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ABSTRACT

Introduction: Knowledge of torque and force production capacity and moment arm patterns throughout the movement, and their
influence on the torque produced, are essential for understanding human movement and may be of great use for controlling the
overload imposed on the muscle-tendon structure. Objective: To present mechanical criteria for progression in internal rotation
(IR) and external rotation (ER) exercises of the shoulder in the sagittal plane. Method: Six individuals were assessed using an
isokinetic dynamometer and an electrogoniometer. From the data collected, the mean torque, mean resultant force and weighted
mean moment arm were calculated using the SAD32 and Matlab® software. Results: The angles at which the peak ER and IR
torque occurred were -34° and 6º with values of 43 Nm and 69 Nm, respectively. The peaks for ER and IR muscle force were at
35º and -14º, and the values at these angles were 10227 N and 8464 N, respectively. The weighted mean moment arm for ER
presented an increasing pattern over the whole range of motion (ROM) and the peak was at the end of the ROM, i.e. at -50º
(0.91 cm). The weighted mean moment arm for IR was almost constant with its peak at 50º (0.96 cm). Conclusion: The mechanical
criteria for progression in internal and external rotation exercises of the shoulder are torque, force and weighted mean moment
arm because different overloads on the muscle-tendon structure can be caused according to their patterns over the ROM.
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INTRODUCTION

Rehabilitation of the shoulder joint may be difficult not
only because of its complex function, which involves
anatomical and functional integrity, but also due to the
physiological and biomechanical contributions of structures
such as the scapula1,2. Generally speaking, shoulder
rehabilitation programs make use, in most cases, of exercises
with progressive loads and intensities according to the type
of injury and surgical procedure that was performed1,2,3. Even
though these characteristics are decisive for exercise
progression, knowledge of the joint mechanics is fundamental
for appropriately choosing the exercises3.

Joint movements are consequences of the rotation of
one segment in relation to another. This rotational effect of
an applied force is called torque or moment. The torque that
a muscle generates on the joint is influenced by the moment
arm range or the force production capacity of the joint4,5,6.

The moment arm (perpendicular distance) is the smallest
distance between the line of muscle action and the center of
joint rotation4,7,8,9. The magnitude of the moment arm
represents the mechanical advantage of a muscle in a joint,

and its measurement may assist in understanding how the
muscle functions5.

The force production capacity of the muscle during
contraction is one of the mechanical properties that has been
described most in studies, because it is what provides the
strength needed for maintaining the posture and beginning
movements10. The force production capacity depends on
several factors such as the length-tension relationship, the
force-velocity relationship and the fiber recruitment (spatial
and temporal summation). However, for maximum
contractions at constant velocity, the force production
capacity of the muscle depends on the muscle length and this
“dependence” relates directly to the length-tension relationship
of the sarcomere11. This relationship can be explained by the
sliding filament theory12,13 and the cross-bridge theory14,15.
The sliding filament theory assumes that the changes in the
sarcomere, fiber and muscle lengths are produced by sliding
of the actin and myosin myofilaments inside the sarcomere
from the cross-bridges. Therefore, the maximum force that
is generated by the muscle will occur at a sarcomere length
in which the superposition between the actin and myosin will
allow the greatest number of cross-bridges12,13,14,15.
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Knowledge of torque and force production capacity
and the moment arm over the course of the movement, and
their influence on the torque behavior produced, are essential
for understanding human movement and may be of great use
for controlling the overload imposed on the muscle-tendon
structure, as well as for better planning for exercise
progression in a rehabilitation program16,17,18.

The objective of this study was to present mechanical
criteria for the progression of internal rotation (IR) and external
rotation (ER) exercises of the shoulder, when performed in
the sagittal plane.

MATERIALS AND METHODS

This study was approved by the Ethics Committee of
the IPA Methodist University Center (registration no. 1211)
and all the participants signed a free and informed consent
statement.

The sample consisted of six male individuals, with ages
between 22 and 32 years (mean: 25.1 ± 4.0) and height
between 167 and 192 cm (mean: 182.6 ± 9.8), who were
regularly doing physical activities (at least twice a week).
All individuals in the sample participated in all the stages of
the study. The shoulder evaluated was the right shoulder
(dominant limb) and none of the individuals presented histories
of injuries or dysfunctions in the evaluated shoulder.

The data collection consisted of measuring the
maximum ER and IR torque produced at 60º/sec in the sagittal
plane. For this, an isokinetic dynamometer was used (Cybex
Norm model, Dataq Instruments, Inc., Ohio, United States).
With the aim of recording joint positions with greater precision,
an electrogoniometer was used (XM 180 model, Biometrics
Ltd (Cwmfelinfach, Gwent, United Kingdom), adapted
together with the isokinetic dynamometer. The isokinetic
dynamometer and the electrogoniometer were connected to
a Pentium III 650 MHz microcomputer by means of a
16-channel analog-digital converter. For data processing, the
SAD32 software (a data acquisition system developed by
the Mechanical Measurements Laboratory of the Federal
University of Rio Grande do Sul) and the MATLAB 7.0®

software (MathWorks Inc, Massachusetts, United States)
were used.

The collection procedures were divided into five phases:
preparation, positioning, calibration, test familiarization and
testing.

Preparation: warm-up and stretching of the right arm.
Positioning of the individuals: dorsal decubitus with the

right arm positioned at 90º abduction and the elbow flexed
at 90º.

Calibration: the ER and IR ranges of motion (ROM)
were determined according to the maximum ROM at which
the individual was capable of producing maximum torque.
The zero angle of rotation on the electrogoniometer was

established as the angle corresponding to the neutral rotation
position.

Familiarization: three repetitions of ER and IR
submaximal concentric contractions were performed.

Test: five repetitions of ER and IR maximal concentric
contractions were performed at an angular velocity of
60°/sec19.

The data of the torque generated and the angle were
filtered using a low-pass third-order Butterworth digital filter
with a frequency cutoff of 3 Hz for the angle data and 10
Hz for the torque data. After the signal filtering, the mean
of the five repetitions was calculated. The convention used
for the angular positions was that the ER would have negative
values and the IR would have positive values8.

From the ER and IR torque values, it was possible to
estimate the magnitude of the resultant force exerted by the
external and internal rotations, through the ratio between the
torque and the moment arm of force application. Since many
muscles are able to perform ER or IR, a simplification was
made, to make it possible to determine equation (1):

                      T = dp x Fm               (1)

In which: T = torque; Fm = muscle force;
dp = moment arm (between the muscle force action line and
the rotation center of the shoulder)8.

 For this, the mean moment arms of all the internal
rotator and external rotator muscles were calculated. This
mean was weighted by the physiological cross-sectional area
of each muscle, thus resulting in the weighted mean moment
arm (WMMA). The muscles used for the calculation were
the supraspinatus, infraspinatus, teres minor, posterior deltoid,
middle deltoid and anterior deltoid for ER; and the pectoralis
major, latissimus dorsi, teres major, posterior deltoid, middle
deltoid and anterior deltoid for IR. The physiological cross-
sectional muscle area and the moment arms of the muscles
were obtained from the literature 8.

RESULTS

The ER torque behavior is presented in Figure 1. At the
beginning of the movement, there was an increase and then
the curve tended to remain constant over the intermediate
section of the ROM. After maintaining this plateau, there was
a slight increase representing the torque peak. At the end of
the movement, the torque curve presented a descending phase.
The ER torque peak occurred at an angle of -34°, at which
the shoulder is rotated externally with a mean torque of 43
Nm (100%).

The behavior of the WMMA of the ER presented
growth throughout the ROM (Figure 2). The greatest WMMA
of the ER occurred at -50° of rotation, which corresponded
to a moment arm of 0.91 cm.
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ER: external rotation; IR: internal rotation

Figure 2. Weighted mean moment arm of the external rotation.

ER: external rotation; IR: internal rotation.

Figure 1. Percentage mean torque of the external rotation, with standard error.
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Figure 3. Percentage resultant force of the external rotation, with standard error.

ER: external rotation; IR: internal rotation.

Figure 4. Percentage mean torque of the internal rotation, with standard error.

ER: external rotation; IR: internal rotation.
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Figure 5. Weighted mean moment arm of the internal rotation.

ER: external rotation; IR: internal rotation.

Figure 6. Percentage resultant force of the internal rotation, with standard error.

ER: external rotation; IR: internal rotation.
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The resultant ER muscle force behavior could be divided
into two phases (Figure 3): one ascending phase up to the
peak force and another descending phase down to the end
of the movement. Unlike the torque behavior, the peak force
occurred when the shoulder was internally rotated, when
it was stretched, before reaching the neutral position and
without presenting any plateau throughout the ROM. The
ER peak force occurred at an angle of 35°, with a mean
value of 10227N (100%).

The IR torque behavior (Figure 4) was very similar to
the ER pattern (Figure 1). At the beginning of the movement,
this curve also presented an increase and then tended to remain
constant over the intermediate section of the ROM. However,
differing from the ER, the IR peak torque occurred at an
approximate angle of 6° during this plateau, with a mean of
69 Nm (100%), when the shoulder was internally rotated.
At the end of the movement, this torque curve also presented
a descending phase.

The behavior of the WMMA of the IR was practically
constant over the course of the ROM (Figure 5). At the
beginning of the movement, there was an ascending phase,
which finished approximately at the intermediate section of
the ROM, when the WMMA was practically constant. There
was then a new ascending phase, culminating at the WMMA
peak at the end of the movement. The largest WMMA of the
IR occurred at a rotation of 50°, with a moment arm of
0.96 cm.

The behavior of the resultant IR force curve
(Figure 6) was similar to the IR torque curve (Figure 4), but
with different magnitudes. At the beginning of the movement,
this curve also presented an increase and then tended to remain
constant during the intermediate section of the ROM. At the
plateau, the peak force of the IR occurred at an approximate
angle of -14º, with a mean of 8464N (100%), when the
shoulder was externally rotated. At the end of the movement,
this curve also presented a descending phase.

DISCUSSION

During ER, it was observed that the torque plateau that
occurred in the middle of the ROM was maintained because
of the antagonistic behavior of the WMMA and the resultant
ER force. Since the ER peak torque occurred when the
shoulder was externally rotated, it can be inferred that the
WMMA was more important for torque generation in this
ROM and for plateau maintenance than was the length versus
tension relationship represented by the curve of resultant
force. It can also be noted that the peak torque and peak force
did not occur at the same angles, since they depended on
the length-tension relationship of the muscle and its respective
moment arm11.

The behavior of the ER force curve was very similar
to the behavior of the curve of the length-tension relationship
of the sarcomere that was presented by Gordon et al.20. The

peak force occurred when the shoulder was internally rotated,
when the muscle were slightly stretched. At this angle, it can
be speculated that the sarcomeres are in an “excellent” position
for the formation of cross-bridges. Since the muscles are
slightly stretched, there is a contribution from the elastic
elements of the muscles, to force production21,22,23. After this
point, the force decreases because of the muscle shortening
and because of the reduced possibility of forming new cross-
bridges11,23,24.

Regarding the IR, the torque and resultant force curves
can be analyzed simultaneously because of their similar
behavior. This is because of the behavior of the WMMA,
which remains more or less constant, with a very low rate
of increase. These findings are similar to those of Rassier
et al.11, who reported that the torque-angle relationship of
a muscle is determined by the length-tension relationship and
the moment arm. When the moment arm remains constant
throughout the movement, the behavior of the torque curve
reflects the resultant force curve. It can thus be presumed
that the length versus tension relationship is the main factor
responsible for the IR torque behavior.

The objective of rehabilitation is to recover ROM and
strengthen muscles, especially the rotators, which are
important for stabilizing and protecting the joint structures
from injuries. The exercises must have progressive loads
and respect the mechanics of joint functioning, and a
rehabilitation program must be efficient in order to achieve
the objectives and respect the particular features of the
shoulder25. In the specific case of the shoulder, in which the
rotation movement is performed by means of synergistic
action of different muscles, it is important to evaluate the
weighted mean moment arm and the resultant force
production capacity as criteria for progression in the intensity
and loads of the exercises.

The moment arm represents the mechanical advantage
of the muscle and can be used to determine which muscles
are stabilizers and which are primary motors in a given joint
position. When the moment arm is zero or close to zero,
during contraction, the muscle only generates compression
and, consequently, functions as a joint stabilizer. On the other
hand, when the muscle action line is distant from the rotation
center, it can be considered to be a primary movement motor4.

Kuechle et al.8 reported that, for the internal and external
rotation movements (abduction of 90°), the recruited muscles
with largest overload are the subscapular and pectoralis major
during internal rotation and the teres minor and infraspinatus
during external rotation. The other muscles are less important.
Performing movements in which a weakened muscle is an
accessory (smaller moment arm) may reduce the imposed
overload. In the primary motor muscles, the load can be
controlled by means of the relationship between the resistance
torque, muscle torque production capacity, moment arm and
force behavior. The application of resistance at amplitudes
with larger mechanical advantage and/or an advantage in the
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length-tension relationship may promote less overload in the
muscle-tendon structure. On the other hand, if the peak
resistance is applied at amplitudes at which the moment arm
and the length-tension relationship are unfavorable, there will
be greater overload.

In injuries of the teres minor and infraspinatus, the
imposed load may vary, thus modifying the angular section
at which the peak torque resistance occurs. During the initial
phase of a rehabilitation program, muscular reinforcement
is recommended, with small loads in order to optimize the
healing process16,17. This work can be done with the peak
resistance torque situated between the neutral and final positions
of the ER, at a shoulder abduction of 90º, since there is a
mechanical advantage in this section (larger moment arm)
during torque production and lower force production levels
are needed. Consequently, a lower number of motor units
will be activated, thus generating less overload on the muscle.

In the intermediate phase of rehabilitation, the peak
resistance torque could occur between the neutral position
and the maximum IR since, during this section, the moment
arm is smaller and the force production capacity is the main
factor responsible for torque production. With the same torque
resistance as cited in the earlier example, the teres minor and
infraspinatus will be subjected to greater overload, since a
larger number of motor units must be recruited to compensate
for the decrease in the moment arm, with the purpose of
generating the same torque.

CONCLUSION

The mechanical criteria for progression in internal and
external rotation exercises are the torque, force and weighted
mean moment arm because, based on their behavior, it is
possible to promote different overloads on the muscle-tendon
structure. Although these are theoretical elaborations, these
criteria are based on principles of muscle-tendon healing. Thus,
this study represents a first step towards structuring
mechanical criteria for progression in the overloads imposed
on the muscle-tendon structure.
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