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Abstract-In
order to obtain a good understanding of the coordination of the motor system several
problems have to be solved. Two major issues are: (1) that muscles do not form an orthogonal coordinate
system, and (2) that the number of muscles that may contribute to a movement in general exceeds the
number of degrees of freedom of the movement. The latter allows the movement to be executed by an
infinite variety of muscle activations. A theoretical solution to these problems has been elaborated by
Pellionisz and LlinBs.‘c However, convincing expe~mental support for this theory is still lacking.
In this paper the theory has been applied to the activation of arm muscles which contribute to
tlexion/extension and supination/pronation of the arm. Motor unit activity was recorded with fine wire
electrodes. As reported in previous papers, the recruitment threshold of motor units in arm muscles during
isometric contraction depends on a combination of forces in flexion and supination directions. This
dependence is characteristic for motor units in a single muscle, but is very different for motor units in
different muscles. The theoretical results are in good agreement with the behavior of the recruitment
threshold for flexion, which decreases (such as m. biceps brachii), or increases (such as for m. brachialis
and m. brachioradialis) with force in supination direction. The theory also correctly predicts how the
recruitment threshold for motor units changes as a function of the angle between forearm and upper arm.
These results give firm support to the hypothesis that the central nervous system uses a tensorial
approach for the activation of the motor system, as originally proposed by Pellionisz and Llinas.

One of the major issues in research on the motor
system concerns the coordination of movements. An
important problem in this context originates in the
fact that for a simple rotation in a simple joint along
one axis of rotation more than one muscle is available. This over-dimensionality allows the rotation to
be done in a non-unique way by activating the
muscles in different ways, such that the total effect
remains the same. Moreover, one muscle may contribute to more than one movement, such as for
example biceps brachii which contributes to both
flexion and supination of the forearm and a rotation
along the humerus (exorotat~on).i‘3.~ Examples of
joints where the number of muscles exceeds the
number of degrees of freedom in the joint, and of
muscles which contribute to forces in different directions are ample.‘q2*3.4*Y
Another issue, which is related to that of overdimensionaIity,
concerns the coordinate
transformations. For the limb to move to a target, its
location must be specified in terms of the joint angles
of the limb segments involved. Therefore, a movement to a visual target requires a coordinate transformation of a coordinate representation of target
position extrinsic to the individual, to the intrinsic
coordinate representation of joint angles.
In a hypothetical theory based on the coordinate
transformations
between sensory input signals and
motor output signals Pellionisz and Llinasi” have
presented a conceptual framework to study and
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analyse sensorimotor interactions in the brain. This
theory describes the problems which arise when dealing with transformations
between non-orthogonal
coordinate systems and also suggests how the brain
may solve the problem of over-dimensionality.
The
theory originally proposed in 1980 has been elaborated in more detail in other papers.‘1*‘2*‘3~‘4
However,
the theory has not been tested experimentally yet. The
aim of this paper is to provide quantitative predictions for the activation of several muscles in the
human forearm and to test these predictions with
data obtained from motor units in human arm
muscles during isometric contractions in flexion/
extension and supination/pronation
directions for
various angles between forearm and upper arm.
During flexion of the arm at least five muscles are
activated. Of these muscles; biceps brachii, brachialis
and brachioradialis are the most important.’ During
supination the main forces are delivered by m.
supinator and biceps brachii.
In previous studies3q4 it has been shown that the
long head of biceps brachii contains several populations of motor units. For flexion and supination
three populations are of importance. For one population the input to the motor units is related to the
flexion force only, whatever the force in supination
direction. The activation of the motoneurons of these
motor units is related to the flexion force only. For
another population the activation is related to the
supination force only, whatever the force in flexion

direction. For a third population,
which forms the
majority of motor units in the long head of biceps
brachii and which is representative
for the population
of motor units in the short head of the biceps brachii,’
each motor unit receives an input which is related to
both flexion and supination.
The ratio of input
strengths for supination and flexion is constant: for
each motor unit the ratio between the recruitment
thresholds
for flexion and supination
(the ratio of
torque in the elbow joint in flexion and supination
direction when the unit is recruited) is about 5: 1.j
Since it is generally accepted that a nlotoneuron
is
recruited when the input to the motoneuron
exceeds
a particular threshold (see, e.g. Hennemann5.6) the
recruitment thresholds for flexion and supination arc
a precise measure for the relative inputs to that
motoneuron
for flexion
and supination
at recruitment.
Recent experiments in our laboratory have shown
that for m. brachialis the threshold
for flexion is
increased when a force in the supination direction is
developed.
This is just the opposite
of what was
observed in the biceps, where the threshold for flexion
was decreased when supination force increased. The
aim of this paper is to give a theoretical explanation
for these experimental
data using the recently
presented approach of tensor analysis, as elaborated
The emphasis will
by Pellionisz and Llinris. ‘“~“J’~‘~~‘~
be on the application
of theory without following
through all its mathematical
details.
DESCRIPTION OP THE MODEI,

For simplicity we have restricted the analysis to
forces in flexion/extension
and supination/pronation
direction only, although the arm has more degrees of
freedom. The main contribution
to flexion is given by
three muscles: m. biceps brachii, m. brachialis and m.
brachioradialis.
The contributions
of biceps and brachialis to flexion are about the same, and that of
brachioradialis
a little less.* Two other muscles, m.
extensor carpi radialis longus and m. pronator teres,
also contribute to flexion. but their contribnt~ons are
relatively small8 and will be neglected in this analysis.
The effect of this assumption will be discussed in the
Discussion section, The main contribution
to force in
extension direction is delivered by m. triceps brachii,
and to a negligible extent by m. anconeus.
For supination two mu&es are relevant: m. biceps
brachii and m. supinator.
The main contribution
to pronation is delivered by m. pronator quadratus
and to a lesser extent by m. pronator
teres (see
Basmajian’).
The latter will be neglected
in the
analysis. The influence of these neglections on the
final result will be discussed later.
Figure 1 shows a schematic representation
of the
anatomical configuration
for flexion and supination
when the angle between forearm and upper arm is
90”. Each muscle is represented
by a vector, the
amplitude of which is related to the force that can be

exerted by the muscle and the dir&on
01‘ which is
related to the direction of the force. Since m. brachialis and m. brachioradialis
contribute to flexion only,
they are drawn along the (horizontal)
flexion axis,
Since both muscles are assumed to contribute about
equally to flexion, their vectors are equally large. By
the insertion of the biceps tendon at the radius m.
biceps brachii contributes
both to flexion and supination. The ratio of the twitch amplitudes in flexion
and supination direction is about six1.4 and is merely
a consequence of anatomy: the mechanical advantage
is larger for flexion than for supination.
Therefore,
the biceps muscle is represented by a vector with an
angle of 9.5 with the horizontal axis (tan 9.5 = l/6).
The amplitude of this vector is assumed to be equal
to that of brachialis and brachioradialis.”
Since maximum
force in flexion and extension
direction is about equally large, the amplitude of the
triceps vector is assumed to be just the sum of that
of the three flexor tnuscles.
The muscles that contribute
to supination
and
pronation only (m. supinator and m. pronator quadratus, respectively) are represented by vectors orthogonal to the pure flexor and extensor muscles. Since
the contributions
to supination
by biceps and supinator are about equal, the amplitude of the supinator
vector is made equal to the projection of the biceps
vector on the supination
axis. The vector of the
pronator muscle is assumed to have equal amplitude
in the opposite direction.
Due to a lack of accurate anatomical
data and
inter-individual differences in subjects, some assumptions have been made about the precise amplitude of
the muscle vectors. Moreover,
some muscles. the
contribution
of which is small with respect to other
synergistic muscles, are omitted in the model. This
was done for simplicity only and is not a restriction
imposed by the theory. The effect of those approximations will be discussed later.
In previous papers3,4 it was shown that for a given
angle of elbow Aexion the ratio of the recruitment
thresholds of motor units in m. biceps brachii during
isometric contraption in Rexion and sup~nation direction was constant. Motor units could have a different
recruitment threshold for flexion but the recruitment
threshold for supination
differed with precisely the
same factor: if the recruitment threshold for flexion
was twice as large, the recruitment
threshold
for
supination was twice as large too. Therefore, it is the
ratio between inputs to motoneurons
for flexion and
supination,
which is relevant and which has been
measured experimentally.
As a consequence,
for the
prediction of the behavior of motor units the absolute
amplitude of the vectors in Fig. 1 is not relevant, but
their relative amplitude is. As an arbitrary choice the
maximum contribution
of the brachialis muscle to
flexion force is normalized to one in Fig. 1.
For the reader with his knowledge of anatomy it
may seem trivial that all six muscle vectors are drawn
in a two-dimensional
euclidean plane. However, for
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brachioradialis

pronator

quadratus

Fig. 1. (A) Schematic anatomical representation of five major muscles acting in the flexion/extension and
supination/pronation directions. M. triceps is located at the posterior site of the humerus and is not shown.
(B) Vectors f,, f,,, f,, f,, f,, f, refer to m. brachiahs, m. brachioradialis, m. biceps brachii, m. supinator,
m. triceps, m. pronator quadratus, respectively. The amplitude of the vectors represents the maximum
force that can be exerted. The direction of the vector corresponds to the contribution of muscles in the
flexion/extension and/or supination/pronation directions. v, and v, represent the eigenvectors of the metric
tensor with eigenvalues different from zero.
the central nervous system (CNS) it is certainly not
trivial. A priori, the six muscles may define a sixdimensional space as well. The CNS needs an objective way to define the six muscles. In mathematics
there is a straightforward procedure to find this
dimension.” The way to do it is to define a tensor, D,
whose elements dti are defined by the inner-product
between the vectors f, and 4.

where
/fi/represents

the amplitude

of vector, f, and

& represents the angle between vectors f, and f,.
Actually, this tensor, D, is the so called “metric
tensor”, as mentioned before by Pellionisz and
Llin&sio which transforms a ~ontravariant vector into
its covariant representation.
Since tensor D is symmetrical (d, = &) its eigenvalues are real. It is easily shown” that the dimension
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of the space, determined by the six muscles vectors is
given by the number of eigenvalues different from
zero. Table 1 shows that two eigenvalues are different
from zero and that four are equal to zero. The
eigenvalues,
belonging to the first two eigenvalues
are shown geometrically
in Fig. IB. Note that these
eigenvectors,
although close to the horizontal
and
vertical axis, do not coincide with the pure flexion
and
supination
directions.
If plotted
in the
flexion/extension
and supination/pronation
plane,
the four eigenvectors
correspond
to coactivation
of
muscles: activation of muscles such that no net force
results in flexion or supination
direction.
This is
clearly illustrated by V, which gives a coactivation of
pronator and supinator muscles. Another clear example is the vector V,, which leads to an activation of
m. brachialis and m. brachioradialis,
and m. triceps.
Since m. triceps is three times as strong as m.
brachialis and m. brachioradialis,
the combined input
to m. brachialis and m. brachioradialis
is three times
as large as that to triceps. Therefore. no net force
results in flexion or extension direction.
It can be
easily derived that the vectors V, and V, too do not
give rise to net forces in flexion/extension
or
supination/pronation
directions.

MODEL PREDICTIONS FOR ACTIVATION OF
ARM MUSCLES

Isometric contraction in flexion and @nation
tion at 90” elbow Jlexion
The metric tensor,
metrical configuration

Table

direc-

D, which describes the geoof muscles as shown in Fig. 1

1. The

metric tensor,
coordinates

J. vi\r.

LLY,.,\

in Table
I. Since the muscles contribute
to
forces in tlexioncxtension
and supinationpronation
directions (defining ;I two-dimensional
space). two
cigenvalues of the tensor are different from zero and
four eigenvalues are equal to zero. The two cigenvalues not equal to zero are very different. This is ;I
consequence
of the much larger forces that can be
exerted in the flexion;extension
directions. compared
to the forces in the supination/pronation
directions.
If the eigenvectors
are numbered V,, V?.
. V,,
(see Table 1) with V, and V, being eigenvectors with
an eigenvalue different from zero, each combination
of forces in flexion and supination direction can be
obtained by a linear combination
of the vectors V,
and Vz. The projection
of these vectors on the
supination
axis gives a contribution
in supination
direction of -0.047 and 0.28 force units, respectively.
A pure flexion form. with cancellation
of the contributions
in supination
direction.
is obtained
by
activation along the vector:
is given

r

f,

I
1

I
I

0.986
0

0.986
0
-3
0

4.1
at=+&+&+

-2.1

When the muscle vectors are multiplied
by the
coefficients in this activation vector, this new activation vector results in a flexion force of 73.3 units
(remember that the units for force were not absolute
but relative!). Following a similar argument it can be
shown that pure supination
requires activation ac-

f
O&6
0.986
1
0.027
- 2.958
-0.027

4

f,

0.027
0.027
0
-0.027

-3
-3
-2.958
0
9
0

0
0

f

YEigenvalues:

4

4

12

0.08

system

of

f,
0
0
-0.027
--0.027
0
0.027

i,
0

INormalized eigenvectors:
V,

VS

- 0.07
-0.07 Ii
0.79
-0.40
0.21

1 0

6.3
6.3

its eigenvalues
and eigenvectors
for the intrinsic
of six arm muscles in 90” flexion position

f,

I

E.

J

1 -0.58

J 1 0

J 1

V6
0
0
0
0.71
0

?

*Metric tensor, D, defined as d,,= jf,/./f,/cos q5., where /f,/ is the amplitude of force vector f,
and +I/ is the angle between force vectors f, and f,. Muscle vectors f, ,
. f6 refer to
brachialis,
brachioradialis,
biceps, supinator,
triceps and pronator
muscles, respectively.
tEieenvalues
of metric tensor D.
iEigenvectors
of metric tensor D, belonging
to the eigenvalues.
The components
of the
eigenvector refer to the activation of brachialis, brachioradialis,
biceps brachii, supinator.
triceps and pronator,
respectively. All numbers are given up to two decimal places
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cording to the activation vector:
f -0.67
-1
&3,=-v,+
-3.5

1
-v,=
0.0039

I -0.66.3 I
I

6.9 I ’

’-zlJ
1

resulting in a supination force of 3.3 units. Note that
these activation vectors require a negative output for
some muscles, which is physiolo~cally impossible. A
simple solution is to add a coactivation term such
that these negative components become zero. For this
purpose a linear combination of eigenvectors with an
eigenvalue equal to zero may be added to the activation vectors. Such a linear combination adds to the
activation components of muscle without changing
the net force exerted.
If m. brachialis is stretched by an extension movement, m. brachioradialis will be stretched by the same
amount
and,
due to its position
in the
flexion/supination plane (see Fig. 1B) the stretch of
m. biceps brachii will be smaller by a ratio of 0.98.
Therefore the activation coefficients for the activation
vector,
eliminating
negative
activation
any
coefficients in the flexor muscles, should contribute to
m. brachialis, m. brachioradialis and biceps in the
ratio 1: 110.98. A similar reasoning applies to the
coactivation vectors involving the elimination of
negative
activation
components
in
the

determined as the contribution of all muscles is one
unit of force, then the motor units of biceps receive
an activation of 22.9173.3 = 0.31 input units. A similar argument applies for supination. If during supination the total supination force is one unit of force,
then the activation
of biceps motor units is
6.9/3.3 = 2.1 input units. This result leads to two
conclusions. The first one is that the recruitment
threshold for flexion will decrease during supination
since the motor units of biceps brachii receive an
additional input related to supination. The second
conclusion is that the recruitment threshold for motor units in biceps brachii is a factor of 2.1/0.31 = 6.7
higher for flexion than for supination (see Fig. 2).
This prediction is based on the assumption that the
input to the motor unit is the same each time it is
recruited. These theoretical predictions are illustrated
in Fig. 2 where the solid lines indicate how the
r~ruitment
threshold of a motor unit varies as a
of force
in flexioniextension
and
function

135

supination~pronation
directions. Under the assumption that any coactivation in the activation of muscles

is minimal, it can be shown mathematically that there
is only one unique way to eliminate the negative
components by adding a linear combination of coactivation vectors V,, V,, V, and V,. Adding this
coactivation term, results in new activation vectors:

These two activation vectors contribute to flexion
and supination with the same forces of 73.3 and 3.3
units, respectively, as the vectors a1 and as, but with
the unphysiological negative output for some muscles
eliminated.
M. biceps brachii. Using these results the activation
of motor units in different muscles during flexion and
supination can be calculated. For biceps brachii the
results predict that in order to have a flexion force of
73.3 units, each motor unit receives an input of 22.9
units. Or, to put it in another way, if the flexion force
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Fig. 2. Variation of recruitment thresholds for motor units
in several arm muscles as a function of force in the
flexion/extension and supination/pronation
directions for
two positions of the arm: 90 and 13.5”flexion. Each solid line
indicates how the recruitment threshold changes as a function of forces. A vertical line indicates that the recruitment
threshold does not depend on supination (S) or pronation
(P) force. A horizontal line indicates that the recruitment
threshold does not depend on the amount of force in flexion
(F) or extension (E) direction. Only the ratio of recruitment
thresholds in different directions is relevant and, because of
the variable size of motoneurons, not the absolute value of
the recruitment threshoids.

supination/pronation
directions.‘.’
The recruitment
threshold
for flexion or supination
was chosen
arbitrarily.
M. hrachialislhra~hiora~~uli.s.
For brachialis and
brachioradialis
the activation
for flexion and supination is identical, due to their identical position in
Fig. 1. For flexion forces, an output of one force unit
is obtained
by an input of 25.4173.3 = 0.35 units.
Calculating
the activation for supination
is a little
more complicated:
the activation vector a; for supination shows that the activation of brachialis and
brachioradialis
is zero during pure supination. Therefore. motor units of brachiahs and brachioradialis
will not be recruited during pure supination.
However, suppose that first a force in the flexion direction
is built up activating the flexor muscles and that
subsequently,
a supination
force is exerted while
keeping the flexion force constant. During supination
the triceps muscle would be activated.
However.
activation
of the triceps muscle would lead to a
coactivation
of flexor and cxtcnsor muscles and as a
consequence of the assumption
to keep coactivation
as small as possible, the triceps will not be activated.
Instead of activating the triceps muscle the activation
of the brachialis will decrease such that for every unit
of force in the supination direction. the activation will
decrease by 2.313.3 = 0.68 input units. Therefore the
recruitment
threshold
for flexion will increase if a
force in supination direction is exerted (set Fig. 2).
The recruitment
threshold
for flexion will increase
with 0.68/0.35 = 1.9 force units for every increase of
supination force by one force unit in the supination
direction. Note that this is just the opposite of what
is predicted
for the biceps brachii. where the rc-

Table

2. The metric tensor.
coordinates

cruttmcnt
threshold
fog- flcx~on decreased wt111 rncrcasc of the supination force (IGg. 2).
.V. .supinutor. During a supination
Iorcc 01. 3.3
units. the motor units of the supinator muscle roccive
an input of 13.2 units. Consequently.
an o~itput 01‘
one force unit in the supination direction is obtained
by an activation of I3.2i3.3 = 4.0 mput units. During
flexion, a similar situation occurs as with the brachialis muscle during supination.
If a flexion force is
built up at a constant level ofsupination
the pronator
muscle would be activated with 22.9 activation units
for each 73.3 force units in the flexion direction.
However,
the activation
of the pronator
will not
occur but, in order to prevent coactivation.
the
activation
of the supinator
will decrcasc
with
22.9173.3 = 0.32 input units if the flcxion force is
increased with one unit. As a conscqucncc,
the recruitment threshold for supination will increase during flexion, with one unit of force in supination
direction for every 12.9 ( = 4.010.3 1) units of force in
the flcxion direction (see Fig. 2).
The triceps and pronator
muscles will not be
activated during combined flexion and supination
forces if the amount of coactivation
is minimal. The
triceps is not activated
during flcxion because it
receives no input. The activation during supination.
according to the activation vector a;. dots not occur.
but is effectuated by decrcasing the activation of the
flexor muscles, as cxplaincd before. During flexion
forces, the pronator muscle is activated as indicated
by the activation vector a;. In Fig. 2 it implies that
for
the
pronator
muscle
the
line
in
the
flexion/pronation
quadrant
enter
may
the
flexion/supination
quadrant for large flexion forces

its eigenvalues
and eigenvectors
for the intrinsic
of six arm muscles in 135 flexion position

system

Ir,

1q
0.5
0.493
0
-2.14

0.5 f;
0.5
0.493
0
-2.14
0

0.4k3
0.493
0.5
0.019
-2.1
-0.019

0
0.019
0.027
0
-0.027

0

-2.14
-2.14
-2.10
0
9

0

--0.019
-0.027
0
0.027

0

tEigenvalues:
10.5
$Normalized

0:;7

i.,

,..

0

0

of

I

eigenvectors:
,- -?22
-0.22
-0.22
0
0.93

~

W2
0.02
0.02
0.42
0.64

W3
-?2*
-0.28
0.81
-0.29

0

,

-I

*Metric tensor, D, defined as d,, = /f,/./f,/cos
do, where /f,/ is the amplitude of force vector f,
and C$I is the angle between force vectors f, and f,, Muscles vectors f,
, fh refer to
brachik.
brachioradialis,
biceps, supinator,
triceps and pronator
muscles, respectively.
tEigenvalues
of metric tensor D.
fEigenvectors
of metric tensor D, belonging
to the eigenvalues.
The components
,of the
eigenvectors refer to the activation of brachialis, brachioradialis,
biceps brachu, supmator.
triceps and pronator,
respectively. All numbers are given up to two decimals.
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the range of the flexion axis in Fig. 2). It also
implies that during very large flexion and small
supination forces the pronator instead of the supinator muscle will be active.

(outside

Isometric contraction in fiexion and supination direction at 135” elbowflexion

The derivations until now have been applied to
conditions where the angle between forearm and
upper arm is 90”. However, when this angle changes,
the mechanical advantage changes because of the
variable angle between the direction of muscle force
and the bone of insertion. The orientation of muscles
with respect to each other may also change. Therefore, the innerproduct dO= If,/. /tjcos d,/ changes. As
a consequence, the elements of the metric tensor, D,
depend on the angle between the forearm and upper
arm. Although the precise quantitative relationship
can be derived easily, the mathematical details will be
dealt with in another paper. To explain how the
results vary for other angles between the forearm and
upper arm, the activation of motor units will be
calculated for an angle of 135”.
In this position, the amplitude of the force vector
of brachiahs, brachioradiahs and biceps is decreased
by a factor of sin 135” with respect to the position of
90” flexion of the arm. This does not apply to m.
triceps brachii, since the triceps tendon is inserted at
the olecranon, such that the angle between the triceps
tendon and olecranon at the point of insertion is
constant for a large range of arm positions. Since m.
supinator inserts at the ulna and radius, the angle
between the upper arm and forearm has no influence
on the force production of the supinator. The same
is true for m. pronator quadratus. The metric tensor
for this situation and the eigenvalues and eigenvectors w, , w2, . , we of the metric tensor are given
in Table 2.
The two activation vectors w, and w2 are orthogonal, but do not coincide with the flexion and supination axes. They are, however, closer to the flexion
and supination axes than for the condition of 90”
flexion of the arm. It can be shown that the two
vectors w, and w2 rotate clockwise as a function of the
angle between the forearm and upper arm and coincide with pure flexion and supination for complete
flexion and extension of the arm.
Given these two vectors w, and w2, the activation
vectors b, and b, for pure flexion and pure supination
can be derived as was done for 90” flexion of the arm.
The result is given by:

bf =

7.0
-2.5
- 37.2
2.5

and b, =

Addition of a coactivation term in order to eliminate
a negative activation of motor units and an un-

physiological negative output of muscle leads to new
activation vectors:

0
42.0

I J

I J
2.4
0

These activation vectors give rise to a contribution of
128.9 force units in the flexion direction, and of 6.0
force units in the supination direction, respectively.
The number of input units necessary to increase force
output in a particular direction by one unit of force
is given in Table 3 for all muscles and two arm
positions.
In a similar way, as found for 90” elbow angle
between the forearm and upper arm, an input of 0.46
units to biceps brachii leads to an output of one force
unit in the flexion direction. For supination, 1.7 units
of input lead to one force unit of output. Consequently, the ratio between the recruitment thresholds in the flexion and supination directions is
1.7/0.46 = 3.7. This is considerably less than that
found for an angle of 90” flexion (see Fig. 2 and
Table 3).
Another difference from the results for 90” elbow
flexion concerns the absolute recruitment thresholds
for flexion and supination. For 90” flexion of the arm,
the 0.3 1 input units during flexion give rise to a force
increase of one unit. In the position of 135” flexion,
one force unit in flexion direction requires an input
of 0.46 units. Consequently, the recruitment threshold of motor units in biceps brachii is higher when the
arm is in 90” flexion, than when it is in 135” flexion.
With respect to a position of 135” flexion, the recruitment threshold of a motor unit for isometric
flexion is higher by a factor of 0.46/0.31 = 1.5.
For supination an increment of one force unit
requires an activation with 2.1 input units in 90”
flexion, and 1.7 unput units for 135” flexion. As a
consequence the recruitment threshold for supination
is lower in the 90” flexion position by a factor of
1.7/2.1 = 0.8 1 (see Fig. 2).
In the position of 135” flexion of the arm, 0.48 units
of input to m. brachialis and m. brachioradialis give
rise to an output of one force unit in flexion direction.
For supination, the activation decreases with 0.56
units of input for every increase of supination force
by one unit of force. As a result, the recruitment
threshold for flexion increases with increase in supination force just as found for 90” flexion. The recruitment threshold for flexion increases with a factor
0.56/0.48 = 1.2 force units in the flexion direction for
every increase of force in the supination direction by
one unit of force.
Since 0.35 input units led to a force output in
flexion direction of one unit in the 90” flexion position
of the arm, and since in 135” flexion this requires an
input of 0.48 input units, the recruitment threshold
for motor units in brachialis and brachioradiahs will

Table 3. The theoretlcally
predicted number of input units necessary to increase
flexion, supination,
extension or pronation
direction by one force unit
Brachialis
brachioradlalis
90
135
F
s
S:F
F
P
P/F
E
s
S/E
E
P
P,‘E

0.35
-0.68
~ I.9
0.35

0.48
m-O.57
~ 1.2
0.48

Biceps brachii
90
0.3 I
2. I
6.7
0.31

Supinator
YO

135
0.46
1.7
3.7
0.46

-0.31
4.0
- 12.9
--

Triceps

135
0.33
4.Y
~-14.x

00

0

0

Ii5

~

._
_.

_

_

W

I.35

~~~

0
_.

in

Pronator

._
0

krcc

2.1
%’

1.7
‘X

4.0
r-

4.9
‘K

0.33
0.70
2.1
0.33

_

~

_

I

0

~
0.33
0.40
1.2
0.33
0

0.31
h. 1
19.6

0.33
6.1
18.7

~

~~

~~
6.1
71

6.1
;c

F, flexion; S, supination; E, extension; P, pronation. Negative value indicates a decrease of

input. The ratio S/F indicates the ratio of inputs necessary to increase supination and
flexion force by one unit. As a consequence, this ratio also gives the reciprocal ratio of
recruitment thresholds for isometric contractions in flexion and supination direction.
The same applies for numbers with P/F, S/E and P,/E. The symbol fx indicates that the
recruitment
threshold for flexion or extension does not depend on the amount of force
in supination
or pronation
direction: the line representing
the collection of recruitment
thresholds for flexion or extension is vertical.

be higher by a factor of 0.48/0.35 = 1.4 when the arm
is flexed by 90^ (see Fig. 2).
The motoneurons
of m. supinator receive an input
of 29.2 units when the total supination force is 6.0
force units. One unit of force in the supination direction is obtained when the input is 29.2/6.0 = 4.9 units.
During flexion, motoneurons
receive a negative input
of 42.0/128.9 = 0.33 units for every increase in flexion
force of one force unit. Therefore the recruitment
threshold of a motor unit in m. supinator for supination increases by one unit of force for every 14.8
(=4.9/0.33)
units of force in the flexion direction.
The recruitment
threshold
for supination
changes
only slightly. It is higher by a factor of 4.9/4.0 = 1.2
in the 90’ flexion position of the arm.
Activation of’ muscles during extension and pronation :
90 and 135’
The activation of muscles during isometric contractions in other directions than flexion/supination
will be discussed in less detail. The activation vectors
for the various conditions are given in the Appendix,
so that the reader may verify all calculations and may
calculate the detailed activation of muscles for other
conditions
than has been done in this paper. The
predicted behavior of motor units for different combinations of forces is illustrated in Fig. 2. In Table 3,
the inputs necessary to produce one unit of force are
given for all muscles for forces in different directions.
M. brachialislbrachioradialis.
During pronation,
motor units of brachialis and brachioradialis
receive
no input (see the activation vectors ai and b:). AS a
consequence
the recruitment
threshold
for flexion
does not depend on the amount of force in pronation
direction

and

remains

constant.

M. biceps brachii. During

units

receive

no

inhibitory

pronation, biceps motor
or excitatory
inputs.

Therefore the recruitment
order for flexion is constant, independent of the level of pronation. Since the
number of input units per unit of force output in the
flexion direction depends on the angle between the
forearm and upper arm, the recruitment
thresholds
are different in the conditions of 90 and 135” flexion
of the arm by a factor of 1.5, as explained earlier.
During extension and supination
the recruitment
threshold does not depend on the level of extension.
Although the recruitment
order for supination
depends on the angle between the forearm and upper
arm (see Table 2), this dependence is rather small and
is much less than for flexion. In the position of 90
flexion of the arm it should be smaller by a factor of
1.2.
M. supinator. Motor units of the supinator muscle
become active during supination,
but not during
pronation.
In combination
with flexion, the recruitment
threshold
increases slightly with flexion
force. This is due to the contribution
to flexion and
supination forces by biceps brachii. The slope of the
line in the flexionjsupination
quadrant
becomes
smaller away from 90” flexion of the arm and becomes zero for complete flexion or extension of the
arm.
M. triceps, The region of activity of motor units in
triceps is during extension whether or not in combination with supination or pronation.
The input per
unit of force in the extension direction is the same in
both arm positions and does not depend on the angle
between the upper arm and forearm. Therefore, the
recruitment threshold for extension is the same in all
arm positions. For supination, the input per unit of
force depends on the angle between the upper arm
and forearm.
Consequently.
the line which describes
the recruitment threshold as a function of force in the
extension and supination
direction has a different
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and supinator muscles during combined flexion and
supination forces.
Activity from motor units was recorded in biceps
brachii (caput longum and caput breve), brachialis,
brachioradialis and supinator. Usually, motor unit
activity was recorded simultaneously in three or more
muscles with four wire electrodes inserted in each
muscle. Between contractions in flexion/extension or
supination/pronation
directions, the subject had to
relax completely for a few seconds before new instructions were given. Intervals between isometric
contractions were 5 s or longer. Figures 3, 4 and 5
show some representative results.
How the recruitment threshold of a motor unit in
biceps brachii varies for different combinations of
forces is illustrated in Fig. 3. It shows that for arm
positions towards full extension, the recruitment
threshold for flexion decreases, whereas that for
supination remains about the same. As a consequence, the slope of the line which indicates how
the recruitment threshold varies for different combinations of force in flexion and supination direction,
is different for different arm positions. The theory
also predicts a slightly higher threshold during supination for arm positions towards extension. However, the scatter of the data points does not allow one
to prove or disprove this predicted result.
Similar data have been found for several units. In
biceps brachii (caput longum) recruitment thresholds
of 5 units were determined for different combinations
of flexion/extension and supination/pronation.
In the
position of 90” flexion of the arm, the mean ratio
between the recruitment threshold for flexion and

slope in both arm positions. This slope becomes
steeper for arm positions the more that the elbow
angle deviates from 90” flexion. The recruitment
threshold for extension does not depend on the
amount of pronation since triceps receives no input
related to pronation.
M. pronator quadratus. During extension and pronation, the recruitment threshold for pronation does
not depend on the level of extension. During flexion,
the recruitment threshold for pronation decreases
slightly. In arm positions other than 90” flexion, this
slope becomes smaller and the recruitment threshold
for pronation becomes independent of flexion force in
full extension or flexion.
EXPERIMENTALRESULTS

Activity from motor units in human arm muscles
was recorded with intramuscular fine-wire electrodes.
Details about these experimental procedures have
been described extensively by ter Haar Romeny et
al.334 During these experiments
the recruitment
thresholds of motor units at different combinations
of isometric contraction in flexion/extension and
supination/pronation
directions were determined.
These experiments were done for different angles
between the forearm and upper arm. Since for combinations of extension and pronation, the motor
coordinates (determined by m. triceps and m. pronator quadratus) are essentially orthogonal, the predictions of this theory will be the same as that of
other approaches. Therefore, a critical test of the
theory has to be obtained from recordings in flexor
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Fig. 3. Recruitment thresholds for a motor unit in biceps brachii (caput longum). Each data point indicates
the recruitment threshold for a combination of forces in flexion/extension and supination/pronation.
Different symbols refer to data obtained for different angles between forearm and upper arm: 100” flexion
(dots), 145” flexion (squares) and 175” flexion (asterisks).
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Table 4. Measured

and predicted

c‘. A.

data

M.

GIELEN

obtained

and E. J.

in positions

VAN

of 90 and

F/S

135 deerees

fexion

F&F,,,

90

Brachialisi
brachioradiahs
Biceps
Supinator

Z~:YI.~Y
of the arm

S,,,iS,,,

135

M

P

M

P

M

P

M

P

-2.1 (0.3)
6.0 (0.4)
- 14 (3)

-1.9
6.1
-12.9

- I.1 (0.3)
4.2 (0.4)
-l7(4)

- 1.2
3.7
- 14.8

1.3(0.1)
1.4(0.1)

1.4
1.5
-

l.O(O.1)
1.25 (0.2)

0.8
1.2

Data presented under F/S represent
direction. If the value is positive,
in supination direction. Negative
of force in supination
direction.
thresholds in flexion direction for

the ratio of recruitment
thresholds in flexion (F) and supination (S)
the recruitment threshold for flexion decreases with increase of force
values indicate that the recruitment threshold increases with increase
Last columns give measured
and predicted
ratio of recruitment
90 and 135” flexion of the arm. M, measured data; P. predicted data.

supination was 6.0 (SD = 0.4). For a position of 135’
flexion this ratio was 4.2 (SD = 0.4). These units are
close to those predicted by the theory (6.7 and 3.7,
respectively), and as shown in Fig. 2 and Table 4. The
recruitment threshold for flexion became lower by a
factor of 1.4 (SD = 0.1). This corresponds well within
experimental accuracy with the predicted ratio of 1.5.
The recruitment
threshold
for supination
did not
change significantly for different angles between the
forearm and upper arm. Considering
the scatter in
the recruitment threshold for supination (see Fig. 3)
this is not in contradiction
to the theory which
predicts a somewhat higher threshold (factor of 1.2)
in the position of 135” flexion.
In caput breve of biceps brachii 4 units were
recorded.
As shown before,3,4 these units behave
exactly as those in caput longum.
Motor units in brachialis and brachioradialis
appear to behave similarly. Figure 4 shows the results
for a motor unit in brachialis. Here, the recruitment
threshold for flexion increases during supination.
The

mean increase
of the recruitment
threshold
for
flexion, when supination
force was increased
by
1 Nm, was 2.1 Nm (SD = 0.3 Nm; n = 7) in a position of 90” flexion. In the position of 135” flexion, the
mean increase was 1.I Nm (SD = 0.3 Nm). These
results are in good agreement with the theoretically
predicted values of 1.9 and 1.2 Nm in section 3 (see
also Table 4). During pronation,
the recruitment
threshold for flexion remained about the same.
Figure 4 shows that the recruitment
threshold of
brachialis for pure flexion force depends on the angle
of flexion of the arm. The mean ratio of recruitment
thresholds for flexion in the positions of 90 and 135”
of flexion was 1.3 (SD = 0.1) which is close to the
theoretically
predicted value of 1.4.
In Figure 5, the recruitment thresholds for a combination of flexion and supination forces are shown
for a motor
unit in m. supinator.
For 90” flexion, the
recruitment threshold for supination increases during
flexion with about 1 Nm supination for an increase in
flexion of 12 Nm. This value is well in the range

/-
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.
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l*
0.
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Fig. 4. Recruitment
thresholds for a motor unit in m. brachialis. Each data point indicates the recruitment
threshold for a combination
of forces in flexion and supination/pronation
direction. Symbols refer to data
obtained in an arm position of 100” flexion (dots), 135” flexion (squares) and 170” flexion (asterisks).
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Fig. 5. Recruitment thresholds for a motor unit in m. supinator. Each data point indicates the recruitment
threshold for a combination of forces in the flexion/extension and supination directions. Symbols refer
to data obtained in an arm position of 90” flexion (dots), 135” flexion (squares) and 170” flexion (asterisks).
Only one line is drawn to indicate how the recruitment threshold for supination may increase during
flexion in the arm position of 90” flexion.

which is related to the latter category, concerns the
force-length relationship of muscles. In order to
calculate the required activation vectors, the model
needs to know the force output at different joint
angles. Variations in force are due to the direction of
force with respect to the orientation of the limb and
due to the force-length relationships. The former has
been incorporated in the model and is reflected in the
elements of the metric tensor (see Table 1).
The force-length relationship is well known for
biceps muscle’ but is not available for all other
muscles. Therefore, the predictions of the model will
be incorrect for arm positions near far extension and
flexion.
However, since the force-length relationship
DISCUSSIOR
has its optimum at about 110” flexion’ the effect on
The aim of this paper is to apply the theoretical
muscle force will be about the same in the positions
of 90 and 135” flexion, which are about symmetrical
concepts of the multidimensional coordinate transformations between non-horizontal coordinate sys- with respect to 110” flexion. This may explain why the
tems as elaborated by Pellionisz and Llin6s.“*‘2~‘3~‘4 neglect of the force-length relationship in this study
This was done for the arm where the anatomy of the did not have a significant influence on the quanmuscles and their tendon insertions is quantitatively
titative agreement between theoretical predictions
well known and where data are available about the and experimental results of motor unit behavior in 90
activation of motor units during isometric conand 135” flexion of the arm.
tractions in different directions.3*4 The results show
Another assumption concerns the neglect of the
that the quantitative agreement between theoretical
contribution of small muscles, such as m. anconeus,
predictions and experimental data is very close and which contributes to extension of the arm. In one of
well within the error bounds. These error bounds are our calculations the metric tensor of dimension 8 was
determined by the experimental inaccuracy of the constructed including the anconeus muscle with a
data and by the assumptions which have been made presumed strength of 0.1 times the strength of m.
in the theory.
triceps and a contribution of pronator teres, which
The assumptions in this paper can be subdivided in was assumed to contribute to pronation with 50% of
two categories. One applies to the theoretical con- the strength of m. pronator quadratus, and with 10%
cepts of information processing in the central nervous
of the strength of m. brachialis to flexion. This
system (CNS) and the other category is necessary
extension of the model gave rise to differences of less
because of incomplete anatomical data. One aspect,
than 1% in the activation coefficients of the flexor
predicted by the theory. For 3 units the average value
of flexion force that gave rise to an increase of the
recruitment threshold for supination with 1 Nm was
14 Nm (SD = 3). In a position of 135” flexion this was
17 Nm (SD = 4).
Figure 5 clearly shows higher recruitment thresholds for supination in the arm position of 90” flexion.
For 3 units the recruitment threshold was higher by
a factor of about 1.25 in the 90” flexion position of
the arm, compared to the recruitment threshold for
supination in 135” flexion position. This result is close
to the value of 1.2 as predicted by the theory.
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and extensor muscles. The activation of m. supinator
was not affected at all. However, the activation of m.
pronator quadratus was considerably different in this
condition,
such that the total output during supination was more or less proportionally
distributed
across the two pronator muscles, but with the total
output equal to the condition
with the pronator
quadratus only. Considering
the fact that the actual
contribution
of these two muscles is less than the
assumed contribution
in the modified model,’ and
considering
the small effect of the incorporation
of
these muscles on the activation of the muscles which
contribute to flexion and supination,
and for which
experimental
data were available, the omission of
these small muscles seems to be justifiable.
One assumption,
which is related to theoretical
concepts on information
processing, is that the central nervous system does not have u priori information about the detailed organization
of the neuromuscular system. The assumption
is that the CNS
does not activate muscles as separate units but rather
operates in a coordinate system based on the relation
between the anatomical
position
and strength
of
muscles. This relation is expressed
by the innerproduct in the elements of the metric tensor. As a
result then, the CNS operates in a coordinate system
where each coordinate
is an expression of relative
strengths of muscle activation.
In addition to that,
this procedure requires only a few assumptions.
It is
also the case that the coordinate system obtained by
this procedure
simplifies
the transformation
of
afferent sensory information
(e.g. from muscle spindles and Golgi tendon organs) to an efferent motor
activation signal, as described by Pellionisz.‘2~“~‘4
An issue which deserves some further investigation
concerns the elimination
of negative muscle activations. During several motor tasks a considerable
coactivation
of muscle activity can be observed in
agonist and antagonist muscles. In these conditions a
negative muscle activation may correspond
with a
decrease of the tonic activation. However, compelling
evidence for the elimination
of the negative muscle
activation components
comes from the experimental
data. For example, if no correction is made for the
negative activation components,
the motor units of
m. biceps receive an input of 4.1/73.3 = 0.056 input
units during a flexion force of one unit. During a
supination force of one unit the input to biceps motor
units is 6.313.3 = 1.9 input units. As a consequence,
the ratio of recruitment thresholds in the flexion and
supination direction is 1.9/0.056 = 34.7, which is not
in agreement with the experimentally
observed value
of 6.0 (SD = 0.4). Clearly, more experimental
data
and theoretical
considerations
are necessary to investigate how the central nervous system constructs
the compensation
vector for the negative activations.
Since in general, the solution is not unique the
solution
to this problem
will be presented
in a
following paper.
The results of this study show that essentially any

combination of forces in flexion and supination direction can be obtained by a linear combination
of two
particular activation vectors. This suggests that the
basic coordinates
of the motor system are given by
these two activation vectors and not by simple motet
tasks as supination and Bexion. Therefore. the results
in this study suggest that in terms of muscles and
their affcrent and efferent activity, the basic coordinates of the motor system may not coincide precisely
with flexion and supination.
The results of this study are in perfect agreement
with many well established
electrophysiological
results such as the “size principle” and the notion of a
homogeneous
activation
of a population
of motoneurons.‘.h Although the results in this paper do not
exclude a differentiation
of input to motoneurons
of
a single muscle or muscle part, the simplest realization would be a homogeneous
activation of all the
motoneurons
of a muscle. This assumption
is well
supported by many previous observations
by the fact
that the majority of motor units in m. biceps brachii
are activated in a very similar way.3,4 However. in Ter
Haar Romeny et al.’ it was shown that in some motor
units the recruitment threshold did depend on flexion
force or supination force only. Based on the present
amount of data on motor units in biceps, this population is only a minority (about 10%) and can be
recorded at the very lateral or medial part of caput
longum, respectively. It is hard to see how this can be
explained by a homogeneous
input to motoneurons,
as hypothesized
by Hennemann.‘,h
The theoretical
analysis in this paper cannot give a satisfactory
explanation
for these units either.
Summar?

The theoretical
predictions
of the activation
of
flexor and supinator muscles are in good agreement
with the measured activation of motor units during
isometric contractions
in the flexion and supination
direction. This suggests that the general theory about
coordinate transformations
in sensorimotor
systems,
as proposed by Pellionisz and LlinBs,‘“~“.‘2~‘~~‘4
may be
very useful. However, the mathematical
procedure of
the theory as elaborated
by Pellionisz was conceptually adopted, but not explicitly followed. For example, in terms of the model of Pellionisz, calculating
the activation of muscles in order to generate a force
in a particular direction requires the inverse of the
metric tensor which transforms
the contravariant
vector representation
to its covariant representation.
Since the determinant of this metric tensor is zero, the
inverse matrix does not exist, but a solution was
suggested by Pellionisz by calculating the generalized
Moore-Penrose
inverse (see Pellionisz’3 and Ostriker
et ~1.~). In this paper, the condition
of minimal
coactivation
was sufficient to obtain a unique solution for the muscle activation vectors using a twodimensional
orthogonal
coordinate
system as determined by the two eigenvectors of the metric tensor,
which have an eigenvalue different from zero. How-

Intrinsic coordinate representation
ever, the fact that we followed an extension of the
procedure
as proposed
by Pellionisz, in our view
indicates that more research is necessary to determine
how the CNS performs all the abstract mathematical
operations and that the basic idea of the metric tensor
approach may be very useful.
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APPENDIX

this appendix the activation vectors will be given for
pure flexion/extension and pure supination/pronation. The
In
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six vector components refer to the activation of brachialis,
brachioradialis, biceps, supinator, triceps and pronator,
respectively.
Flexion
90
25.4
25.4
22.9
0
0
22.9

135

Extension
90

61.9 0
61.9 0
59.5 0
0
0
0
24.4
42.0 0

135
0
0
0
0
43.0
0

Supination

Pronation

90

135

90

0
0
6.9
13.2
2.3
0

0
0
10.4
29.2
2.4
0

0
0
0
0
0
20.2

135
0
0
0
0
0
36.6

All numbers are truncated to one decimal place. The output
in force units of these activation vectors is (in correct order):
73.3, 128.9, -73.3, -128.9, 3.3, 6.0. -3.3, -6.0.
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