in radiate 

muscles (e.g. deltoid) that a muscle’s prime mover segments had lines of pull 
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consistent with the direction of joint rotation, were activated first and tended to have 

the longest durations of activity and the highest intensities of contraction.  The 

muscle’s synergist segments with more divergent lines of pull away from the direction 

of joint rotation, were activated later, and tended to have shorter periods of activity 

and lower intensities of contraction.   In addition, Wickham et al. (26,27) have noted 

that some muscles (eg. the deltoid) also had antagonist muscle segments with lines of 

pull opposing the direction of joint rotation and which, if activated at all, had variable 

periods and intensities of activation. 

 

Given that individual skeletal muscles maybe composed of functionally independent 

muscle segments, it would seem obvious that a transition from one movement phase 

to the next would need to account for differences in muscle segment moment arms, 

lines of pull and cross-sectional areas.  However, there currently exists little 

information to show how the CNS modifies the activity of individual muscle segments 

as the underlying joint transitions from one movement direction to the next  – 

movements that are fundamental to skilled human motion.  Such information would 

be important to allow a more complete understanding of muscle segment neuromotor 

control strategies. 

   

Therefore, the aim of the present study was to determine how the CNS modifies motor 

unit activity (timing and intensity) within the segments of a single skeletal muscle as 

the direction of joint movement was altered.  Specifically, we wished to determine 

how the prime mover, synergist and antagonist muscle segments of the human deltoid 

muscle (25) were manipulated to assume new functional roles as the direction of 

shoulder motion was rapidly changed from abduction to adduction.  We hypothesise 
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that deltoid muscle segment activity, during the transition from shoulder abduction to 

adduction, would reflect the segment’s functional role in the next phase of the 

movement.  The results of this study should provide new insights into the complexity 

of neuromotor control required to coordinate the muscular segments of single skeletal 

muscles during more complex motor tasks. 

 



Muscles within Muscles  

 8 

METHODS 

 

Procedures: 

Seven male subjects (mean age 20.4 years), with no known history of shoulder 

pathologies, signed voluntary consent forms to participate in this experiment.  The 

subjects sat in an adjustable chair within an experimental cage with their extended 

right upper limb secured within an arm cast at 40
o
 of shoulder abduction in the plane 

of the scapula.  The arm cast was firmly restrained by cables to permit the subjects to 

produce rapid 50% MVC isometric shoulder abduction and adduction force impulses.  

Following a familiarisation period, the subjects performed three abduction and three 

adduction MVC’s, at an inter-trial interval of three minutes, to determine the 

subsequent 50% MVC level for the experiment.  The subjects were then instructed to 

perform consecutive abduction and then adduction isometric contractions (50% MVC) 

of the shoulder joint each within a period of 2000 ms.  The subjects controlled the 

intensity and timing of the contraction by viewing a computer simulated force-time 

curve which represented the target force of 50% MVC and the direction of movement.  

Fifteen trials were collected with an inter-trial interval of 30 seconds to minimise 

fatigue. 

 

Force Recordings: 

Two 100 kg load cells, within the cables securing the arm cast to the experimental 

cage, recorded the abduction and adduction isometric forces production during the 

fifteen trials performed by each subject.  The output of the load cells was connected to 

a force-time simulator for subject feedback, and to a computer for A to D conversion 

and storage. 
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Electromyographic Recordings: 

Seven miniature gold bipolar surface electrodes (7 mm inter-electrode distance) were 

placed over the seven segments of the right deltoid as previously described by 

Wickham and Brown (25).  The centre of each segment’s origin was marked on the 

subject’s shoulder girdle utilising normalised distance measurements from the 

sternoclavicular joint to the medial spine of the scapula.  This normalised distance was 

based on anatomical data derived from cadaveric examination.  The surface electrode 

sites were then located at a distance of 25% from the centre of each segment’s origin 

to its insertion at, and around, the deltoid tuberosity of the humerus (Figure 1).  

Reference electrode sites were marked on the left mid-clavicle and right acromio-

clavicular joint.  Surface electrodes were secured to the subject by the use of double-

sided tape after the skin had been shaved, abraded and washed with alcohol.  Prior to 

application, electrode gel was injected into the electrode wells utilising a syringe 

coupled to a 1 mm cannula.  The seven miniature bipolar electrodes were connected to 

differential EMG preamplifiers and HUMTEC 100 EMG amplifiers.  The raw EMG 

signals were amplified and filtered (10 Hz high pass, 50 Hz notch filter and 1 kHz low 

pass) prior to storage on a computer. 

 

 

Insert Figure 1 

_____________________________________________________________________ 
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Data Collection and Analysis: 

The two second samples of isometric abduction and adduction joint force, and the raw 

EMG waveforms from each of the seven segments of the deltoid, were stored on an 

PC computer after A-D conversion at 1 kHz.  The intensity analysis of the EMG 

waveforms (integration) was carried out utilising the Waveform Analysis Software 

Package (WASP) whilst a Digital Signal Processing (DSP) package was utilised to 

analyse the temporal parameters of the EMG waveforms and the isometric force 

impulses.  This latter program allowed the raw EMG signals to be manipulated 

(rectified, low pass, high pass, notch filtered, etc) to assist accurate determination of 

the timing of muscle segment activation.  Each subject’s temporal data was 

normalised to movement time (MT) which was the period beginning at the 

commencement of the abduction force impulse and finishing at the peak of the 

adduction force impulse.  The muscle segment intensity data were also normalised to 

the respective abduction or adduction MVCs values. 

 

Temporal Analysis: 

The onsets of the abduction (abbON) and adduction (addON) force impulses as well 

as their peaks (abbPK and addPK respectively) were determined from the force-time 

recordings and expressed (normalised) as a percentage of movement time (MT).  

Movement time was the time period between the abbON and addPK.   Other temporal 

variables such as activation (ON), peak (PK), deactivation (OFF) and duration (DUR) 

of each muscle segment were also normalised and expressed as a percentage of MT 

(Figure 2).  
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Insert Figure 2 

_____________________________________________________________________  

 

Intensity Analysis: 

For each subject, the time period between the peak of the abduction force (abbPK) 

and the peak of the adduction force impulse (addPK) record was divided into 5 equal 

time intervals.  A sixth time interval, of equal duration to the other five, was then 

added immediately before abbPK (Figure 3).  Across all subjects, the 6 time intervals 

were each approximately 100ms in duration.  During each time interval (1 to 6), the 

EMG waveforms representing the activity of each muscle segment were integrated 

and these values normalised to the MVC for that subject.  Specifically, segments D1 

to D6 (abductor segments) were normalised to the abduction force impulse while 

segment D7 (an adductor segment) was normalised to the adduction force impulse. 

 

 

Insert Figure 3 

_____________________________________________________________________ 

 

Biomechanical Analysis: 

Three-dimensional Cartesian coordinates of each of the 7 muscle segments of the 

deltoid, as well as a further 12 muscles segments within latissimus dorsi (6) and 

pectoralis major (6), were determined through use of a vertical milling machine.  By 
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securing a cadaver to a specially designed frame, 3D coordinates of each muscle 

segment and the axis of rotation of the shoulder joint were determined with the 

shoulder in 20
o
 and 50

o
 of abduction in the plane of the scapula (Figure 4).  AutoCAD 

was utilised to graphically represent the lines of pull and moment arms (ma) for 

shoulder abduction/adduction for each muscle segment in the two positions of the 

shoulder.  Moment arm data for each segment with the shoulder in 40
o
 of abduction 

was interpolated from the derived graphs.  This biomechanical data has, in part, been 

previously utilised in Brown et al. (5).  

 

Statistical Evaluations: 

Repeated measures ANOVA, with Tukey’s post-hoc analysis,  were performed to 

determine significant differences between segments.  The level of significance was set 

at p<0.05). 
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RESULTS 

 

Biomechanical analysis: 

The data for muscle segment motor arms at 20O and 50O of shoulder abduction is 

presented in Figure 4.   Interpolation of these results indicated that deltoid segments 

D1 to D6 all had abductor moment arms at 40
o
 of shoulder abduction in the plane of 

the scapula.  Clearly, segments D3 (middle head) and D4 (anterior-lateral portion of 

the posterior head) had the largest moment arms for abduction within the deltoid.  The 

moment arms for abduction decreased as the deltoid’s segments became progressively 

medial (D3 to D1; D3 to D6).  Interestingly, in contrast to all other segments, the D7 

muscle segment had a moment arm for shoulder adduction (Figure 4). 

 

Anatomical analysis of the deltoid in cadaveric specimens suggested that segments D2 

& D3 had lines of pull onto the humerus that were most consistent with the plane of 

shoulder joint abduction.  All other segments had more divergent lines of pull away 

from the plane of shoulder joint motion. 

 

 

Insert Figure 4 

_____________________________________________________________________ 

 

Timing of shoulder joint motion: 

The sequential shoulder abduction and adduction isometric force impulses, produced 

by each subject, resulted in two recorded force-time curves of similar amplitude 

(50%MVC) and duration (approximately 450ms time to peak) (Figure 3).  The period 
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between the abbON and addPK represented the movement time (MT) of the motor 

task and approximated 1000ms.  In relation to this period, the abduction force impulse 

commenced at 0% of MT and reached its maximum amplitude at approximately 45% 

of MT (Figure 5).  This period was termed the abduction phase of the task.  The 

adduction force impulse then commenced at 50% of MT and reached its maximum 

amplitude at 100% of MT.  This period was termed the adduction phase of the task 

(Figure 5). 

 

 

Insert Figure 5 

_____________________________________________________________________ 

 

Muscle segment activity during the abduction phase: 

There was a clearly defined order in which segments D1 to D7 were activated (ON); 

an order which reflected the functional role of each segment in producing the 

abduction isometric force impulse (Figure 5).   

 

The initial segments activated during the abduction phase were segments D1 to D3, 

which commenced activity significantly (p<0.05) earlier than other segments (D4 to 

D7) within the deltoid (Table 1).  Segments D1 to D3 were activated at about the time 

of abbON and so were capable of contributing to the initial development of the 

abduction force impulse.  In contrast, segments D4 to D7 were activated after abbON 

and so made later contributions to the production of the abduction phase.  Interestingly 

segment D7, with the most posterior-medial fibres of the deltoid, was activated last 

some 11% of MT after the onset of the abduction force impulse (Table 1). 
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All segments, including D7, were maximally activated (PK) at approximately 35% of 

MT and significantly (p<0.05) earlier than the peak of the abduction force impulse 

(abbPK).  No significant differences in the timing of peak (PK) muscle segment 

activation were found between the seven segments (Table 1). 

 

The cessation of segment activity (OFF) during the abduction phase occurred 

simultaneously in all segments at about the time of the onset of the adduction phase.  

With reference to the duration (DUR) of segment activity during the abduction phase, 

Table 1 indicates that segments D6 and D7 had significantly (p<0.05) shorter periods 

of activation. 

 

 

Insert Table 1 

_____________________________________________________________________ 

 

Muscle segment activity during the adduction phase: 

The adduction phase of the activity was accomplished by deactivation of all muscle 

segments immediately after peak abduction force followed by the reactivation of only 

segments D6 and D7 (Figure 5).  There was no significant difference between the 

reactivation times of these two segments (approximately 62%MT) which were both 

significantly (p<0.05) later than the onset of the adduction force impulse (addON) 

(Table 1).   In addition, both reactivated segments were maximally activated (PK) at 

approximately 89% of MT or some 10% of MT before the peak of the isometric 

adduction force (Table 1).   
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Transition to the adduction phase: 

The intensity of motor unit activity within the seven segments of the deltoid was 

assessed within six equivalent time intervals (Intervals 1 to 6); five of which occurred 

between abduction peak (abbPK) and adduction peak (addPK).  A sixth time interval 

was located immediately prior to abduction peak (Figure 3).  This method of analysis 

allowed a determination of how the motor units within each muscle segment were 

controlled by the CNS as the motion changed rapidly from the abduction phase to the 

adduction phase. 

 

Figure 6 shows the results of this analysis in which interval 1 represents the time 

period immediately prior to the attainment of maximum abduction force (abbPK) and 

interval 6 an equivalent time period immediately prior to the achievement of the 

maximum adduction force (addPK). 

 

 

Insert Figure 6 

_____________________________________________________________________ 

 

Three distinct patterns of segment activation were noted as the subjects transitioned 

from the abduction phase to the adduction phase (Table 2, Figure 6).  As each subject 

approached the end of the adduction phase (interval 1), and then proceeded to the end 

of the adduction phase (interval 6), segments D1 to D5 were all found to be rapidly 

deactivated to less than 10% MVC by interval 3.  In these segments, the intensity of 
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segment activation was shown to be significantly (p<0.05) lower as early as interval 2 

(Table 2). 

 

 

Insert Table 2 

_____________________________________________________________________ 

 

The intensity of activation of segment D6 was also significantly (p<0.05) reduced by 

interval 2 but a reactivation (P<0.05) to a level of intensity similar to interval 1 was 

seen by interval 4 (Table 2, Figure 6). 

 

In contrast, the intensity of contraction in segment D7 was low in interval 1 but 

significantly (p<0.05) higher by intervals 5 and 6 (Table 2, Figure 6).  The three 

contrasting patterns of neuromotor coordination are graphically illustrated in Figure 7.  

 

 

Insert Figure 7 

_____________________________________________________________________ 
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DISCUSSION 

 

The concept that single human muscles may be functionally subdivided into smaller 

groups of motor units has been experimentally determined by Loeb (1985) who 

suggested that a muscle’s alpha and gamma motor units, as well as its muscle 

spindles, were grouped together to form “task groups” each with a defined roll in 

movement generation.  Within this task group, size-related motor unit recruitment 

(11) would occur rather than within the muscle’s total motor unit pool (22).  This 

concept has been supported by English and colleagues (6,7,8,23) who have suggested 

that motor units are grouped into specific “neuromuscular compartments” which are 

distinct sub-volumes of muscle innervated by a single nerve branch.  These authors 

have suggested that each neuromuscular compartment produces a different torque 

across the joint (6), and that they may be individually activated by the CNS depending 

upon the requirements of the motor task (8).  Furthermore, they hypothesise that the 

CNS controls segments of a muscle, not the whole muscle, during the production of 

motor tasks (8).  Support for this hypothesis may be found in the work of  Hermann 

and Flanders, (12) who have shown that motor units within particular regions of a 

muscle have one, or more, “best directions” (direction of joint rotation) for maximal 

activity.   They confirm that during a particular motor task, different motor units will 

be recruited at different times based upon how close their pulling direction (line of 

pull) is to the direction of force required (12).  Additionally, the work of Wickham 

and colleagues (24-27) have determined that individual muscle segments assume 

functional roles (eg. agonist, antagonist, synergist) which are modified by the 

direction of joint rotation.    
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The results of the present study have shown, for the first time, how the CNS controls 

deltoid muscle segment activity during the transition from shoulder abduction to 

adduction and how a muscle segment’s function influences its pattern of myoelectric 

activity.  Importantly, it was apparent that a muscle segment’s future function (eg. line 

of pull) in the next phase of the movement influenced its activity during the transition 

period.   

 

As seen in Figure 6, three distinct patterns of neuromotor control were noted within 

the seven muscle segments of the deltoid as the shoulder joint changed its direction of 

motion.  Segments D1 to D5 were all found to be rapidly deactivated, following the 

peak of the abduction force impulse (interval 2), and to play no further role in the 

motor task.  As determined previously by Wickham and Brown (25) (Figure 4), these 

particular muscle segments all had agonist moment arms for shoulder abduction and 

an antagonist function during shoulder adduction.  Clearly, their input into the 

production of joint torque was required only during the abduction phase of the 

movement and was deemed redundant during the adduction phase where their 

activation would have opposed the activity of adductor muscles such as the latissimus 

dorsi and the pectoralis major. 

 

In contrast, segment D7 was shown to have a bi-phasic activation (Figure 7) during 

the motor skill investigated.  This segment has been previously shown by Wickham 

and Brown (25) (Figure 4) to have an agonist moment arm for adduction and to be an 

antagonist during shoulder abduction.  Clearly segment D7 had its most intense 

activation during shoulder adduction (5).  However, it is not clear why segment D7 
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was activated at all during shoulder abduction where it acted as an antagonist.  

Possibly its activation was required to help neutralise internal forces within the joint 

that could lead to tissue damage (9). 

 

Within the deltoid muscle itself, there was a clear differential between the activity of 

antagonist muscle segments in abduction (eg. D7) with those utilised during adduction 

(eg. D1 to D5).  As seen in Figure 5, agonist and antagonist co-contraction was 

evident during shoulder abduction while reciprocal inhibition of most antagonist 

segments was characteristic of shoulder adduction.  One probable explanation for the 

disparity in antagonist segment activation relates to the role D7 has in controlling 

medial rotation of the shoulder joint (14).  During shoulder abduction, the major 

agonist torque is provided by the anterior, middle and posterior fibres (excluding D7) 

of the deltoid as well as supraspinatus (13).  The activation of the deltoid’s anterior 

(D1 & D2) fibres would also produce an additional (unwanted) medial rotation torque 

which was apparently balanced by the activation of the muscle’s posterior fibres 

including the antagonist segment D7.  The small cross-sectional area (8.5% of total 

deltoid cross sectional area) of segment D7, compared to the other segments of the 

deltoid (24), would indicate that co-contraction of this segment would have little 

impact on the production of a shoulder abduction torque.  In contrast, during shoulder 

adduction the antagonist deltoid segments (D1 to D5) were all reciprocally inhibited 

with only segment D6 and the agonist segment D7 being activated (Figure 5).  One 

possible explanation for this finding relates to the muscle cross-sectional area of 

segments D1 to D6.  As seen in Wickham (24), segments D1 to D6 comprise almost 

85% of the deltoid’s cross-sectional area.  Therefore, co-contraction of these 

antagonist segments during shoulder adduction would be inefficient given that they 
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together would provide a significant opposing torque.  However, the activity of 

segments D6 and D7, during shoulder adduction, is understandable given the agonist 

role of segment D7 and the ability of D6, with D7, to provide a counter-balancing 

external rotation toque to oppose the medial rotation torques generated by both 

latissimus dorsi and pectoralis major during shoulder adduction.      

 

 

As seen in the results (Table 1,2), D6 had a similar period and intensity of activation 

to other agonist segments (D1 to D5) during shoulder abduction before co-contracting 

with the agonist segment D7 during shoulder adduction.  As determined previously 

(25), biomechanical analysis of D6’s line of pull and moment arm (Figure 4) has 

shown it to be close to the axis of shoulder rotation in the coronal plane but with a 

small moment arm for shoulder abduction.  Macroscopically, its muscle fibres 

appeared to be arranged both above and below the shoulders’ axis of rotation in this 

position of the joint.  Its functional role was reflected by continuous activity seen 

throughout the transition from the abduction phase to the adduction phase (Figure 7).  

Although segment D6 could contribute little to over-all abduction or adduction joint 

torque, its role appeared to be to stabilise the shoulder joint against unwanted medial 

rotation due to the activity of latissimus dorsi and pectoralis major during shoulder 

adduction  

 

With reference to the timing of muscle segment activation our results were similar to 

those described previously during separate investigations of each individual 

movement direction (25).  During the abduction phase, agonist segments D1 to D3 

acted as prime movers although their late activation after abbON suggested that the 
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abduction force impulse was initiated by the supraspinatus.  The later activation, and 

more divergent lines of pull, seen in segments D4 to D6 suggested a synergist function 

while the short and late activation of D7 was consistent with its antagonist function 

(26,27).  In addition, these findings support the contention by Hermann and Flanders 

(12) that the timing of motor unit (muscle segment) activation becomes progressively 

later as the motor unit’s (muscle segments) best direction diverges away from the 

direction of force production.  During the transition to adduction, the cessation of 

activity within segments D1 to D5 was consistent with their future role as an 

antagonist to shoulder adduction.  The reactivation of D7 after addON, but before 

addPK, confirmed its future synergist role during adduction as did the co-contraction 

of segment D6.  These findings are all in agreement with previous investigations of 

the functional roles of the seven deltoid segments (5,25).   

 

In summary, the results of this study have shown how the activity of 7 muscle 

segments within the human deltoid muscle are “fine tuned” by the CNS during the 

transition from shoulder abduction to shoulder adduction.   The study has shown that 

during a transition to a new movement direction, a muscle segment’s line of pull and 

future function in the next phase of the movement determines its period and intensity 

of activation.   
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