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Abstract. In this study, a new method is proposed to
estimate the torque-vector directions of each shoulder
muscle. The method is based on a multiple regression
model that reconstructs shoulder torque, which is
calculated from the hand force and posture, from the
surface EMG of many muscles recorded simultaneously.
The torque-vector directions of eleven shoulder muscles
of four subjects were obtained at up to 30 different arm
postures with this method. The mean confidence interval
(» < 0.05) of the estimated torque-vector direction of
each subject was 7.7-10.6°. The correlation coefficient
between the measured shoulder torque and reconstruct-
ed shoulder torque was between 0.76-0.84. The results
for majority of the muscles were in accordance with
previous studies, and reasonable from the viewpoint of
anatomy. The torque-vector directions of a muscle,
which are estimated with this method, have more of a
functional meaning than a pure anatomical or mechan-
ical one. These indicate the direction of the shoulder
torque accompanying the muscle activation for a normal
shoulder action that involves the cooperative contrac-
tion of many muscles.

1 Introduction

For mono-axis joints, the relationships between mus-
cles and their action directions are clear. The muscles
around such joints can easily be categorized as flexor or
extensor muscles from the locations of their origins and
insertions. In contrast, for multi-axis joints such as a
shoulder joint, the same relationships are rather
unclear. This is because a shoulder joint has three
motion directions (degrees of freedom), and a number
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of muscles are involved in a shoulder action. Few
studies have attempted to quantify the movement
directions and their postural variations for many
shoulder muscles.

The action directions of muscles have been obtained
by means of anatomical dissection in several studies. For
example, Wood et al. (1989) and Van der Helm and his
colleagues (Meskers et al. 1998; Van der Helm 1994a,
1994b; Van der Helm and Veenbaas 1991; Van der Helm
et al. 1992; Veeger et al. 1991) estimated the action
directions of many shoulder muscles based on precise
measurements of the origins, insertions, and fiber tra-
jectories of these muscles in cadavers. Bassett et al.
(1990) used a method of computer-assisted gross muscle
cross-section analysis. In these methods with cadavers,
however, there are the following problems. In many
cases, only one posture was used. Furthermore, the es-
timations were based on rather arbitrary lines of muscle
actions and center—of-rotation actions of the joints.
These methods are indirect in estimating the action di-
rections because real muscle forces or torques were not
measured.

Buneo et al. (1997) rather directly estimated the
action directions of three shoulder muscles (six parts)
by electrical stimulation. Electrical stimulation was
applied to the point of contraction of each muscle, and
the resulting forces and torques were recorded for up
to 29 different arm postures. This method was out-
standing, since it measured the muscle forces and tor-
ques directly to estimate the action directions.
Nevertheless, problems remained. For example, the
number of muscles under study was only three and
the muscles were stimulated under the condition
that the subject could exert forces voluntarily or sub-
consciously in muscles other than those induced by
electrical stimulation.

In this study, we developed a new method to estimate
the action directions of muscles. We recorded hand
forces, EMG, and postures, and then obtained estima-
tions of the torque-vector directions of eleven shoulder
muscles in four subjects at 12-30 different arm postures
based on a multiple regression model.
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2 Muscle activation and joint torque

Torque 7 of a mono-axis joint model is calculated as
follows, as shown in Fig. 1:

T=LTsin0 (1)

where T is the muscle tension and L is the length from
the center of rotation p; to the point of action p,.
The product L sin 0 is called the moment arm.
Generally, the magnitude of the moment arm depends
on the joint angle or posture. On the other hand, for a
joint with unfixed axes (such as a ball joint), not only
the magnitude of the torque but also the direction of the
rotation axis is needed to represent the joint torque.
The torque vector that shows the absolute magnitude
of the joint torque by its length and the direction of
rotation axis by its orientation, is calculated as the outer
product of L and T:

t=LxT (2)

where L is the vector from p, to p,, and T is the vector
representing the magnitude and direction of the muscle
tension. Vectors 7, L, and T are all three-dimensional
vectors. The rotation direction shown by the torque
vector is defined by the right-hand rule: if the thumb
points along the vector, the fingers curl in the direction
of the rotation in response to the applied torque.

When multiple muscles participate in a joint action,
the net joint torque can be calculated as a sum of the
torque vector of each muscle:

rzZri:ZLile— (3)

where 7 is the muscle index. The torque vector of the ith
muscle is written as

T, = L,' X Ti
= |T,| . \Li|(sin 0,’)81'
= | Ti|o: (4)

where ¢; is a unit vector in the same direction as t;; we
call « the “moment arm vector” here. As shown in (4),
the directions of the torque vector and the correspond-
ing moment arm vector are the same. The length of the
moment arm vector is equivalent to the ratio between
the muscle tension and the consequent torque. As long
as the arm posture is constant, L and 6 (angle of L and
T) are also constant. Therefore, a particular set of «;

Fig. 1. Model of a mono-axis joint

exists for a particular posture. Using an « of a muscle at
a given posture, we can predict the exact moving
direction of the arm by an action of that muscle.

3 Methods
3.1 Subjects

The subjects were four right-handed male university
students (21-22 years old) with no previous history of
neuropathies or trauma to the upper limbs. The subjects
were given sufficient information about the experiment,
and then gave their consent to participate. The institu-
tional ethics committee approved the experiments.

3.2 Experimental design

Figure 2 shows a schematic drawing of the experimental
setup. Each subject sat in a chair and had the body
restrained by a harness, but the scapula was free to
move. The subject gripped the handle of a transducer
tightly. The wrist joint was not fixed. During each trial,
the subject’s arm was kept in a specific posture (12-30
different postures, see Fig. 3). The arm posture — both
the shoulder and elbow joint positions — was varied by
moving the transducer fixed on a table, which was
movable and height-adjustable. At one transducer
position, three arm postures were assigned by setting
the elbow level as high, middle, or low. The number of
experimental postures across the subjects differed, since
the number was set considering the condition of each
subject, such as the level of fatigue. Several tentative
transducer positions were selected before the experiment
within a comfortable reaching range. In the experiment,
the transducer positions were set based on the tentative
positions and adjusted so as, not to make the subjects
uncomfortable. In each experiment of subjects 2 and 3,
the transducer positions were at the same level. After
trials with almost the same transducer position of
subject 3, additional trials were carried out at higher
levels of the transducer position in the experiments of
subjects 1 and 4.

The subject gripped the handle of a six-degree-of-
freedom force—torque transducer (UGS 3012A45, Nitta
Osaka, Japan) and exerted various kinds of required
forces while watching a CRT display showing the shoul-

OPTOTRAK

(3D position sensor)

monitor display

force-torque
transducer

Fig. 2. Schematic drawing of the experimental setup
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Fig. 3. Measured arm positions. The solid lines represent the upper
arm and the dashed lines represent the forearm. The shoulder position
is located at the origin

der torque. The translation forces in the x, y, and z di-
rections and the rotation moment on the x-, y-, and z-axes
were sampled at 200 Hz with 12-bit resolution. To gen-
erate a wide range of directions and magnitudes of the
shoulder torque, ten kinds of guide patterns were in-
structed to the subjects. They included, for example,
“draw crosses on the display” or “draw whirls with an
imaginary pen on the top of the handle of the transducer”.
No directions were given for muscle co-contraction or
joint stiffness, such as “relax as much as you can” or
“make your arm stiff”’. The subjects rehearsed how to
generate forces using the experimental setup on the day
before the experiment. The duration of one trial for one
guide pattern was 6 s, so the total duration of ten trials for
one posture was 60 s.

Three out of ten kinds of guide patterns were for
translation forces and the others were for rotation mo-
ment at the handle of the transducer. The shoulder
torques were calculated (see Sect. 3.3.2) in real time and
shown on the display. The subjects generated hand
forces and moments whilst, following the guide pattern
watching the shoulder torque shown on the display. The
subjects performed a single trial of each guide pattern
unless the performance deviated from the pattern. In the
trials to generate translation forces, the shoulder tor-
ques, which were projected on a plane perpendicular to
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Fig. 4. Electrode positions for EMG measurement. The numbers
correspond to the muscles as follows:

(1) AD anterior deltoid (clavicular part of deltoid)
(2) MD middle deltoid (acrominal part of deltoid)
(3) PD posterior deltoid (scapular part of deltoid)
(4) CP clavicular part of pectoralis major

(5) SP sternocostal part of pectoralis major

(6) T/S upper part of trapezius/supraspinatus

(7) I/T infraspinatus/teres minor

(8) TM teres major

(9) LD latissimus dorsi

(10) BB long head of biceps brachii

(11) TB long head of triceps brachii

the straight line connecting the shoulder and the hand,
were shown on the display because translation forces at
the hand are originated only from the component of the
shoulder torque vector in parallel to the plane (see Ap-
pendix). In the trials to generate a rotation moment, the
shoulder torques projected on the xy-plane and the xz-
plane were shown on the display.

The positions of infrared light-emitting diode markers
on the shoulder, elbow, hand, and top of the handle of
the transducer were recorded at 100 Hz using a three-
dimensional position sensing system (OPTOTRAK,
Northern Digital, Waterloo, Ontario, Canada). When
the position of each marker moved over 3 cm from the
prescribed standard position for each posture, an auto-
matic alarm was given and the data were discarded.

We used pairs of silver/silver chloride surface elec-
trodes (1 cm in diameter) in a bipolar configuration to
record the EMG signals. The signals were differentially
amplified and filtered (20—1500 Hz) using a multichannel
biomedical amplifier (Neurotop MME-3132, Nihon
Kohden, Tokyo, Japan) and sampled at 2 kHz with 12-
bit resolution. The muscles measured were as in (Fig. 4).

It is hard to record EMG signals from supraspinatus
solely by surface electrodes, since this muscle is covered
by the upper part of the trapezius. Accordingly, in this
study we placed electrodes above the spine of the scapula
(see Fig. 4, electrode 6) and treated these muscles as one
functional group. Although some parts of infraspinatus
and teres minor are also covered by the trapezius, it is
possible to record EMG signals from these muscles by
surface electrodes located near the insertions of the
muscles (see Fig. 4, electrode 7). It is, however, not easy
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to distinguish infraspinatus and teres minor near these
insertions, since the insertions are very close to each
other and the muscle fibers of both run in almost the
same direction. Therefore, we treated infraspinatus and
teres minor as a functional group in this study.

In addition to these 11 muscles, we recorded EMG of
the lateral head of triceps brachii and brachialis. Because
these muscles are not concerned with shoulder motion
directly, we did not use the data from these muscles in
this study. The short head of biceps brachii was not
measured because of a limitation of the particular
channel of the EMG recording system.

3.3 Analysis

3.3.1 EMG data analysis. EMG signals were rectified and
then filtered (50-point moving-average window) digitally.
After that, the signals were smoothed with the finite
impulse response filter proposed by Koike and Kawato
(1995). The filter had an impulse response as follows:

h(t) = 6.44(exp(—10.80¢7) — exp(—16.52¢)) (5)

where ¢ is the time. This smoothing method was
developed in a study (Koike and Kawato 1995) into
the tension of shoulder muscles under isometric contrac-
tion. The EMG signals smoothed with this method were
regarded as almost proportional to the muscle tension.
Accordingly, the magnitude of T can be shown as

\T| = kE (6)

where k is a coefficient of proportion and E is the
smoothed EMG.

3.3.2 Shoulder torque. The shoulder torque is calculated
as follows (see the Appendix):

t=Ly x F+ M~ Ly x (W,g) (7)

where L;, is a vector from the shoulder to the hand, F is
the translation force of the hand, M is the moment of the
hand, L, is a vector from the shoulder to the center of
mass of the upper limb, W, is the mass of the upper
limb, and g is the acceleration of gravity. From the
regression of an equation of Zatsiorsky et al. (1990), L,
and W, were estimated from the weight and height of the
subject.

In the study of Buneo et al. (1997), shoulder torques
were defined in both arm-fixed and body-fixed frames of
reference. The frame of reference used in this study was
body fixed.

3.3.3 Estimation of torque-vector direction. The shoulder
torque in (7) can be represented as follows based on (3),
(4), and (6):

T = ZflilTi‘ + b
= ZazikEier
:ZaiE,»—i—b (8)

where @ = ka and b is a bias term related to the tension
of unrecorded muscles and/or other tissues. Equation (8)
is formulated as a multiple regression model. Therefore,
a; can be estimated from 7 and E; by means of multiple
regression analysis. As a result, the torque-vector
direction of each muscle can be estimated, since the
direction of a; is equivalent to the torque-vector
direction of the a; values of the ith muscle. In this
study, 12 000 points (60 s x 200 Hz) of t were calculated
for each posture. We used every other point of = (6 000
points) and the corresponding E; values to estimate the
a; values of 11 muscles at each posture.

4 Results
4.1 Reliability of estimated torque vectors

In this study, we focused only on the direction of vector
a; its length was not systematically explored. Therefore,
we represented the confidence interval of only its
direction in degrees. The elements of x, y, and z of
vector a = [ay, ay, a.]" were estimated and the confidence
interval of each element, S,, Sy, and S, were defined
under a specified level of significance:

ax_Aax SSX Sax+Aax
a, — Aa, <8, < a, + Aa, 9)
az_Aaz SSZ S az+Aaz

The vector set [Sx,Sy,Sz]T makes the rectangular prism
with vertexes @’ = [a, * Aa,, a, + Aa,, a. + Aa.]T. We
defined the confidence interval of the angle of a to be the
largest angle among all angles between a and a”:

C = max{4(a,a')} (10)

where C is the confidence interval of the angle of a, and
A is the function to calculate the angle between two
vectors. The mean of the confidence angel of a of each
subject was defined as follows:

(XX ) /- Ny (11)

where i is the index of muscle, j is the index of
experimental arm posture, N, is the number of muscles,
and N, is the number of arm postures. At p <0.05, the
means of the confidence angles of a were 8.5°, 10.6°,
7.7°, and 9.2° for the subjects.

4.2 Reconstruction of shoulder torque

Shoulder torques can be reconstructed from torque
vectors and smoothed EMGs using (8). To evaluate the
reliability of our estimated torque vectors, the experi-
mental data were divided in half and the shoulder torque
in one half of the data were reconstructed using the
estimated torque vectors from the other half of the data.
As shown in Sect. 3.2, there were ten trials for one
posture corresponding to ten kinds of guide patterns of
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Fig. 5. An example of reconstructed and real shoulder torques

the shoulder torque. One trial took 6 s. First, the torque
vectors were estimated using the first 3 s of the data from
each trial. Then the shoulder torque was reconstructed
using the last 3s from the estimated torque vectors and
the EMG, using (8). The correlation between the
reconstructed shoulder torque and the real one was
evaluated. The means of the correlation coefficients of
the torques in the x-, y- and z-axes for every posture of
the four subjects were 0.84, 0.76, 0.82, and 0.76.

Figure 5 shows an example of a 30-s record from a
reconstructed shoulder torque. The reconstructed torque
is very close to the real one.

4.3 Analysis results for each posture

Figure 6 shows examples of the torque-vector directions
of eleven muscles for two postures of the same subject.
The start points of the vectors are at the origin and their
lengths are normalized to unity. The thick lines in the
figure show the directions of the upper arm and forearm.
The direction of each torque vector is given by the right-
hand rule. For example, the torque vector of infraspin-
atus/teres minor for the posture in Fig. 6a is close to the
direction of the longitudinal axis of the upper arm. This
means that the muscle acted in an external rotation of
the shoulder. The anterior deltoid and the clavicular part
of pectoralis major — muscles that are assumed to have
similar functions from the viewpoints of origin and
insertion—were estimated to have similar torque-vector
directions for both postures. The torque-vector direc-
tions of other muscles were also reasonable from the
viewpoint of anatomy. Numerically represented torque-
vector directions of each muscle for some example
postures of subject 1 are tabulated in Table 1.

4.4 Results of an analysis of each muscle

Figure 7 shows the torque-vector direction of each
muscle for every posture. The movement directions to
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1.5+

(b)

Fig. 6. Torque-vector directions of 11 muscles for two example arm
positions. The thick lines present directions of the arm

which each muscle contributes and their variations
over different postures can be understood from this
figure.

The range of vector directions shows that some pairs
of muscles are in an agonist-antagonist relationship,
such as anterior and posterior deltoid (muscles 1 and 3),
the sternocostal part of pectoralis major and infraspin-
atus/teres minor (muscles 5 and 7), and biceps and tri-
ceps (muscles 10 and 11). These are reasonable results
from the viewpoint of anatomy. The variations in the
vector direction show that some muscles do change their
torque-vector directions widely depending on the pos-
ture, whereas others do not. Let us view the anterior
deltoid (muscle 1) and clavicular part of pectoralis major
(muscle 4) as an example. Anatomy suggests that these
muscles should have similar torque-vector directions. In
fact, the ranges of the estimated torque-vector directions
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Table 1. Torque-vector directions of each muscle of subject 1 for example postures

Posture 1 2 3 4 5 6 7 8 9 0 11213
no.

Upper arm x 014 072 063 —007 019 012 013 055 043 041 071 064 033

direction y -0.10 023 014 040 078 066 009 052 037 -0.03 —0.15 -0.12 021

z 099 066 -0.77 —091 —-0.60 -0.74 —0.99 —-0.66 —0.82 —-0.91 —-0.69 —0.76 —0.92

Forearm direction x  -0.10 —0.64 —-0.56 —0.77 —-0.95 -0.95 —0.46 —-0.83 -0.77 071 0.7 0.61 0.35

y 09 074 083 053 018 030 081 052 064 063 082 079 0.89

z 043 —020 001 037 -026 -0.05 037 -0.20 0.07 031 -0.10 002 0.29

1 Anterior deltoid ~ x 058 -0.22 0.10 052 085 058 082 096 093 046 031 044 092

y -0.06 023 027 083 053 066 042 006 023 018 -0.16 —031 —0.17

z 081 095 096 022 -001 047 —-038 028 027 087 094 084 0.36

2 Middle deltoid X -093 056 055 038 095 064 —0.18 0.66 —0.04 056 -0.02 —0.54 0.39

y 034 067 -0.67 —0.84 —-0.02 -0.69 —038 —-0.74 -1.00 —-0.83 -0.99 —0.84 —0.70

z  -0.15 -049 -0.51 039 -0.32 -033 091 -0.14 —0.09 000 -0.11 006 0.6l

3 Posterior deltoid ~ x  —0.86 —-0.80 -0.53 049 0.6 034 -0.87 -0.50 —0.54 —-0.98 —0.46 —0.82 —-0.99

y  —043 034 -0.71 —048 -0.56 -0.36 —049 —-0.63 —0.76 —0.18 —-0.19 —0.18 —0.09

z 028 —049 -047 —0.73 -0.82 -0.87 —0.04 -0.59 -036 000 -0.87 —0.55 0.05

4 Clavicular part of  x  0.64 —-0.04 037 057 017 026 054 -030 033 011 001 029 042

pectoralis major y 062 070 068 076 083 068 073 063 076 078 080 050 0.4l

z 045 071 063 032 053 06 042 072 057 061 060 08 081

5 Sternocostal part of x  =0.08 —0.64 —-0.76 —0.33 -0.76 -0.88 —0.19 —-0.46 -0.69 —0.07 -0.31 —026 -0.39

pectoralis major y 057 0.63 042 028 003 002 055 057 033 080 090 086 0.68

z 08 045 050 090 065 048 081 068 065 059 031 043 062

6 Upper trapezius/  x 032 —-042 -0.94 —030 -0.49 -030 —0.72 -0.87 —0.60 0.1 -0.66 —0.38 —0.54

supraspinatus y  -0.66 017 003 049 -0.74 -0.87 020 -0.28 -0.08 086 031 079 0.82

z  -0.68 089 035 08 046 040 066 042 079 050 068 049 0.18

7 Infraspinatus/teres  x 071 096 092 0.65 074 073 080 092 090 041 039 048 0.56

minor y  -036 —0.11 -0.18 040 059 058 -0.06 038 0.3 071 -0.83 —0.77 —0.50

z  —0.60 025 -0.36 —0.65 -0.33 -0.35 —0.60 —-0.12 -0.42 -0.58 -0.39 —0.42 -0.65

8 Teres major X —097 -085 -098 -0.53 -0.03 032 -078 021 -097 -0.64 -0.56 —0.55 -0.43

y  -0.04 038 -0.12 -0.71 -0.36 0.66 —0.62 -0.77 -022 076 083 083 0.69

z 025 036 -0.17 047 093 -0.68 —0.11 -0.60 0.10 0.4 005 0.11 -0.58

9 Latissimus dorsi ~ x  -0.78  1.00 098 —0.67 0.65 -0.51 —0.90 0.84 091 061 083 077 097

y  -041 007 018 -0.71 072 -0.57 -024 0.4 038 -0.78 -0.55 —0.64 —0.20

z  -047 001 -0.08 020 023 0.64 —037 -0.52 —0.18 -0.11 0.05 —0.07 -0.13

10 Biceps brachii x 083 091 088 007 055 033 -0.I1 080 008 097 096 092 097

(long head) y 039 029 021 099 083 094 094 059 096 -0.11 -022 -037 0.12

z  -040 031 -042 0.0 002 006 —033 -0.06 -0.27 0.19 016 007 -0.22

11 Triceps brachii X  —0.68 —0.63 -0.89 -0.74 -0.73 -032 -095 -0.80 —0.89 -0.64 —0.80 —0.81 -0.83

(long head) y 067 058 016 -0.64 —-0.67 -091 -020 -0.60 —0.44 076 0.0 0.57 045

z 029 051 042 022 -0.09 -025 024 -0.07 -0.06 0.1 -0.34 —0.13 0.34

of both muscles overlapped. The variations of each
muscle, however, differed.

The postural dependence of the torque-vector direc-
tion can be seen from the data acquired with this
method. For example, let us focus on the long head of
biceps brachii, which showed a rather simple postural
dependence. The long head of biceps brachii arises from
the supraglenoid tubercle, and its long tendon descends
in the intertubercular groove. The tendon and the
groove can be likened to a rope and pulley system.
Therefore, it was assumed that the torque-vector direc-
tions of the muscle would vary depending on the posture
of the humerus. Figure 8 shows the relationship between
the azimuth of the upper arm and the azimuth of the
torque vector. Here, the azimuth was defined as the
angle that the projection of the upper arm or torque

vector onto the horizontal plane would make with the
x-axis; in other words, the azimuth was a rotation angle
about the z-axis (vertical axis). The azimuth of the upper
arm and that of the torque vector show clear correla-
tions for all subjects except subject 3.

5 Discussion
5.1 Comparisons with previous studies

We have shown that the action directions of many
shoulder muscles can be estimated quantitatively using
the method that we applied in this study. We compared
the results obtained by the method with data obtained in
previous studies.



subject 1

back view

subject 2

back view

top view

top view

No. 1
anterior
deltoid

subject 3

back view top view

173

subject 4

back view top view
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Fig. 7. Torque-vector directions
of each muscle for every arm
position. The numbers corre-
spond to the muscles as in Fig. 4

Wood et al. (1989) estimated the moment arms of
many shoulder muscles based on several pairs of origins
and insertions for muscles that were measured in detail,
but their data related only to a single arm posture of one
cadaver. Torque-vector directions calculated from this
data are shown in Fig. 9 (upper graph). To compare
these data with the results of the present study, the
posture of each subject that was nearest to the cadaver’s
posture was selected. The nearness of the two postures
was evaluated using the angle of rotation of the upper
arm, which transforms one posture to another one. The
angle of rotation uses not only the long axis direction of
the upper arm, but also the humeral rotation direction.
The angles between the cadaver’s posture and the
nearest posture of each subject were evaluated to be 5.4°,
25.2°,14.9°, and 14.6°. The lower graph of Fig. 9 shows
the torque-vector directions of muscles for the first

subject whose posture was nearest to that of the cadaver.
In particular, the torque-vector directions of muscles of
anterior deltoid, middle deltoid, posterior deltoid, and
the clavicular part of pectoralis major in the two graphs
were very close ( <20°difference). The differences in the
torque vectors for all of the muscles between the cadaver
and all subjects in the nearest posture were calculated.
The mean differences in all of the muscles of all subjects
was 66.5°. Every mean difference of each muscle except
supraspinatus (119.3°), latissimus dorsi (145.5°) and
teres minor (138°) was smaller than 70° for all of the
subjects.

Buneo et al. (1997) constructed a regression model
that estimates the torque-vector direction from the
shoulder posture, based on torque-vector direction data
obtained by electrically stimulating muscles for up to 29
different arm postures. Figure 10 shows torque-vector
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Fig. 8. Scatter graph of the azimuth of the upper arm and the
azimuth of the torque vector (long head of biceps brachii)

directions calculated by the model of Buneo et al. for the
posture data of subject 1 obtained in this study. In this
study, the range of shoulder postures was similar for all
subjects; therefore, torque-vector directions calculated
by Buneo’s model from the postural data were in almost
the same range for different subjects. In Fig. 10, there is
only one vector in the top-view graph of muscles 1
(anterior deltoid) and 3 (posterior deltoid), because the
horizontal component of the torque-vector directions of
these muscles was regarded as independent of the pos-
ture in the regression model of Buneo et al. In general,
the torque-vector directions obtained in this study agree
with the results estimated by Buneo’s model as shown in
Fig. 7 and 10, except the result of latissimus dorsi
(muscle 9) which showed a discrepancy of about 90°.

To compare the results estimated by Buneo’s method
with the results of this study, some methodological
differences should be taken into consideration. One of
these differences is in the electrode placement. The
position, shape, size, and interval of the electrodes
might have affected the results in both methods. Ad-
ditionally, the elbow angle was fixed at 90° flexion in
Buneo’s method, but this was varied in our method.
Since the shoulder muscle group includes biarticular
muscles which cross the elbow joint as well as the
shoulder joint, the angle variation may also influence
the results.

5.2 Advantages and disadvantages of each
estimation method

In this paper, we described the possibility of estimating
the torque-vector directions of shoulder muscles by
utilizing  EMG-torque relationships. The directions
obtained with this method agreed, in general, with
results from an anatomical method and an electrical
stimulation method. In the following, we discuss the
advantages and disadvantages of each method.

1 r—
-0.5 —
0 y
: 05 L

Fig. 9. Torque-vector directions estimated via anatomical dissection
(upper graph) and results of this study at almost the same posture
(lower graph). The thick line presents the direction of the arm

Methods using cadavers have been the standard when
estimating the functions of muscles. Methods of this
type, however, have several disadvantages. First, the
direction of muscle tension is estimated from the direc-
tion of muscle fibers. It would be easy to estimate the
direction of muscle tension with this method, when the
courses of muscle fibers are almost straight and parallel.
In many cases, however, the courses of muscle fibers are
neither straight nor parallel. In addition, since cadaver
muscles are not flexible, it is very hard to change its
posture in a wide range. Even if cadavers were to take a
different posture, cadaver muscles do not change their
shapes as do living muscles, since cadaver muscles never
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Fig. 10. Torque-vector directions calculated from the postural data of
subject 1 based on a model made from an electrical stimulation study

contract. Therefore, morphological data can be obtained
in only one posture for one cadaver. Needless to say, this
method is not available for living subjects. On the other
hand, the following points should be regarded as ad-
vantages of this method. It is easier to identify muscles
in the cadavers than in living subject, and both surface
and deep muscle can be studied.

Electrical stimulation methods have the following
advantages over methods with cadavers. First, joint
torques resulting from muscle contraction can be mea-
sured directly with a force-torque sensor in these
methods, while muscle forces need to be reconstructed
from morphological data in the methods with cadavers.
Second, experiments can be performed for many differ-
ent postures of one subject. However, there are also
several disadvantages. First, muscles need to generate
sufficient joint torques during the electrical stimulation.
Deep muscles do not contract without the contraction of
surface muscles when stimulated using a surface elec-
trode. Moreover, even for surface muscles it is difficult
to obtain sufficient torques from small muscles. Actu-
ally, the muscles that Buneo et al. (1997) used were very
strong muscles, such as deltoid, pectoralis major, and
latissimus dorsi. Second, it is very difficult to deny that
the joint torques measured in these methods contain the
torques of the muscles that were not the target of elec-
trical stimulation. These unselected muscles might re-
flexively contract because of the contraction of the
targeted muscles or due to the electrical stimulation it-
self. Furthermore, the subject might contract muscles
voluntarily or unconsciously when responding to the
stimulation.
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The advantages of electrical stimulation methods over
methods with cadavers are also advantages of our
method. These include the direct measurement of muscle
torques and the possibility of experimentation in many
different postures. The advantages of our method over
the electrical stimulation methods are as follows. First,
our method is adaptable even for small muscles that are
unable to generate sufficient torques by electrical stim-
ulation, but only if EMGs of the muscles are obtained.
Second, reflexive or unconscious muscle contractions do
not need to be restrained. These extra contractions do
not need to be taken into account explicitly, since all
kinds of muscle activity appear in EMGs and they are
used to estimate torque-vector directions. On the other
hand, the disadvantages of our method are as follows.
Using this method with surface electrodes is not very
efficient for deep muscles. In our method, the EMGs of
an adequate number of muscles need to be dealt with
when shoulder torques have to be examined; otherwise,
the estimation accuracy is unsatisfactory. In this study,
all important muscles are covered except the subscapu-
laris muscle.

5.3 Significance of the torque-vector directions
obtained by the proposed method

The torque-vector directions obtained by electrical
stimulation methods and methods with cadavers show
the motion direction of the arm when the examined
muscle alone contracts. On the other hand, the meaning
of the torque-vector direction by the method proposed
here is not completely the same as those methods. For
example, although infraspinatus, teres minor, and
subscapularis are the primarily rotators, they act during
shoulder abduction and/or flexion to protect shoulder
joints (Basmajian and Deluca 1985; Kapandji 1982). In
our methods, thus, the motion directions of these
muscles can be estimated as abduction or flexion during
these actions since the activity of these muscles corre-
lates to such actions.

When a muscle torque direction and a joint torque
direction are the same, the role of the muscle can be
regarded as an agonist. On the other hand, what kind
of role does a muscle play when the muscle torque
direction is different from the joint torque direction?
One of the important roles must be the protection of
joint constructions, such as that played by the rotator
cuff muscles. In other words, this is a role of generating
translation forces that press the humeral head to the
glenoid cavity, rather than rotation forces. Adjusting
the joint stiffness is also an important role. The joint
stiffness can be controlled by the co-contraction level of
the agonistic muscles, and the muscles having antago-
nistic torque components. For a multi-axis joint, the
desired joint torque direction is not always generated
by one muscle. In fact, the co-activation of muscles
plays a role in generating the desired joint torque
direction when necessary. In the torque-direction esti-
mation method we propose in this study, if the main
role of a muscle in a natural movement is not the
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agonistic function, the estimated torque-vector direc-
tion of the muscle is possibly different from the
mechanical action direction of the muscle. That is to
say, the torque vectors obtained using our method
have more of a functional meaning rather than a pure
anatomical or mechanical one. The different results for
latissimus dorsi between our methods and others might
be related to this point.

There are, however, no muscles for which the esti-
mated torque-vector directions was opposite to their
anatomical direction in this study. This does not
necessarily mean that all muscles usually contribute in
a positive manner. In this experiment, the subjects were
asked to generate a wide range of shoulder torque
directions, so every muscle might have situations in
which they acted as an agonist. On the contrary, in
daily living, not all muscles may act as an agonist. For
example, muscles need to generate flexion torque to
elevate the arm, but do not need to generate extension
torque to move the arm down because gravity helps in
this kind of action. Therefore, if the muscle action
patterns had been limited in the experiment to those
encountered in daily living, the estimated torque-vector
directions would have been different from results pre-
sented here. The functional role of each muscle could
be clarified by comparing results in our method and
results from anatomical studies.

5.4 Applications and further investigations

The results obtained in this study might be applicable
to shoulder control by functional electrical stimulation
(FES), which is a rehabilitation method using electrical
stimulation to restore the motor functions of people
with spinal cord injury, cerebral stroke, head injury, or
other disorders of the central nervous system. The
relationship between a stimulated muscle and the
direction of the consequent torque is clear on a
mono-axis joint. However, there is a lack of quantita-
tive data to know the appropriate combinations of
stimulated muscles and stimulation magnitudes to exert
desired net torques of the shoulder. The results in this
study are helpful for creating stimulation patterns for
shoulder FES. The shoulder joint is a ball-and-socket
joint with a shallow socket. Therefore, the range of
allowable motion is wide, but the construction is rather
unstable. Muscles, tendons, and ligaments around the
joint help to keep the ball in the socket. Accordingly,
an inappropriate balance of muscle contraction might
be a cause of joint disorder. To avoid this, we need to
study the normal contraction balance of shoulder
muscles. Hoshimiya et al. (1989) tried to use template
stimulation patterns related to the EMGs of healthy
persons for FES. The torque vectors obtained in this
study are based on the normal balance of muscle
contraction. Therefore, the torque vectors revealed here
might be useful for FES.

As above mentioned, one of the important advan-
tages of this torque-vector estimation method over
anatomical methods with cadavers is the possibility

of examining the postural dependence of the torque
vectors. In this work, we showed a range of vector
directions but elucidated only the postural dependence
of the long head of biceps brachii as an example, since
the prime object of this work is to prove the validity of
this newly designed method. To put the torque-vector
directions into practical use, in FES for example, the
directions represented as a function of arm posture
might be useful. Actually, Buneo et al. (1997) repre-
sented the directions estimated by a electrical stimula-
tion method as regression models of shoulder angles
shown in azimuth, elevation, and rotation. In future
investigations, we intends studying the postural
dependence of the torque-vector directions. An
important problem in this study would be the selection
of an adequate representation of the arm posture. In
Table 1, we used direction vectors of upper arm and
forearm to show the arm posture. There are other
several kinds of representation of posture for a joint
with three axes, for example Euler angles, quaternions,
and rotation matrixes. Furthermore, Euler angles are
subdivided into types according to the rotation
sequence of the axes. A model that gives torque-vector
directions from arm postures would strongly depend on
the method of postural representation. Therefore, we
are going to investigate the postural dependence of
torque-vector directions with the method used to
represent the arm posture.
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Appendix: Method of calculating shoulder torques

As shown in Fig. Al, let the position vector of the
shoulder be S and that of the center of the hand be H.
When the subject grips the handle of the sensor and
applies a force, let the discrete contact points of the hand
and the handle be P;, P>, ---, P, and let the forces at the
points be Fy,F,,---,F,. Under static conditions, the
shoulder torque t is calculated as follows:

=) (P,—8) xF
=N (Pi—~H+H-S)xF,
— (H-S) x (ZF,) +3 (P, — H) x F,

where Ly is used for (H —S), F for XF;, and M for
3(P; — H) x F;, which shows the torque on H. tq is:

=Ly xF+M

7, is the composition of muscle torque t and gravity
torque L, x (W,9):

T+ Ly, x (Wyg) =La x F+ M

Equation (6) is a transformation of the above equation.



Fig. Al. Forces at the hand

In general, the center of the sensor for torque
measurement, R, is not at H. Practically speaking, t
is:

=) (P,—S8)xF
=> (Pi—R+R-S)xF

—(R=8)x (Y F)+ > (P—R) x F,

=L xF+ M.

where L; is the vector from the shoulder to R and M, is
the torque measured with the sensor.
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